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Abstract

Ž .Controlled source audio-magnetotelluric CSAMT has been used to investigate the resistivity structure of the summit
region of Karthala volcano. The major purpose of this CSAMT survey is to locate the active hydrothermal system. The
presence of the hydrothermal system had already been inferred from surface evidence of hydrothermal activity and from

Ž . Ž .self-potential SP mapping of the Karthala summit zone. The results of the 1D CSAMT inversion indicate the following: 1
Ž .a highly resistive 500–5000V m 200- to 400-m thick surface layer, that is characteristic of dry basaltic rocks, and made

Ž . Ž .up of lava flows andror tuff breccias; 2 a 300- to 1200-m thick layer of intermediate resistivity 20–400V m , thought to
Ž .be representative of the groundwater body; and 3 a deep conductor with a resistivity of less than 2V m, which might be

related to the active hydrothermal system.
This hydrothermal system appears to be bounded by caldera edges and shows the same north–south trend. Its depth

ranges from more than 1 km to less than 0.7 km in the northern part of the caldera and its resistivity ranges from 2 to 0.5V

m in the northern part of the caldera. Less resistive zones and the shallowest depths of this conductive layer are well
correlated with the largest SP positive anomalies and are assumed to be generated by hot fluid circulation. The most active
hydrothermal zone is situated in the northern part of the caldera.q2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .In recent years, electromagnetic EM methods
have become prominent tools for detailed structural
resistivity studies, especially in volcanic regions
where surface resistivity is high. The controlled

Ž .source audio-magnetotelluric CSAMT method has

) Corresponding author. Fax:q33-2-62-93-82-66.
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been successfully used for geothermal exploration
Ž .Bromley, 1993; Wannamaker, 1997 to overcome a
lack of telluric signal strength in the audio-frequency
portion of the natural spectrum.

We applied the CSAMT method to the Karthala
volcano, which forms the southern two-thirds of the
Grande Comore Island in the Indian Ocean between

Ž .latitude 11–138S and longitude 43–468E Fig. 1 .
Ž .This active basaltic shield volcano 2361 m a.s.l.

displays a typical Hawaiian structure, with two op-
posing rift zones diverging from a summit caldera,
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Ž . Ž . Ž .Fig. 1. Topography reinforced by a shaded relief and structural features black lines of the Karthala summit area contour spacing: 25 m
Ž .showing the locations of the CSAMT sites black stars . The lower box shows the location of the Grande Comore Island.

and a 290-m deep pit crater namedAChoungou–
Ž .ChahaleB lying in the center of the caldera Fig. 1 .´

At least eight eruptions have occurred during the
20th century. The Karthala eruptive style is mostly
effusive, however phreatic and phreato-magmatic ex-
plosions have occurred in 1918, 1948, 1952 and
1991. The last one, which took place on the July 11,
1991, was purely phreatic, and formed a new crater
Ž .280 m in diameter, 43 m deep in the bottom of the
AChoungou–ChahaleB, which was partly filled by a´

Ž .lake that still exists today Bachelery et al., 1995 .`

The summit of Karthala volcano presents some sur-
face evidence of hydrothermal activity: hydrothermal
alteration affecting some sites located on caldera
faults, active fumaroles in theAChoungou–

Ž . Ž .ChagnoumeniB Fig. 1 , an active solfatare 968C
called AsoufriereB and located 2 km north of the`
caldera. Changes of the summit lake water level
Ž .metric order , not correlated with precipitation and
involving a rise of the water table in a geothermal
system, have also been observed between 1991 and
1997.
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The geophysical investigations of the Karthala
volcano have been very limited. Only a seismicity

Ž . Ž .study Savin, 1995 and self-potential SP measure-
Ž .ments Lenat et al., 1998 have been performed on´

the summit area. In addition, a few structural aspects
have been inferred from the Karthala volcanic

Žprocesses and from geological studies Bachelery`
.and Coudray, 1990; 1993 . These studies point to

the presence of a very active hydrothermal sys-
tem underneath the summit caldera. Consequently, a
CSAMT survey was considered suitable for provid-
ing information about the electrical structure beneath
the Karthala summit region, especially in regard to
the location of the hydrothermal system.

2. CSAMT method

Controlled source audio-magnetotelluric method
is a frequency-domain sounding technique that uti-
lizes artificial and natural EM fields to measure
resistivity variations in the ground. Goldstein and

Ž .Strangway 1975 introduced the use of a controlled
source to overcome the weak signals associated with

Ž .the conventional audio-magnetotelluric AMT me-
thod. Typical CSAMT equipment consists of a trans-
mitting station, the source of which is a dual horizon-
tal electrical dipole, and a receiving station that
measures the orthogonal horizontal components of

Ž . Ž .the electric E and magnetic H fields. The rela-
tive phase shift betweenE and H yields the phase
of the CSAMT impedance tensor. The ratio ofE and
H yields the apparent resistivity.

The interpretation of CSAMT data is more com-
plicated than that of the AMT. This is due to the
measurements of the EM fields which often have to
be carried out in the near-field zone of the transmit-
ter where the homogeneity of the EM fields is
disturbed. CSAMT allows plane wave interpretation
if the transmitter–receiver distance is greater than
3.5 skin depths. This allows the application of MT
equations derived for a plane wave source. In tradi-
tional CSAMT surveys, only the far-field data have
been interpreted using MT methods. More recently,
modeling advances enable us to included near-field

Ždata in the interpretation Boerner et al., 1993; Lu et
.al., 1997 .

CSAMT measurements were recorded using the
Stratagem tensor system of Geometrics. The trans-
mitter operates in the frequency range of 500 Hz–92

Ž .kHz. For the lower frequencies 10–1000 Hz , the
system uses the natural-source EM fields, similar to
the AMT method. At the receiving site, two compo-
nents of the electric field are measured with perpen-
dicular dipoles using steel electrodes, whereas two
components of the magnetic field are recorded with
sensor coils. This procedure results in a tensor esti-
mate of the impedance.

3. CSAMT measurements

During April 1998, CSAMT was applied to the
summit region of the Karthala volcano. The 10
measurement sites are shown in Fig. 1. For each site,
the controlled source transmitter was placed between
300 and 500 m from the receiving site, depending on

Žthe skin depth close enough to obtain signal and far
.enough to enable plane wave interpretation . Due to

the relatively rough terrain, it was difficult to per-
form more CSAMT measurements, resulting to little
data obtained from the southern part of Karthala. The
data was processed and the impedance tensor
Ž .Vozoff, 1972 was rotated to azimuths according to
the determination of the electrical strike directions at
each frequency for each site. Strike and cross-strike
apparent resistivity and phase curves have been cal-
culated from the impedance tensor that was obtained.

Ž .At all sites except one site 7 , we found that the
apparent resistivities in both directions were rela-
tively isotropic through the observed bandwidth. This
implies that geological surface layers are homoge-
neous on a large scale. The data are insensitive to
rotation angle. Adjacent sites show similarities, the
main difference being the position of the maximum
rate in apparent resistivity, which is characteristic of
the depth of the high resistivity in dry basaltic rocks.
This maximum is generally within the frequency
range of 104–103 Hz. At all sites, the CSAMT
estimates are characterized by a decrease in apparent
resistivity with decreasing frequency at the end of
the measurement range. This indicates the presence
of a deeper conductive layer. Examples of CSAMT
sounding curves are given in Fig. 2.



( )C. SaÕin et al.rJournal of Applied Geophysics 48 2001 143–152146

Ž .Fig. 2. Examples of CSAMT soundings for sites 3, 4, 6 and 10 Fig. 1 . Solid squares and cross with error bars denote the observed values
Ž .for strike and cross-strike direction, respectively. Solid lines in the left-hand graph show the calculated responses for the best-fit models

shown in the right-hand graph. Dashed lines are the equivalent models.

Generally, the sounding data are approximately
1D in nature, as shown in Fig. 2, except at site 7

Žwhere a static shift Berdichevsky and Dimitriev,
.1976 due to local, near-surface non-homogeneities

Ž .has been observed Fig. 3 . The static-effect distor-
tion consists of a parallel splitting of the two ob-
served mode curves and may lead to false interpreta-

Ž .tion Pellerin and Hohmann, 1990 . A number of
techniques has been proposed to attenuate this effect
as, for instance, the use of near-surface resistivity
data obtained with independent geophysical methods
Ž .Sternberg et al., 1988 . Unfortunately, no other
resistivity information was available on Karthala vol-
cano. However, the existence of the crater complex

Ž .AChoungou–ChahaleB Fig. 1 , close to the CSAMT´

sites, can provide a frame for the choice of a mode at
site 7 for the 1D interpretation. In fact, at the bottom
of the central crater, formed during the phreatic
eruption of 1991, the aquifer is present at an eleva-
tion of 1920 m. This is suggestive of a deep conduc-
tive medium underneath several volcanic flows.

4. Modeling

Ž .1D models Interpex, 1993 have been adjusted to
the apparent resistivity and phase curves at each site.
The data were interpreted using the minimum num-
ber of concordant layers. This typically resulted in a
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Fig. 3. Example of CSAMT soundings for site 7 showing static shift. Solid squares and cross with error bars denote the observed values for
Ž .strike and cross-strike direction, respectively. Solid lines in the left-hand graph show the calculated responses for the best-fit models

shown in the right-hand graph. Dashed lines are the equivalent models.

model with three major layers. Fig. 2 depicts four
examples of 1D models to data matches, as well as
the inferred electrical resistivity structure beneath
each site.

Generally, the results of the layered inversion
indicate the following resistivity properties of the
summit region of the Karthala volcano.

Ž . Ž .1 A highly resistive 500–5000V m 200- to
400-m thick surface layer that can be locally subdi-

Žvided into two units at sites 4, 5 and 8 see the
.example for site 4 in Fig. 2 , where additional con-

Ž .ductive layers of some tens ofV m 2–4 m thick
appear due to the high resolution of CSAMT method,
in the interior of this resistive layer at a depth of
about 150 m.

Ž . Ž .2 A second layer 300–1200 m thick with
intermediate resistivity values of about 20–400V
m. Resistivity rates lower than 40V m are found

Ž .beneath sites 5, 8, 9 not shown and 10 along an
almost north–south central axis in the caldera and
are confined within a thinner layer of 450 m or less,

except for site 5, in the southern part of Karthala,
where thickness is greater than 700 m.

Ž .3 A conductor with resistivity rates of less than
Ž .2 V m except site 1 whose resistivity is 11V m .

In the northern part of the study area, resistivities of
less than 0.8V m have been found.

In order to better determine the geoelectric struc-
ture of the Karthala summit zone, a 2D elevation
contour map of the uppermost of intermediate resis-
tivity and the conductive layers was computed, based
on the 1D models for each site, as shown in Fig. 4a
and b, respectively. For the intermediate-resistivity

Ž .layer Fig. 4a , the top elevation is about 1950"50
Ž .m for each site, except for site K6 deeper and sites

Ž .K2 and K8 shallower , involving a general deepen-
ing of this layer from the western to the eastern part
of the caldera. Note that the 2D model limits the lake
level to between 1920 and 1940 m in height, which
describes precisely the reality. On the other hand, the

Ž .deeper conductive layer Fig. 4b has a general
north–south elongation with a deepening of each
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Ž . Ž .Fig. 4. Elevation contour map in meters above sea level of the intermediate resistivity a—intervalss20 m and the conductive
Ž .b—intervalss50 m layers as determined from CSAMT data. Black lines show the main structural features. CSAMT site locations are

Ž .indicated. X and Y represent the UTM coordinates in km .

side along a W–E profile across the caldera and a
relatively high elevation in the northern part of the
caldera.

5. Discussion

The application of the CSAMT method at the
Karthala volcano summit zone reveals three layers of
different electrical resistivities: a resistive surface
layer, an intermediate-resistivity layer and a conduc-

Ž .tor Fig. 5 .
Ž .The first resistive 500–5000V m layer ob-

tained for all models is typical for dry basaltic rocks
Ž . ŽCourteaud et al., 1997 . For some sites sites 4, 5

. Ž .and 8 , the models suggest additional thin-4 m
conductive layers of some tens ofV m that can be
interpreted as accumulation zones of pyroclastic ashes

i.e., as coming from the paroxysmal phreato-mag-
Žmatic eruption of y4000 B.P. Bachelery and`

.Coudray, 1993 .
Ž .Moderate resistivities 20–400V m computed

for all sites are too low to indicate dry basaltic rocks
and can be interpreted in terms of water content in
the second layer. This means that this layer repre-
sents the groundwater body developed in basaltic

Ž .rocks Descloitres et al., 1997 . Resistivity variations
within this layer may indicate variations in the rela-
tive contribution of clay interbeds in the section
Ž .Lienert, 1991 . Drawing from the hydrological
model of the Piton de la Fournaise volcano, Reunion

Ž .Island Folio et al., 2000 , we assume that the top of
the second layer is representative of the piezometric

Ž .surface Fig. 5 . This hypothesis is consistent with
the geophysical interface, close to the water level of

Ž .the lake see Fig. 5b . The piezometric slope is
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Ž .Fig. 5. Cross-sections showing resistivity models obtained with the 1-D inversion from CSAMT sites resistivity is inV m . Error bars are
Ž .estimated from equivalent models see Fig. 2 . Black lines indicate the topography along the profile. SP anomaly variations along the profile

Ž . X Ž . Ž . Xare also shown in the upper part of the graph. a Profile AA see Fig. 4a crossing K1, K2, K3, K4 and K6 CSAMT sites; b profile BB
Ž .see Fig. 4a crossing K5, K8, K9 and K10 CSAMT sites.

Žtraced by this geophysical interface see Figs. 4a and
.5a . This implies a groundwater recharge in the

western part of the caldera as a result of a precipita-
tion maximum in the western flank of the volcano
Ž .Battistini and Verin, 1984 .

Considering the known presence of an active
hydrothermal system at Karthala volcano and the

Ž .typically very low resistivity valuesg10 V m
obtained for geothermal and hydrothermal systems
ŽHaak et al., 1989; Sainato et al., 1993; Hoover et

.al., 1984 , the boundary between the second layer
and the deep conductor can be interpreted as a mark
of the top of the active hydrothermal system. The
CSAMT survey allows us to model its geometry
Ž .Figs. 4b and 5 . In fact, the CSAMT model infers

an average depth of 1000 m for the top of the
hydrothermal system, or, more precisely, a variation
from about 1500-m depth beneath the east and west

Ž .sides of the caldera sites K1 and K6 to nearly 700
Žm beneath the north part of the caldera sites K8, K9

. Ž .and K10 see Fig. 5 .
Ž .Causes for conductive conditions include i high

Ž . Ž .temperature, ii low-resistivity pore water, iii in-
Ž .creasing porosity, iv conducting mineralization, and

Ž . Žv hydrothermal alteration Mogi and Nakama,
.1993 . In hydrothermal zones, conducting mineral-

ization and hydrothermal alteration are intimately
linked but the major influence on resistivity values
seems to be temperature. On the other hand, the
modeling procedure, which has been used for all
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CSAMT sites, produces a structure composed of
discrete layers, but it is likely that in reality, a
gradual decrease in resistivity over some finite depth

Ž .range can be found Ingham, 1992 . Thus, the appar-
ently shallower depth of the deeper conductive mate-

Ž .rial -0.8 V m beneath sites 8, 9 and 10 in the
Ž .northern part of the caldera Fig. 5b can be inter-

preted as being due to higher-than-normal tempera-
tures for such depths, as well as to the more active
upward fluid circulation related to fumarole activity
around the Choungou–Chagnoumeni pit-crater. On
the contrary, the greater depth of the conductive

Ž .layer at sites 1 and 6 Fig. 5a indicates the east–west
boundaries of the hydrothermal system and a weaker
temperature gradient. Likewise, spatial variations of
the geothermal gradient can also explain the resistiv-
ity variations of the intermediate-resistivity layer.

The presence of this hydrothermal system has
already been inferred from the surface evidence of
hydrothermal activity, as described in the Introduc-
tion. Second, an SP map of the summit zone of the

Ž .Karthala volcano Fig. 6 was obtained from about
1300 measurements effectuated inside the caldera

Žduring December 1995 and October 1996 Lenat et´

Ž .Fig. 6. SP map of the Karthala summit zone adapted from Lenat et al., 1998 . Contour spacing: 50 mV. Thick lines denote the main´
Ž .structural features. CSAMT site locations are indicated.X and Y represent the UTM coordinates in km .
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. Žal., 1998 . A significant large positive anomaly up
.to 400 mV was observed in the northern part of the

Ž .caldera Fig. 6 showing that the greatest hydrother-
mal activity was not centered on the main Choun-
gou–Chahale crater, as might have been expected.´
Note, SP anomalies are generated by fluid flow, heat
and ions in the Earth’s interior, and SP investigations
have been used to locate and delineate sources asso-

Žciated with such flows in geothermal areas Corwin
.and Hoover, 1979 .

ŽIn comparing CSAMT and SP results Figs. 4 and
.6 , a good correlation exists between SP positive

Ž .anomalies and low-resistivity zones-0.8 V m .
Ž .Lenat et al. 1998 interpreted the three main SP´

positive anomalies observed in the northern, eastern
Ž .and southern parts of the caldera Fig. 6 as indica-

tive of the presence of heat sources and the occur-
rence of hydrothermal processes. The application of
the CSAMT method provides information about the
depth location of this hydrothermal system and en-
ables us to differentiate the origin of the different SP
anomalies. We can observe that the SP positive
anomaly in the northern part of the caldera is clearly
well correlated with the most active hydrothermal
zone inferred from CSAMT models. This, however,
is not so evident for the two other positive anoma-
lies. The eastern SP positive anomaly seems to indi-
cate the shallowest depth of the water table better,
whereas the southern anomaly, interpreted as a sec-

Ž .ondary hydrothermal active zone Lenat et al., 1998 ,´
seems to be influenced both by the hydrothermal
active system and also by the water-saturated medium
and the high level of the water table.

In addition to the influence of hydrothermal circu-
lation, the SP measurements seem to be influenced
by groundwater circulation from west to east, cali-
brated by the piezometric gradient of the top of the

Ž .intermediate-resistivity layer Fig. 5a , which is
known to be representative of the piezometric sur-
face.

6. Conclusion

The CSAMT method, applied to the Karthala
volcano, enabled us to determine the structure of the
first kilometers of the summit area, which in electri-

cal terms can be divided into three ranges of resistiv-
Ž . Ž .ity values: 1 a highly resistive 500–5000V m ,

200- to 400-m thick surface layer, which is charac-
teristic of dry basaltic rocks and mainly constituted

Ž .by lava flows andror tuff breccias; 2 an intermedi-
Ž .ate-resistivity 20–400V m , 300- to 1200-m thick

layer, interpreted to be representative of the ground-
Ž .water body; and 3 a deep conductor with a resistiv-

ity of less than 2V m, which might be related to the
active hydrothermal system.

The two geophysical interfaces highlighted by the
CSAMT method do not have the same origin. The
first one is assumed to represent a hydrogeological
interface controlled by the volcano’s topography,
precipitation rate and spatial distribution. The second
interface may mark the top of the hydrothermal
system and is probably better imagined as a continu-
ous decrease of resistivity related to increasing heat,
conducting mineralization and hydrothermal alter-
ation with depth.

The major purpose of this CSAMT survey is to
define the location of the active hydrothermal system
of the Karthala volcano: it appears to be bounded
within the caldera and possesses the same north–
south elongation; its depth ranges from more than 1
km to less than 0.7 km in the northern part of the
caldera; its resistivity values range from 2 to 0.5V
m in the northern part of the caldera. Less resistive
zones and the shallowest depths of this conductive
layer are well correlated with the largest SP positive
anomalies and can be assumed to be generated by
the same source, i.e. hot fluid circulation.
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