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Abstract 

This survey proposes a new approach to identify buried caldera boundaries of a volcanic cone, combining 

(I) a systematic elliptic Fourier functions (EFF) analysis on the contour lines based on the external shape of 

the edifice with (2) self-potential (SP) measurements on volcano flanks. The methodology of this approach is 
to investigate the relationships between (1) vertical morphological changes inferred from EFF analysis and 
(2) lateral lithological transition inside the edifice inferred from SP/ elevation gradients. The application of 
these methods on Misti volcano in southern Peru displays a very good correlation. The three main 
boun daries evidenced by hierarchical cluster analysis on the contour lines coincide with the two main 
boundaries characterised by SP signal and with a secondary SP signature related with a summit caldera. In 
order to explain these results showing a very good correlation between morphologic and lithologic changes 
as function of elevation, caldera boundaries have been suggested. The latter would be located at an average 
elevation of (I) 4350-4400 m, (2) 4950-5000 m, and (3) 5500- 5550 m. 

For the lowest boundary in elevation, the coincidence with the lateral extension of the hydrothermal system 
inferred from SP measur ements suggests that caldera walls act as a barrier for lateral extension of 
hydrothermal systems. In the summit area, the highest boundary has been related with the summit caldera, 
inferred by a secondary SP minimum and geological evidence. 
* Corresponding author. 27, Route de Baugy, F-18800 Villa

bon, France. Tel.: +33 2 38 69 21 II. 
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1. Introduction

The morphology of a volcanic cone is the first 

information accessible to volcanologists. It is linked to 

the eruptive activity and to the different constructive 
and destructive stages that built the volcanic edifice. A 



specific morphological change can be associated to
each kind of eruptive activity. Indeed, on the flanks of
a volcanic cone, morphological changes can be
subdivided in several groups: (1) progressive mor-
phological changes as a function of elevation related
to tephra-fall; (2) sharp or drastic lateral morpholog-
ical changes associated with sector collapse, surge,
lahar, debris flow, or lava flow; and (3) sharp or
drastic morphological changes as a function of
elevation related to caldera or summit crater forma-
tion. Therefore, according to the morphological
analysis carried out, looking for vertical or lateral
transitions, different related eruptive dynamism could
be evidenced.
In volcanology, the recognition of the largest

destructive events on a volcano, in particular, those
associated with caldera formation, is a priority to
assess the recurrence and the related hazard of this
phenomenon. Therefore, the present survey is
focused on the identification of caldera boundaries,
looking for morphological changes as a function of
elevation.
The first question was:bIs it possible to deduce

parts of a volcano’s history by a systematic mathe-
matical analysis based on the morphology of the
cone?QOne of the possibilities is to quantify the
morphology of the contour lines. This idea is not new
(Garcia-Zuniga and Parrot, 1998), but a great number
of morphometric methods to study a closed contour
exist. These methods are very widespread in palae-
ontology and sedimentology, but their use in volca-
nology is quite new. Three methods are generally used
to quantify a closed contour: the Bézier curves (which
are not very often used), the Eigenshape analysis
(Lohmann, 1983) and the Fourier analysis (Lestrel,
1997). Other methods also exist for quantifying
morphology, such as Procrustes analysis or wavelet
analysis. However, the latter are not adapted to our
objectives: Procrustes analysis need landmarks, which
are not present on a contour line, and wavelet analysis
is more adapted for looking at the periodicity of a
signal and is not suitable for compare different
features. Fourier analysis was therefore used for this
survey because it is quick and easy, and because it is
well known (e.g.,Christophers and Waters, 1974;
Lestrel, 1997; Tort, 2003a, b). It also allows us to
obtain data that are simple to treat using multivariate
analyses.
Moreover, we investigated structural boundaries on
the same volcanic cone using self-potential (SP)
method. In a volcanic context, electrical potentials
represent the ground surface electrical field signature
of some polarisation mechanisms occurring in the soil.
These SP signals are commonly thought to be created
by electrokinetic coupling of fluid flow dragging the
excess of charges located in the vicinity of the pore
water/mineral interface. For silicates or alumino-
silicate rocks, this electrical diffuse layer is generally
positive and induces an excess of positive charges
toward the flow direction (e.g.,Ishido and Mizutani,
1981; Jouniaux et al., 2000; Pride, 1994; Revil et al.,
1999a,b; Lorne et al., 1999a,b; Revil and Leroy, 2001;
Guichet and Zuddas, 2003). Therefore, SP is fre-
quently used on active volcanoes to identify through
positive SP anomalies, fluid uprising associated with
hydrothermal systems (e.g.,Zablocki, 1976; Lénat et
al., 1998; Malengreau et al., 1994; Finizola et al.,
2002, 2003).
In the case of an active volcano with a classical

hydrothermal system centred on the summit area, a
general SP pattern subdividing its flanks in two zones
is commonly observed: (1) in the lower part of the
edifice, a zone with a negative SP/elevation gradient
corresponds to the hydrogeological zone where
meteoritic water flows down toward the aquifer
(Aubert and Yéné Atangana, 1996; Darnet et al.,
2003); and (2) in the upper part of the edifice, a zone
with a positive SP/elevation gradient corresponds to
the hydrothermal zone where fluids rise-up toward the
surface (e.g.,Sasai et al., 1990; Aubert and Dana,
1994; Hashimoto and Tanaka, 1995; Revil et al.,
2003a,b).
One of the advantages of the SP signal is that it

integrates numerous information coming from differ-
ent depth and origin inside this large wavelength
signal subdividing hydrothermal and hydrogeological
zones (Finizola et al., 2003). In particular, several
authors identified a linearity in the negative SP/
elevation gradient in hydrogeological zone on shield
volcanoes. The gradient has been related to the
progressive increase in thickness of the unsaturated
zone as confirmed by observations at boreholes and
by electrical soundings carried out on Piton de la
Fournaise volcano (Lénat, 1987; Boubekraoui et al.,
1998), on Adagsdar volcano (Corwin and Hoover,
1979), or on Kilauea (Jackson and Kauahikaua,



1987). A change in slope of the self-potential/
elevation gradient (Lénat, 1987; Jackson and Kauahi-
kaua, 1987) can be attributed to a lateral change in
permeability affecting the piezometric gradients along
the slope of the volcano (Revil et al., 2002, 2003a,b).
On andesitic volcanoes, sharp break in slopes of

these linear SP/elevation gradients encountered in
hydrogeologic and hydrothermal zones have been
interpreted as resistivity transitions responsible for the
distortion of the electrical field propagating from the
source toward the surface (e.g., on Usu volcano,
Nishida and Tomiya, 1987, or on Hokkaido Komaga-
take volcano,Matsushima et al., 1990).
Other theoretical considerations could be attemp-

ted to explain these sharp transitions in the linear SP/
elevation gradients. In particular, it could be consid-
ered that these transitions do not result from differ-
ences in the electrical field propagation or in the
piezometric gradient, but in some changes in the
electrical field generation. In this way, one or several
parameters implicated in the SP source generation by
electrokinetic processes and well known in the
Helmholtz–Smoluchowski formula (e.g.,Lorne et al.,
1999a,b; Pengra et al., 1999) could be changed. In
natural environments, it is important to note that all
these parameters (the dielectric constant of the fluid,
the viscosity of the fluid, the electric conductivity
of the fluid, the pH of the fluid, the zeta potential,
and the difference of pressure induced by the fluid
flux) are directly linked (through mineralogy,
permeability and porosity) or indirectly (through
water–rock interaction) to the lithology (Revil et al.,
1999a; Lorne et al., 1999a,b; Pride and Morgan,
1991). In other words, whatever the cause respon-
sible of the sharp break in slope of the linear SP/
elevation gradients, a lithological change must be
invoked.
Therefore, our approach was to carry out SP radial

profiles along the flanks of a volcanic edifice in order
to observe transitions in the SP signal that could be
related to lateral lithological transition. Such transi-
tions can be generated by important destructive or
constructive events that built the volcanic edifice. A
caldera-forming event for instance, which has been
mentioned above, could create such lithological
boundaries between the older products of the external
caldera flanks and the refilled material, but other
changes in the rock petrology during the different
stages which built the volcanic edifice can also be
involved.
In order to discriminate the nature of the volcanic

events responsible for the main vertical structuration
of a volcanic cone and to identify in particular
possible caldera boundaries, we therefore investigated
the heterogeneity of a volcanic cone using the self-
potential (SP) method and then we compared the
results observed by the SP method with those
obtained by the Fourier analysis on the contour lines.
Misti was chosen to apply the two above-men-

tioned techniques. This andesitic stratovolcano is
located in southern Peru, 17 km from Arequipa,
(~900,000 inhabitants), Peru’s second largest city.
Misti is one of the seven potentially active volcanoes
of south Peru, which have erupted since the Spanish
conquest (Bullard, 1962; de Silva and Francis, 1990).
Misti, 5822 m a.s.l. (above sea level) rises 3.5 km
above the city of Arequipa, posing a major threat to
the population.
Misti lies within a complex tectonic setting. It is

surrounded by the Altiplano, the tectonic depression
of Arequipa and by the dormant Chachani volcano
and the extinct Pichupichu volcano. The growth of
Misti volcano has been divided in four stages by
Thouret et al. (2001). Misti is a composite edifice
comprising an eroded stratovolcano termed Misti 1,
partially overlapped by two stratocones termed Misti
2 and 3, and a summit cone Misti 4. Misti 1 (833 to
112 k.y.) essentially consists of lava flows and debris
avalanche deposits. Misti 2 (112 to 40 k.y.) is
characterised by lava flows and dome-collapse depos-
its. At the end of stage 2, ca. 50 to 40 k.y., the eruption
of nonwelded ignimbrites of 3–5 km3in volume is
probably associated with the formation of an incre-
mental caldera. Misti 3 stage (40 to 11 k.y.) is mainly
built up of lava flows, block-and-ash, and ash-flow
deposits. Misti 3 also ended with the formation of a
summit caldera to which pyroclastic flows and fall
deposits were linked. From 11 k.y. to the 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). At the present time, the smaller
of the two summit craters, 550 m in diameter and 200
m deep, contains a 130-m-wide and 15-m-high
andesitic plug.



2. Methods

2.1. Self-potential

During field campaigns in 1997 and 1998, a total
of 167 km of SP profiles with 100 m spacings were
carried out on Misti volcano (Finizola et al., 2004).
Data were collected along 10 radial profiles extending
from the summit (5822 m a.s.l.) to the lower flanks of
the edifice (~3000 m a.s.l.;Fig. 1). 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 (less than 20 mV for three profiles, as much
as 50 mV for five profiles and as much as 100 mV for
two profiles) was calculated and distributed linearly
on the profiles.
The SP equipment consists of a high-impedance

voltmeter, a pair of Cu/CuSO4non-polarising electro-
des, and an insulated Cu cable 300 meters long.
During the fieldwork, the electrical contact between
the electrode and the soil was tested before every SP
measurement, by measuring the resistance of the
circuit. SP stations were geo-referenced using a
portable GPS navigation receiver. The elevation of
each station was therefore extracted from a precise
digital elevation model of the volcano. In order to find
structural discontinuities, each radial profile was
analysed as a function of elevation.

2.2. Elliptic Fourier functions

Two methods of Fourier analysis exist:bclassicalQ
Fourier series and elliptic Fourier functions (EFF).
bClassicalQFourier series use the radius from the
barycentre of the shape studied. However, as some
vectors stemming from the barycentre cut the contour
line studied twice, the EFF method was, therefore,
chosen for study based on the detailed analysis along
the contour lines. In order to perform the Fourier
analysis, 512 points equally spaced along the length
of the contour lines are selected on each one.
The EFF method (Kuhl and Giardina, 1982)

allows a Fourier series development where the
abscissa and ordinate of each point are expressed as
a function of the curvilinear abscissa of that point
(Fig. 2). This allows a parametric formulation where
the functionsx(t) (for thex-axis) andy(t) (for the
y-axis) can be obtained and expanded into two
Fourier series:
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wherekis the number of harmonics used,jis the
order of the harmonic, andTis the outline perimeter.
The termsaj,bj,cj,anddjare the Fourier

coefficients of the harmonicjand are calculated as
follows (Kuhl and Giardina, 1982):
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Termsa0andc0are constants and computed as
follows:
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Fig. 1. SP map of Misti volcano superimposed on a shaded relief map showing volcano-structural features. (Digital elevation model improved
by SAR-interferometry, courtesy of Jean-Luc Froger).
whereTis the outline perimeter;xiis the modulus of
the projection onto thex-axis of the segment between
pointsiandi+1 of the outline (Fig. 2);yiis the
modulus of the projection onto the y-axis of the
segment between pointsiandi+1 of the outline
(Fig. 2);Dtiis the modulus of the segment between



Fig. 2. Illustration of the parameters used for calculating the Fourier

coefficients of an elliptical Fourier function on the contour line 4200

m of Misti volcano; for better clarity, only a part of the 512 original

points, equally spaced, is plotted. The contour line is subdivided by
dots in 512 segments of equal length soDtiis constant between two

points.Dxiis the difference between the abscissa of pointtiand the

abscissa of pointti+1, andDyiis the difference between the ordinate
of pointtiand the ordinate of pointti+1(fromViguier and Tort,

2000modified).
pointsiandi+1 of the outline (Fig. 2);tiis the
curvilinear abscissa of the index pointi; andnis the
number of points on the outline.
The amplitude of a harmonic is calculated as

follows:
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High-amplitude (i.e., those with large magnitude)
harmonics describe the main outline characteristics.
These are generally the low-order harmonics. In
contrast, low-amplitude harmonics (with small mag-
nitudes) characterise the details; these are usually the
high-order harmonics.
The elliptic Fourier functions are of great interest

because they are reversible. It is possible to recon-
stitute the shape from the harmonic’s coefficients. The
greater the number of harmonics added, the better the
reconstruction of the shape (Fig. 3). For example,
the analysis of the contour line 4200 m shows that the
concordance between the original contour line and
the reconstructed contour line using the coefficients of
the five first harmonics is 97.23%. The concordance
between the original contour line and the recon-
structed contour line using 30 harmonics is 99.37%.
The Fourier analysis was done using the software
bFour ellipseQ(Schaaf et al., 1999). The contour lines
analysed on Misti are equally spaced at 50 m. The
lowest contour line is 4050 m and the highest is 5650
m. The first 30 harmonics were used to characterise
each contour line, which allowed for each one of them
a concordance between the original line and the
reconstructed one to be greater than 99%. In order to
find discontinuities in the succession of the contour
lines, the coefficients of the first thirty harmonics or
the amplitude of the harmonic can be analysed using
hierarchical cluster analysis. Calculation of a har-
monic amplitude involves the four coefficients of the
harmonic (see Eq. (9)). This implies that two contour
lines having different Fourier coefficients may display
the same amplitude. Therefore, due to the loss of
information characterizing the amplitude, hierarchical
cluster analyses was performed on the coefficients
(Tort, 2003b).
3. Results

3.1. SP analysis

The analysis of SP profiles as a function of
elevation (Fig. 4) revealed a typicalbVQshape signal
dividing (1) a negative SP/elevation gradient related
to the hydrogeological zone in the lower part of the
edifice from (2) a positive SP/elevation gradient
related to the hydrothermal zone in the upper part of
the edifice. Moreover, (3) in the highest part of the
edifice, a plateau zone characterises the SP signal.
These three main subdivisions of the SP signal (Fig. 4)
can be also subdivided into several linear segments
separated by sharp break in slopes. For each segment,
the SP/elevation gradient, called correlation coeffi-
cientbCeQin mV/m (byJackson and Kauahikaua,
1987), have been calculated. Based on these Ce
values, different zones have been defined along each
profile. In the hydrogeological zone, four subdivisions
have been identified (Fig. 4); they are called Hz1,
Hz2, Hz3, and Tz (Hz and Tz standing for,
respectively, Hydrogeological zone and Transitional
zone). Increasing the elevation, an increase of Ce in
absolute value characterises the sectors Hz1 to Hz3
(jCej(Hz1)bjCej(Hz2)bjCej(Hz3)), and close to the SP
minimum, Ce(Tz)displays a drastic diminution in



Fig. 3. Comparison between the shape of the original 4200 m contour line of Misti volcano and the contour lines 4200 m reconstructed from

EFF method using the addition of 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25, and 30 harmonics. The analysis of all the contours lines (from 4050 to

5650 m) of this survey have been performed using 30 harmonics corresponding to a concordance with the original contour line higher than 99%.
The drawing in the lower right corner correspond to all the original contour lines analysed in this study.
absolute value of the SP/elevation gradient. Similarly,
in the hydrothermal system, four distinct zones called
LCz1, LCz2, LCz3, and UCz (LCz and UCz standing
for, respectively, Lower Convective zone and Upper
Convective zone), were defined (Fig. 4), where
Ce(LCz1)bCe(LCz2)NCe(LCz3). In the UCz zone, the
linearity in the SP/elevation relationship is not so
clearly defined but the average gradient decreases
drastically compared to the Ce(LCz3)value. This zone
is also characterised by a SP minimum of several
hundreds of mV in amplitude and several hundreds
of meters of wavelength (Fig. 4). The distribution on
a map of these distinct zones defined along the 10
radial profiles allows to obtain the shape of these
transitions at the scale of the volcano (Fig. 5). These
latter display concentric shapes mostly centred on
the present-day summit craters. The elevation of the
lower boundary of each zone has been extracted
along each profile and an average elevation was
calculated for each zone. The results display the
following subdivisions: (1) ~3660 m for Hz2; (2)
~3960 m for Hz3; (3) ~4090 m for Tz; (4) ~4400 m
for LCz1; (5) ~4520 m for LCz2; (6) ~4710 m for
LCz3; (7) ~4970 m for UCz; and (8) ~5410 m for
SP secondary minimum. Obviously, these limits are
not located at a constant elevation all around the



Fig. 4. Example of SP profile number 2 as a function of elevation showing how the distinct zones based on SP/elevation gradient were
determined. Numbers represent the slope value of each linear SP/elevation segment (expressed in mV/m).
edifice, but the average value gives a good infor-
mation on the average altitude where this transition
occurs.

3.2. The elliptical Fourier function analysis

A hierarchical cluster analysis was performed on
the coefficients of the first thirty harmonics. Distances
between the groups are measured using the Euclidian
distance. The aggregation rule used is the UPGMA
(unweighted pair-group method using arithmetic
averages).
No statistical test exists that can put a limit in trees

obtained using a hierarchical cluster analysis (Shi,
1993). In this study, the limit chosen for Misti volcano
allows the identification of three limits (Fig. 6):

(1) the best defined limit, between the contour lines
4950 and 5000 m,
(2) the second limit, between the contour lines 5500
and 5550 m, and

(3) the third limit, between the contour lines 4350
and 4400 m.

3.3. Comparison between the elliptical Fourier
function analysis and the SP results

As discussed in the Introduction, Ce transitions are
related to geological transitions: the positive anomaly
of about 6-km large can be interpreted as a signature
of polarization mechanisms occurring at depth, and
variations of Ce as disruptions of this electrical signal
induced by shallower geological boundaries. More-
over, due to the sharp transition of the SP/elevation
gradient at the scale of the sampling rate (100 m), this
suggests that the geological boundaries responsible
for the different Ce zones are shallow (b100 m). In the
case of a caldera-forming event, we should therefore



Fig. 5. Ce limits on Misti volcano defined along SP profiles (Fig. 4) superimposed on a Landsat image. Dashed line represents SP minimum in

the summit area defined along the SP profiles (Fig. 4). Hz, Tz, LCz and UCz stand fordHydrogeological zoneT,dTransition zoneT,dLower
Convective zone,TanddUpper Convective zoneT, respectively.
expect that, due to its shallow depth, this transition
should be also evidenced in the volcanic morphology
of the cone by the hierarchical cluster analysis of the
contour lines. Hence, a comparison between the
average elevation of the Ce transition and the limit
obtained by the hierarchical cluster analysis of the
contour lines was carried out (Fig. 7). The result of the
correlation of these two distinct approaches, visual-



Fig. 6. Hierarchical cluster analysis of the contour lines of Misti volcano (equidistance at 50 m) performed on the coefficients of the first thirty

harmonics. The vertical dashed line corresponds to the limit chosen for defining three main horizontal limits: a, b, and c. Pale grey colour allows
a better identification of the four groups of contours lines separated by a, b, and c limits. These three limits a, b, and c are discussed in the text.

Fig. 7. Cross-section of Misti volcano showing the correlation between the boundaries identified by hierarchical cluster analysis and the average

elevation of the transitions inferred by Ce transitions.



ised along a topographic cross-section of the volcano,
displays that the three limits encountered from the
hierarchical cluster analysis of the contour lines seem
to coincide with boundaries identified by observed Ce
transitions:

(1) The first transition at lowest altitude, between
4350 and 4400 m, corresponds to the limit
between hydrogeologic and hydrothermal sys-
tems (beginning of LCz1, inFig. 7). This limit
has been proposed as a possible boundary of a
65 km diameter incremental collapse caldera
(Fig. 5) separating Misti 2 from Misti 3
edification stages, formed 40–50 ka ago (Thouret
et al., 2001).

(2) Increasing in altitude, the second transition,
located between 4950 and 5000 m, coincides
with an important break in slope in the SP/
elevation gradient, which corresponds to the limit
between Lower and Upper Convective Zones and
43 km in diameter (Figs. 5 and 7). It is also
possible to speculate the existence of a caldera
boundary at this elevation, but there is a lack of
geologic evidence to ensure this hypothesis.

(3) Finally, although a small shift of several tens of
meters exists, the highest limit in elevation,
located between 5500 and 5550 m could be
related to the SP minimum located in the summit
area in the Upper Convective zone, and 21.5
km in diameter (Figs. 5 and 7). This SP limit
coincides with the boundary of the summit
caldera indicated by geological evidence and
formed 14–11 k.y. ago (Thouret et al., 2001).

4. Discussion

It is interesting to note that Fourier analysis applied
to the contour lines of a volcanic cone can reveal
morphological limits. These limits are linked to
geological events that built the volcanic edifice. One
of the outstanding results obtained by combining these
mathematical and geoelectrical approaches is that,
among the three main limits defined by the hierarch-
ical cluster analysis, two of these also correspond to
the two main subdivisions evidenced by the observed
Ce transitions (Fig. 7). Based on these results, three
questions are interesting to discuss: (1) how a
geological limit can be identified at an elevation
within a range precision of 50 m, when no geological
boundary is defined in a such tight range of elevation;
(2) what is the significance in terms of geological
boundaries of the evidenced limits proven by this new
combined approach; and (3) what are the limits in
applying this new methodology on other volcanoes.

4.1. Precision in elevation range to determine
geological boundaries

As discussed in the Introduction, sharp vertical
changes in the morphology of a volcanic cone could
be attributed to eruptive dynamism, such as caldera-
forming event. According to this survey carried out on
Misti volcano, these morphological changes are
associated with changes in the inner part of the
volcanic edifice. This good correlation between the
hierarchical cluster analysis and Ce transitions
strongly supports the hypothesis that these morpho-
logical changes can be related to circular structural
boundaries, such as caldera walls.
However, it could appear not rigorous to determine

a caldera boundary in a range of 50 m in elevation
where no caldera boundary is constrained in such a
tight range. Therefore, that means that our analysis
could be a pure mathematical application with no
consistence in term of geological limits. Hence, in
order to ensure the consistence of the results
encountered and the reality of the three identified
boundaries, another hierarchical cluster analysis was
carried out with a higher spacing between the contour
lines. Similar results were found using a 100-m
spacing between the contour lines, which allows the
possible fluctuations in the elevation of caldera walls
to be better taken into account (Fig. 8). The three
limits are respectively located between 4350–4450,
4950–5050, and 5450–5550 m, which are the same
but larger intervals than those encountered previously.
Therefore, although the geological boundaries can

fluctuate in elevation more than the interval chosen for
the contour line analysis, the transition can also be
found. The latter will correspond to the average
altitude, where the morphological transition is the
more significant. In the same way, for Ce analysis, the
comparison between our two approaches have been
possible only because we have a cover in SP measure-
ments of the entire volcanic cone (10 radial profiles),



Fig. 8. Hierarchical cluster analysis of the contour lines of Misti volcano (equidistance at 100 m) performed on the coefficients of the first thirty.
The vertical dashed line corresponds to the limit chosen for defining three main horizontal limits: a, b, and c. Pale grey colour allows a better

identification of the four groups of contours lines separated by a, b, and c limits. These three limits a, b, and c are discussed in the text.
which allows us to determine a good average elevation
where the transitions occurred. Among the three
boundaries identified, the two largest boundaries were
characterised by a very good correlation between
morphological analysis and Ce transitions (seeFig. 7).
Only a little shift was obtained in the summit area,
probably due to the averaging carried out.

4.2. Geological signification of the identified
boundaries

On Misti volcano, this pluridisciplinary survey
allows the identification of three important boundaries
in the volcanic cone. The lowest boundary in
elevation evidenced between 4350 and 4400 m and
speculated to be a caldera boundary also coincides
with the hydrothermal system extent identified by the
change of sign in Ce. This result suggests a correlation
between caldera boundaries and lateral extension of
hydrothermal fluid circulation. Such a correlation has
been already observed on other volcanoes where
geological boundaries were compared to SP surveys
(e.g., on Karthala volcano,Lénat et al., 1998;on
Stromboli volcano,Finizola et al., 2002). Further-
more, these surveys also display that caldera bounda-
ries are sometimes associated with short wavelength
SP anomalies (b100 m), suggesting a preferential fluid
circulation along these structural boundaries. This
means that faults associated with caldera borders
appear as higher permeability planes that preferen-
tially drain fluids. In the case of Misti volcano, a same
pattern of higher permeability distribution along the
caldera boundaries could explain the correlation
between morphological changes and extent of the
hydrothermal system. Indeed, the presence of a higher
vertical permeability plane does not favour the lateral
extent of fluids but rather its vertical circulation.
The two other limits evidenced in this survey are

located inside the hydrothermal system. For the
boundary located between 4950 and 5000 m, the
associated drastic change in the SP gradient could be
related to a distortion in the electrical field due to a
difference in electrical resistivity, as proposed for Usu
volcano (Nishida and Tomiya, 1987) or for Hokkaido
Komaga-take volcano (Matsushima et al., 1990), and/
or to a change in rock permeability inducing a change



in the piezometric gradient. In case of a caldera
hypothesis, such a sharp difference in electrical
resistivity and/or permeability could be related to the
difference between the external products of the
caldera and the refilled material.
For the summit caldera boundary, the associated

SP minimum could be explained in the same way as
the lowest boundary. Indeed, the coincidence
between the SP minimum and the caldera boundary
could be justified considering a preferential water
infiltration along the structural boundary of the
caldera wall.
Lithological boundaries built during constructive

events of the cone (such as block-lava flow, tephra
fall, pyroclastic flow, etc.) can be hypothesized as
causing the five other Ce transitions (Hz2, Hz3, Tz,
LCz2, LCz3 in(Figs. 4, 5, and 7)) observed through
SP measurements, but with no clear equivalent in the
morphological contour line analysis. Indeed, the two
lowest boundaries in altitude (Hz2 and Hz3 inFig. 5)
have been related to the front of block-lava flows
(Finizola et al., 2004), so lithological boundaries
generated by constructive events are not able to
induce significant vertical topographic transition.

4.3. Limitation of this new methodology for other
volcanoes

On the basis or our results obtained on Misti, it
would appear to be interesting to apply this quite
cheap methodology to other volcanoes in the world.
However, it is important to note that the good results
obtained on Misti volcano can be attributed to
several factors characterizing this particular volcanic
edifice: (1) No eccentric structure of the volcano
(e.g., adventitious craters) disrupting the EFF anal-
ysis, (2) the height of the edifice allows a closed
contour line analysis on a huge range of elevation
(from 4050 to 5650 m), (3) no adjacent volcano or
pronounced topography on the basement of Misti,
which allows us to analyze contour lines influenced
only by the volcanic edifice, and (4) structural
boundaries nearly centred on the present-day top-
ography, allowing good assessment of the average
elevation of the structural boundaries from the EEF
analysis of the contours lines. Finally, the good
correlation between the EFF analysis and thebCeQ
transitions (Fig. 7) can be attributed to the huge
amount of SP data (10 radial profiles), allowing the
calculation of the average elevation of each transition
with good accuracy.
5. Conclusions

According to this survey carried out on Misti
volcano, Fourier analysis applied on contour lines
appears to be an efficient tool to investigate the
morphology of a volcanic cone. This method allows
the identification of vertical limits subdividing the
volcanic edifice.
The comparison between this mathematical

approach (based on the external shape of the edifice)
and a SP/elevation gradient analysis (based on the
generation and the electrical field propagation inside
the edifice) leads to the same subdivision of the cone.
These results support the geological importance of

these boundaries. The latter could be linked to the
largest destructive events involved in the formation of
a volcanic cone, such as caldera-forming event,
creating a huge vertical transition inside the volcanic
cone, both in terms of drastic morphological and
lithological transition.
This combined approach on Misti volcano pointed

out three main structural limits that can be linked to
caldera boundaries identified in previous geological
surveys (Thouret et al., 2001) at: (1) 4350–4400 m
(probably formed 50–40 ka ago), (2) 4950–5000 m
but with no geological evidence, and (3) 5500–5550
m (probably formed 14–11 ka ago).
For the lowest boundary in elevation, the good

correlation between the limit of the hydrothermal
system and the boundary defined using elliptic Four-
ier function analysis suggests that caldera boundaries
can constrain the lateral extension of hydrothermal
systems.
Elliptic Fourier functions analysis and SP methods

appear to be complementary methods to understand
the formation of a volcanic cone. As a first approach,
EFF would be useful for the study of volcanoes where
calderas affect the whole cone. EFF would probably
not be efficient with volcanic cones where eccentric
structures affect the flanks of the cone or where the
caldera boundary is to much decentred from the
present-day topography. However, only the applica-
tion of EFF on different volcanoes will specify the



application limits of this new method in volcanology.
In particular, the combined approach with other
geophysical methods able to define caldera boundaries
such as gravimetry, SP, or high-resolution electrical
resistivity tomography could be very promising.
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