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Abstract 

A Time Domain Electromagnetic (TDEM) survey was carried out in and around the caldera of the Fogo volcano, Cape 
Verde Islands, to detect the low resistive structures that could be related to groundwater. A sign reversal in the sounding 
curves was encountered in central-loop measurements for the soundings located in the centre of the caldera along three main 
radial profiles. The negative transients are recorded in the early channels between 6.8 and 37 ps. Negative values in an early 
time transient is an unusual field observation, and consequently the first step was to check the data to ascertain their 
accuracy and quality. In the second step, three-dimensional (3D) effects are evaluated and ruled out in this zone, while an 
Induced Polarization (IP) phenomenon is observed using Direct Current (DC) sounding measurements. In the third step, the 
IP effect is called upon to explain the TDEM distortion;; a Cole-Cole dispersive conductivity is found to be adequate to fit 
the field data. However, the more relevant one-dimensional (1D) model is recovered when both central-loop and offset-loop 
data are jointly taken into account, thus indicating that an effect of dispersive conductivity is necessary to explain the field 
data. The ID electrical structure exhibits four layers, with decreasing resistivity with depth. Only the first layer is polarizable 
and its Cole-Cole parameters are in = 0.85, c = 0.8 and T =  0.02 ms for chargeability, frequency dependence and time 
constant, respectively. However, the Cole-Cole parameters deduced from TDEM forward modelling remain different from 
those deduced from DC/IP sounding. In this volcanic setting, this IP effect may be caused by the presence of small grains 
of magnetite and/or by the granularity of effusive products (lapillis). As a conclusion, it is shown that a modelling using 
different TDEM data sets is essential to recover the electrical structure of this area. O 2000 Elsevier Science B.V. All rights 
reserved. 
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1. Introduction 

During the last 20 years, Induced Polarization 
(IP) effects in Time Domain Electromagnetism 
(TDEM) have been reported in field surveys. 
Resulting distortions of the sounding curves 
cannot be explain by common 1D models, and 
may lead to erroneous interpretation if the IP 
effect is not recognised. Among the papers deal- 
ing with IP effects, many describe the theoreti- 
cal and field data obtained using coincident- 
loop or central-loop configurations. The more 
severely distorted TDEM curves show negative 
data at the end of the transients, which are not 
expected in such geometrical configurations. 

Many authors have modelled distorted ground 
response by frequency-dependent conductivities 
(Spies, 1980; Lee, 1981; Walker and Kawasaki, 
1988; Flis et al., 1989; Kaufman et al., 1989; 
Smith and West, 1989; Elliott, 1991; El- 
Kaliouby et al., 1995; El-Kaliouby et al., 1997). 
The Cole-Cole formula introduces three polar- 
ization parameters: the Cole-Cole chargeability 
(m),  the frequency dependence (c), and the 
Cole-Cole time constant (7 ) .  All studies agree 
that the Cole-Cole model is adequate to take 
into account the IP effect observed in TDEM. 
These procedures are generally motivated by the 
necessity to (i) recover the true resistivity model 
of the ground (see, e.g. Flis, 1987 or Hohmann 
and Newman, 1990 for 3D polarizable bodies), 
(ii) enhance the IP response in order to better 
characterise IP target parameters (El-Kaliouby 
et al., 1995, 19971, (iii) estimate IP parameters 
of clays in hydrogeological surveys (Everett, 
1997). Theoretical papers have also investigated 
the possible separation between IP and induc- 
tive. responses. For this purpose, Kamenetsky 
and Timofeyev (1984) suggested deploying dif- 
ferent sizes of transmitter loop in order to pro- 
vide different data sets used for the modelling. 
Kaufman et al. (1989) explore the influence of 
Cole-Cole parameters for three common trans- 
mitter-receiver configurations - central-loop, 
coincident-loop and dipole-dipole. Under cer- 
tain conditions, they separate the inductive and 

poiarizabie parts of the response. Another prac- 
tical approach is proposed by McNeill (1994) 
who advocates the use of offset-loop soundings 
in order to attenuate or even avoid the IP distor- 
tions obtained in central-loop configuration. Fi- 
nally, Kamenetsky and Novikov (1997) propose 
a physical modelling approach in order to get 
laboratory measurements on rock samples. 

When dealing with the interpretation of dis- 
torted TDEM curves using a dispersive model, 
the interpreter is confronted with many equiva- 
lent models. In addition to resistivity and thick- 
ness, three unknown Cole-Cole parameters are 
needed to fit the field data. Some rules have 
been pointed out when investigating the influ- 
ence of Cole-Cole parameters upon TDEM 
curves (Kaufman et al., 1989; El-Kaliouby et 
al., 1997). Even so, the interpretation is still 
difficult and does not necessarily lead to an 
unique model. Consequently, the determination 
of the resistivities and thicknesses could remain 
uncertain. 

This study was primarily motivated by the 
need to interpret central-loop data with sign 
reversal that are obtained when prospecting for 
aquifers inside the caldera of the Fogo volcano, 
Cape Verde Islands (Descloitres et al., 1995). 
For this survey, the distorted transients are un- 
usual because the negatives occur at the begin- 
ning of early time portion of the curves. This is 
contrary to most of the studies previously men- 
tioned, where the negatives occur at the end of 
the curves, or in the middle of the curves (<<dou- 
ble sign reversals) as Walker and Kawasaki 
(1988) or Barsukov and Fainberg (1998) no- 
ticed. To the best of our knowledge, an early 
time sign reversal in a field observation is un- 
published. Therefore, the primary purpose of 
this paper is to present the field data as a case 
history of negative data in the early part of 
TDEM transients. The second aim of this paper 
is to present an explanation of the observation 
with a model of these data assuming that the 
negative transient is due to an IP effect using a 
Cole-Cole dispersive model. We pay particular 
attention to incorporate multi-loop and offset- 
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loop data obtained at the same site into the 
modelling procedure. This allows us to demon- 
strate that (i) the IP effect is effectively re- 
moved or attenuated when larger transmitter 
loop or offset-loop configurations are used and 
(ii) multi-data modelling improves the interpre- 
tation allowing a better determination of the 
Cole-Cole parameters as well as the geoelectri- 
cal model. 
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2. Survey setting 

The data presented here are a part of a TDEM 
survey for groundwater carried out inside the 
caldera of the Fogo volcano. The 25-km-diame- 
ter island is an active hot spot of the Cape 
Verde Islands. This archipelago, 600 km from 
the coast of west Africa, is semi-desert. The 
rainfall on Fogo varies between 200 and 1000 

UTM coordinates (km) 

Fig. 1. Topographic map of the caldera and main peak of the Fogo volcyo. The location of the TDEM sites are indicated 
with blank squares (1994 survey). Filled square: test site B4 presented in this study (1995 survey). Area in gray: location of 
the 1995 lava flows. The dashed line separates TDEM points into two zones: the TDEM curves from points situated between 
this line and the caldera rim do not show any negative values and detect shallow conductive layers (not presented in this 
study), and the others, mainly situated along the profiles A, B and C, are similar to site B4 and show negative values. 
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mm a year in locations related to prevaiiing 
winds. The inhabitants are facing with many 
problems due to insufficient water supply. Rain- 
water penetrates into the highly permeable sur- 
face materials, a phenomenon that leads to cru- 
cial irrigation problems. The caldera is a large 
semi-cylindrical structure 1750 m high bordered 
to the west by a 500- to 1000-m high wall (Fig. 
1). This caldera has a diameter of 8 km and the 
bottom is a flat terrain considered as the main 
recharge zone for groundwater (Barmen et al., 
1990). The caldera is filled by volcanic prod- 
ucts. The surface generally consists in dry pa- 
hoehoe and lava flows, lapillis and/or ashes. 
Geophysics has been considered here in order to 
detect conductive layers that could be related to 
groundwater. Previous tests of the audiomagne- 
totelluric (AMT) method were done. They were 
unsuccessful principally because of poor AMT 
signal, strong topographic effects and many dif- 
ficulties in getting good ground contacts for 
telluric measurements. TDEM measurements 
were carried out at the same time, and were 
found to be more effective. 

3. Method and data acquisition 

The TDEM method is a controlled source 
electromagnetic (EM) method that uses a large 
loop laid on the ground as a transmitter. A 
current is alternatively turned on and off in the 
loop. When the current is flowing, a primary 
static EM field is created. When the current is 
turned off, an EMF produces eddy currents 
flowing in the earth, diffusing further into the 
formation. The eddy currents create a secondary 
EM field whose amplitude decreases with time. 
During the absence of current in the transmitter, 
this EM field due to eddy current in the earth is 
measured on the surface by a receiver coil. The 
shape of the decay voltage, or transient, with 
time depends on the ground resistivity distribu- 
tion and the array configuration. The transmitter 
loop can be laid out using various configura- 
tions, depending on the objectives of the survey. 

Tie  most common îor shallow applications aïe 
the central-loop, coincident-loop and offset-loop 
modes. For a comprehensive review of the 
TDEM method, see Nabighian and MacNae 
(1991) or McNeill (1994). 

A Geonics PROTEM 47 system was chosen 
in our first survey in 1994, because it was easy 
to handle over difficult terrains. We laid out a 
100 x 100 m2 transmitter loop for central-loop 
measurements. A total of 117 soundings sites 
were covered within 17 days. They are located 
along three main radial profiles and the contours 
of the caldera (Fig. 1). The distorted TDEM 
curves are mainly located along the three pro- 
files. A second survey dedicated to the study of 
the distorted transient was carried out in 1995. 
Both EM 47 and 37 systems were deployed on 
the test site B4 located in the south of the 
caldera (Fig. l), which was the only accessible 
place after the eruption of the volcano in April 
95. 

The PROTEM system allows TDEM data to 
be acquired using several base frequencies. Each 
frequency-based acquisition typically result in 
20 normalized voltages logarithmically spaced 
in time. For EM 47, two overlapping base fre- 
quencies were recorded - <<u>> 237.5 Hz and 
<<VD 62.5 Hz, with time sampling from 6.8 p.,s to 
2.79 ms. The EM 37 system has a higher trans- 
mitter voltage, and two overlapping base fre- 
quencies were recorded - <<H>> 25 Hz and 
<<M>> 6.25 Hz, with time sampling from 88 ps  
to 27.8 ms. For the last channels of the c<M>> 
base frequency and the large transmitter mo- 
ments, measurements show that the noise level 
is reached. The following measurements were 
made on site B4: 

central-loop measurements using four differ- 
ent square transmitter loops: 100 X 100, 200 
X 200, 300 X 300 and 400 X 400 m2; 
offset-loop measurements using 100 X 100 
m2 transmitter loop and 100, 150 and 200 m 
offsets; 
measurements of the primary field along a 
profile crossing a 100 X 100 m2 loop, and 
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measurements of three component of the 
time-varying secondary magnetic field have 
been performed in order to evaluate if any 
2D or 3D structures occur beneath this site. 

In order to complete our study of site B4, Direct 
Current (DC) and time domain IF' Schlumberger 
soundings were carried out using a SYSCAL-R2 
resistivity-meter from IRIS Instruments. 
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4. Field data at site B4 

4.1. Central loop TDEM data 

The data for site B4 are presented in Fig. 2 as 
normalized voltage vs. time for overlapping <<UD, 

1 E-5 

1E-6 1 

c<H>> and <<M>> base frequencies. The ev>> base 
frequency is omitted here to simplify the figure. 

For 100 X 100 m2 data recorded at <<u>> base 
frequency, the first eight channels show nega- 
tive data from 6.8 to 37 ps; the other 12 
channels remain positive. For the 200 X 200 m2 
data, only the first two channels are negative. 

For all of the curves recorded at <<H>> and 
crM~ base frequencies, as well as for 300 X 300 
and 400X 400 m2 transmitters, there are no 
negative data. 

It should be noted that negative responses 
occur in the early part of the decay, before 37 
ps, and would not have been observed with any 
TDEM equipment starting acquisition 37 ps 
after the turn-off time. Furthermore, the nega- 
tive part of the signal is less important or van- 
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Fig. 2. TDEM central-loop field data measured at site B4. The <<u>> base frequency transients are provided by an EM 47 
system, while ctH>> and <<M, base frequency transients are provided by an EM 37 system.! The filled symbols and dashed 
lines indicate negative values, blank symbols and continuous lines are positive values.. 5 1 
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ishes when larger transmitter loop or offset-loop 
configurations are used. 

4.2. Offset-loop and 3 0  TDEM data 

Offset-loop measurements were acquired at 
the four cardinal points from the cable, at off- 
sets of 100, 150 and 200 m. Fig. 3 presents the 
100 m offset curves west and east of the 100 X 
100 m2 loop transmitter. Those curves are close 
together and always positive. 

For the 3D measurements, the X and Y com- 
ponents measured at the centre show that tran- 
sient levels remain one decade below the Z 
component level and fall into EM and instru- 
mental noise between 100 and 300 ps. 
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According to offset-lûûp measùïements, there 
is no evidence of 3D structure beneath this site 
that would explain central-loop TDEM distor- 
tions. 

4.3. DC and IP Schlumberger soundings 

Both DC and IP Schlumberger soundings 
reveal (i) a decreasing apparent resistivity curve 
from 15,000 to 5000 0 m for an AB/2 length 
of 200 m and (ii) a decreasing IP apparent 
chargeability curve from around 30 to 10 
mV/V. The weighted average of the apparent 
chargeability is calculated with the four regis- 
tered time windows, ranging from 160 to 1580 
ms after the current turn-off. The evidence of a 

Field data 

o Offset 100 m. west 
A Offset 100 m. east 

E Central loop z component 

X Central loop x component 

Central loop Y component 

1E-Il , , , , , I I 1 I I I I , ,  I I \ , 1 1 1 1  

1 E+l 1 E+2 
Time (ps) 

1 E+3 

Fig. 3. TDEM offset-loop and 3D central-loop field data measured at site B4 at <<u>> base frequency. The filled symbols and 
dashed lines indicate negative values, blank symbols and continuous lines are positive values. North and south offset-loop 
data as well as 150 and 200 m offset data are omitted here for clarity, and remain identical to the west and east transient. The 
X component is oriented to the north. 
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time domain electrical IP response in such 
ground is an indication to consider an IP effect 
to explain the distortions of TDEM curves in an 
earlier range of time. 

5. Quality control of the data 

As already noted, the occurrence of negative 
data in the first part of a central-loop transient 
has never been reported in published papers. 
Therefore, it is logical to suspect any problem 
linked to acquisition process that could pro- 
duced such distortions. Below, we evaluate pos- 
sible field errors or instrumental problems: the 
inversion of the polarity, a non-synchronous 
acquisition or inappropriate receiver bandwidth, 
and a transmitter, i.e. turn-off effect. 

5.1. Control of the polarity of the data 

The data acquired in 1994 at the three adja- 
cent sites A22, A23 and A24 at the west end of 
profile A (Fig. 1) are presented in Fig. 4a. At 
these sites, the duration of the negative part of 
the transient reduces itself when the loop is 
moved closer to the rim. At site A24, the curve 
remains entirely positive. This shows a progres- 
sive attenuation or even the disappearance of 
the phenomenon and ascertains that the sign of 
the responses are correct, i.e. that the negatives 
are present in the first part of the transient. 

To reinforce this assertion, Fig. 4b shows the 
shape of the primary field recorded at several 
locations of the receiver moving across the 100 

100 m2 transmitter loop at site B4. The 
theoretical primary field is also calculated for 
this loop. It remains close to the field data. 
According to Lenz law for central-loop acquisi- 
tion, the sign of the primary field is identical to 
the sign of the secondary field when the mea- 
surements are made after a current turn-off. In 
our case, the primary field remains positive in 
the centre of the loop while the first measured 
windows exhibit negative values. This fact leads 
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Time (W 
a) Transients recorded at the west end of 
profile A at "u" base frequency. 
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b) Measured prlmaly field at site 8 4  and calculated 
primaly field for a 100 xl00 ma transmitter loop. 

Fig. 4. (a) Example of three sounding curves obtained at 
the west end of profile A with 100 X 100 m2 central-loop 
array configuration. (b) Comparison between the primary 
field measured at site B4 and the primary field calculated 
for a I O O X  100 m2 transmitter loop for different locations 
of the receiver coil crossing the loop. 

us to the same conclusion, i.e. that the negative 
values observed in central-loop data cannot be 
due to any mistake in the polarity of connec- 
tions. 
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5.2. Non-synchronous acquisition or inappro- 
priate receiver bandwidth 

Improper timing of the acquisition could lead 
to the fact that the first windows of the transient 
should have been registered during the turn-off 
of the primary signal. In the! same way, a 
limited receiver bandwidth could integrate the 
receiver response to the primary field so it 
extends into the time window of early measure- 
ments. As told above, for a central-loop acquisi- 
tion, the primary and secondary fields should 
have the same polarity after a current turn-off. 
Therefore, any synchronisation problem locat- 
ing the acquisition time into the turn-off time 
should only manifest itself by an increasing 

amplitude of early time positive measüïemenis, 
but never in reversing their polarity. In the case 
of limited receiver bandwidth, the effect is to 
delay the response, but never to reverse the sign 
(Geonics, pers. CO".). This fact is confirmed 
by Effersg et al. (1999). 

5.3. Transmitter turn-off effect 

In high resistive ground conditions, the re- 
sponse of the transmitter loop to an abrupt 
turn-off time (5.2 ps in a 100 X 100 m2 loop) 
could lead to an improper shape of the current 
ramp, which exhibits some oscillations. around 
zero, as shown in Fig. 5. If such a condition 

1 E-6 -I 

-1 E-6 

I l I I I I I I  

Residual prlmary fleld 
reaultlng from a hypothetlcr 
Improper turn-off tlme 
(shape only, amplltude 
is arbltrary) 
Secondary fleld measured 
at slte E4 : + at11.8ps 

-+-- at 18.0 ps 

+ Secondary field calculated 
For a half-space of 
10000 L2.m 

I 
-200 -100 O IO0 2d0 

I 

Receiver location from the loop centre (m) 

Fig. 5 .  Comparison between the shapes and the signs of (i) the secondary field measured at site B4 for two time windows of 
11.8 and 18 ps, (ii) the secondary field calculated for a half-space of 10,000 m, and (iii) the residual primary field 
resulting from a hypothetical improper turn-off time for different receiver locations crossing the 100 X 100 m2 transmitter 
loop. Symbols have been linked here with continuous lines for visual clarity. 
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exists, a residual primary field with opposite 
polarity could be present at the end of the ramp 
leading to the following remark: if a negative 
response observed in the central-loop is due to 
residual negative current flowing into the trans- 
mitter loop in reaction to an improper turn-off, 
there should exists a strict amplitude relation 
between this signal and the signal observed at 
the different offset locations. This residual sig- 
na1 in offset should indeed have the same varia- 
tion in time, an inverse polarity, i.e. positive if 
the signal at the centre is negative, and a de- 
creasing amplitude when the offset distance in- 
creases. 

For further illustration, we have drawn in 
Fig. 5 the amplitude of the transient vs. the 
receiver location for the time windows at 11.8 
and 18 ps. Inside the transmitter loop, where 
the residual primary field is supposed to be 
negative, the sign of the secondary field is also 
negative, but their shapes are not the same. 
Outside the transmitter loop, the signs remain 
identical, but again their shapes are not the 
same; the amplitude of the primary field de- 
creases abruptly with increasing distance, while 
the secondary field is increasing at the same 
time to reach an amplitude relatively constant in 
accordance with normal behaviour, as shown as 
an example for the calculated response over a 
half-space of 10,000 Cl m. 

These results indicate that the negative sec- 
ondary field in the centre of the loop cannot be 
related to any residual negative current flowing 
into the transmitter loop. 

6 
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6. Data modelling 

The occurrence of an IP signal in conven- 
tional DC/IP sounding, as well as the progres- 
sive disappearance of negative transients when 
larger transmitter loop central-loop or offset- 
loop configurations are used, leads us to attempt 
forward modelling of the data with Cole-Cole 
dispersive conductivity. 

6.1. Some aspects of TDEM I D  mzodellirig using 
Cole-Cole parameters 

The influence of IP effects on TDEM curves 
is mostly discussed for the coincident-loop con- 
figuration (Kaufman et al., 1989; El-Kaliouby et 
al., 1997) and sometimes for the central-loop 
(Elliott, 199 1) or offset-loop soundings (Everett, 
1997). These publications use the Cole-Cole 
model (Cole and Cole, 1941; Pelton et al., 
1978). The formulation expresses the ground 
conductivity as a dispersive (frequencyLdepen- 
dent) conductivity u : 

o-= ao 

where o-,, is the DC conductivity (S/m), m the 
Cole-Cole chargeability (O 4 112 < l), c the fre- 
quency dependence (O 4 c 4 I), r the Cole- 
Cole time constant (s), and w the angular fre- 
quency (Hz). 

Among many results provided by the afore- 
mentioned papers, the following conclusions 
were obtained for coincident-loop and central- 
loop configurations in time domain. - The part of the TDEM response due to the 
IP effect is negative. In some situations, when 
the amplitude of the inductive part of the re- 
sponse becomes small enough, the IP signal 
dominates and leads to negative data. This oc- 
curs usually at late time. 

The more resistive the ground, the higher 
the amplitude of the IP effect. In general, it can 
be shown that the amplitude of negative peaks 
is roughly proportional to the square root of the 
resistivity. 

* When sign reversal are recorded, the time 
of occurrence and amplitude of the negative 
peak are strictly connected with the value of in, 
c and r. 

It is found that the amplitude of the nega- 
tive part of the total response is roughly propor- 
tional to the loop radius while the inductive part 
of the total response increases as the square of 
the radius. The larger the transmitter loop, the 
less predominant the IP effect should be. It is 

1 + (icor)' 

1 + (I - in)(ior)' 
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described by Kaufman et al. (1989) for central- 
loop systems. El-Kaliouby et al. (1997) deter- 
mine an optimum loop radius to enhance the 
amplitude of the phenomenon for coincident- 
loop system over a polarizable half space. This 
leads to a better determination of the Cole-Cole 
parameters of the target. 

For a defined polarizable model, these studies 
point out that the transmitter-receiver configu- 
ration governs the shape and the amplitude of 
the IP effect. 

6.2. Forward modelling of the TDEM data us- 
ing Cole-Cole parameters 

The 1D code we used for magnetic TDEM 
response forward modelling (Tabbagh and 
Dabas, 1996) was modified to take into account 
a Cole-Cole conductivity behaviour. For each 
layer, the conductivity can be complex and is 
described by the Cole-Cole formula. The cur- 
rent turn-on and turn-off times are described by 
considering a series of successive step functions 
to follow the Geonics current waveform. The 
calculation of the transient response is provided 
either at the centre of the transmitter loop or at 
any offset location, and is given for the Geon- 
ics-defined time windows. 

The Cole-Cole forward modelling of the 100 
00, 200X200 m2 central-loop and 100 m 
et-loop data at <<u>> base frequency is pre- 

sented in Fig. 6. First, we tried to fit the 100 
100 m2 central-loop data: a preliminary model, 
A, consists in a two-layer structure with the first 
layer having a resistivity p of 10,000 fl m and 
200 m thick and its Cole-Cole parameters are 
m = 0.65, c = 0.5 and T =  0.1 ms. The second 
layer is conductive of p = 250 fl m and non- 
polarizable. The model fits the 100 X 100 m2 
central-loop data with a good agreement. The 
voltage response for the model A is then calcu- 
lated for 200 X 200 m2 and 100 m offset data. It 
is quite different from the field data. Hence, the 
model A cannot be considered as relevant, be- 
cause it fits only the 100 x 100 m2 central-loop 
data. Therefore, we decided to take into account 

* 
o *  

Central loop ioox1oo rr? 

Cenlial loop 200x200 m' 

I 1 I L I ,  I I 
i E I l  Time (ps) iE+3 

Fig. 6. Cole-Cole forward modelling of KU)) base fre- 
quency transients for 100 x 100, ZOO x 200 m2 central-loop 
and 100 m offset field data. The filled symbols and dashed 
lines indicate negative values, blank symbols and continu- 
ous lines are positive values. The lines are the resulting 
calculated transients for model A and B. 

larger loop sizes and offset-loop data to improve 
the model. 

In a second step, following McNeill (1994), 
we consider that the 100 100 m2 offset-loop 
data of should be less affected by the IP effect: 
the 100, 150 and 200 m offset data are indeed 
free from any negatives. The inversion is done 
using TEMM Interpex software for a 1D Iay- 
ered earth with the minimal number of layers 
required for a correct fitting. This inversion is 
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illustrated in Fig. 7 for <<u>> base frequency 
acquisition. For the three sets of offset-loop 
data, the models are almost identical and equiv- 
alence analysis determines an average three- 
layer model showing: 

1. a resistive, 3000-70000 R m, first layer of 

2. an intermediate resistive, 1700-2200 Cl m, 

3. a low resistive, 190-600 R m, basement. 

35-90 m thick; 

second layer of 370-420 m thick; 

In a third step, this three-layer solution was 
taken as a starting solution for a forward mod- 
elling of the central-loop data including Cole- 
Cole parameters. After some trial and error, the 
model B shows: 

1. a resistive, polarizable first layer of 60 m 
thick, with resistivity of 10,000 R m and 
Cole-Cole parameters of m = 0.85, c = 0.8 
and T =  0.02 nis. 

2. a second non-polarizable layer, with a resis- 

lEI1 1E+2 (E l3 lE.4 
Time (YS) 

o 
100 - 200 

E 
300 

a 8 400 

500 

800 

I I '  

Fig. 7. ID inversion of the data acquired at site B4 with 
<<u>) base frequencies for offset distances of 100, 150 and 
200 m from the centre of the 1 O O X  100 mz transmitter 
loop. The inversion is made using TEMM software. The 
averaged model deduced from these inversions is used as a 
starting solution in Cole-Cole forward modelling resulting 
in model B (see text). 

tivity of approximately 1750 Cl m and thick- 
ness of about 350 m; and 

3. a non-polarizable conductive layer of 250 R 
m resistivity. 

In Fig. 6, the resulting curves for 100 X 100, 
200 X 200 m2 central-loop and 100 in offset- 
loop configuration are presented. For the 100 
100 m2 central-loop configuration, model B does 
not fit the field data as well as model A did, but 
the amplitude of the negative part and time of 
sign reversal fits the data reasonably well. For 
the 200 X 200 m2 central-loop and offset-loop 
configurations, the resulting curves of model B 
fit the field data reasonably well. Attempts have 
been made to improve the fit of the last part of 
the 100 X 100 m2 field data and to evaluate the 
equivalence ranges of the Cole-Cole parame- 
ters. If their values are changed more than 
5-lo%, the resulting synthetic transients do not 
fit any of the three TDEM field data sets. This 
confirms that the use of different data sets im- 
proves the definition of the model as was al- 
ready pointed out by Krivochieva and Chouteau 
(1997) for a non-dispersive medium. It is found 
to be the case also in dispersive medium. 

At this stage, model B appears to be more 
relevant than model A, even if its fit remains 
imperfect to the late part of the 100 X 100 m2 
central-loop data. The following observations 
are to be noted. 

*The Cole-Cole modelling allows the re- 
covery of a transient shape close to the field 
data, including negatives in the first part of the 
transients, provided that high values of charge- 
ability and frequency dependence, as well as 
short time constant, are chosen. This does not 
necessarily proves that an Il? effect is the only 
possible explanation for the sign reversal, but 
shows that an Il? effect cannot be ruled out to 
explain the sign reversal phenomenon. 

Model A shows a conductive layer of 250 
Cl m at a depth of 200 m. The more relevant 
model B shows a conductive layer of 250 R m 
at a depth of 410 m. It is shown that if a unique 
set of data, i.e. 100 100 m2 central-loop, is 
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used to model the data, a severe misinterpreta- 
tion can occur. 

The resistivities and thicknesses deduced 
from non-dispersive 1D inversion offset-loop 
data remain close to those calculated with 
Cole-Cole forward modelling (model BI. This 
tends to confirm that offset-loop data are less 
affected by any IP effect. 

6.3. Interpretation of 300 X 300 and 400 X 400 
m2 central-loop low base frequency data 

In order to validate the presence and the 
depth of the conductive layer in this part of the 
caldera, we have conducted a 1D inversion us- 

300 and 400 X 400 m2 central-loop 
data at <<H>> and <<MB base frequencies. 

A forward calculation of the dispersive model 
B was computed for both configurations. The 
results show that the presence of the first polar- 
izable layer does not significantly modify the 
transient response for time windows between 88 
ps and 2.79 ms. This confirms that, for model 

I_j 

B with late transient and larger transmitter ioop, 
the inductive part of the response is much more 
predominant than the polarizable part of the 
response originated by the first layer. 

These results allow us to conduct a 1D inver- 
sion, presented in Fig. 8 as apparent resistivity 

Using model B as a starting solution for upper 
layers, but without any Cole-Cole parameters, a 
fourth layer has been added in order to fit the 
data and results in model C as follows: 

Layer Resistivity range (Cl m) Thickness (m) 
1 10,000 (fixed) 60 
2 1800-4000 300 
3 150-250 230 
4 50 - 

vs. time for <<HB and <<MD base frequencies. 'i 

Y 

Model C confirms the presence of a conduc- 
tive layer of 150-250 R m at a depth of 360 my 
which is close to the model B solution of 250 Cl 
m and 410 m deep. Moreover, this inversion 
defines a fourth layer more conductive (50 R 
m) and at a depth of 590 m, which could not 

100 - 

2OD - 

300 1 
P -  
5 -  
d :  

400 - 

500 - 

Field data 

- 

- Model C 

--- equivalent solutions 

4 K L , , ,  , I I , , ,  111 I , 1 , , , , 1 [  I L I ,  i I ) ! )  , , ) I  I [ ) ( ) ( ) ) ,  I , , , , I , , ) (  

IE+1 IE+2 1 E+3 1 E+4 1 E+5 IE+2 1E+3 1E+4 
Time (11s) Resistivity (Q. m) 

Fig. 8. 1D inversion of the data acquired with crH~ and ctM)> base frequencies for 300 X 300 and 400 X 400 m2 central-loop 
data using T E M E  software. Apparent resistivity vs. time field transients are plotted on the left. Model C is represented on 
the right side with equivalence solutions. 

. 



M. Descloitres et al. / Journal of Applied Geopliysics 45 (2000) 1-18 13 

logically be determined by higher base fre- 
quency transients. 

6.4. Modelling of D C / I P  sounding data 

In order to detail the uppermost part of the 
geoelectrical section where model B describes a 
resistive polarizable layer of 60 m thick, we 
have carried out a joint inversion of DC and IP 
sounding data using the software of Sandberg 
(1993). The results are presented in Fig. 9. The 
resulting model D consists of a three-layer 
structure as follows: 

Layer Resistivity Thickness chargeability 

1 14,790 5.7 28 
2 8620 24 18 
3 3700 - 11.5 

I; 

d 

( f im)  (m) (mV/V> 

This joint inversion details the upper part of 
the geoelectrical structure and the first layer of 
model B and C (10,000 n.m, 60 m thick) into 

three resistive layers. The values of IP charge- 
ability are decreasing regularly with depth. An 
attempt have been made to transform the raw 
chargeability data (mV/V) for the four time 
windows obtained for AB/2 length of 10 m 
into Cole-Cole parameters using a software 
developed by IRIS Instrument for the SYSCAL 
R2 data. For a fixed frequency dependence (c) 
of 0.8, the chargeability ( m )  and the time con- 
stant ( 7 )  are 0.06 and 1.16 s, respectively. 
Those results have to be taken with caution 
because the raw data are measured over only 
four time windows with this equipment, which 
gives a poor sampling of the IP transient decay. 
Even with this precaution, those values are far 
from HZ = 0.85 and T =  0.02 ms deduced from 
TDEM forward modelling in model B. 

6.5. Firial model 

Forward Cole-Cole modelling (model B), 
inversion of large loop TDEM data (model C) 

o ... IP Schlumberger sounding 
'. 
b.. 

I E+l  1 E+2 
AB/2 length (m) 

Model D 

8620 18 

3700 11.5 

I E+l 1 E+2 
AB/2 length (m) 

Fig. 9. Joint inversion of DC and time domain IP Schlumberger soundings using the Sandberg software (1993). The dashed 
lines are calculated from model D. 
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MODEL B MODEL c 
Depth Cole-Cole 

(m) parameters 

410 

360 

590 

MODEL D '\ 

IP charg. 
"4 

m = 0.06 
E 10.8 
7 = L I 6  5 

(calculated from l lma 

/ 

MODEL E 
Cole-Cole 

parameters 
I 

400 

590 

? = 0.85 
= 0.8 
= 0.02 ms 

Fig. 10. Comparison between models B, C, D and E. Model B is from Cole-Cole forward modelling of 100 X 100, 
200 X 200 m2 central-loop and offset-loop TDEM data with <CU>> base frequency. Model C is from 1D inversion of 
300 X 300 and 400 X 400 m2 central-loop TDEM data with <tH>> and <<MD base frequencies. Model D is fromjoint inversion 
of DC and IP Schlumberger soundings. Model E is an average model derived from models B and C, which can be proposed 
as the resistivity structure below site B4 - results from model D only detail the shallower part of the first resistive layer and 
are omitted in model E. 

and joint inversion of D C / P  data (model D) 
are presented in Fig. 10. An average model, E, 
can be derived taking into account the informa- 
tion given by these models. The first layer has a 
resistivity of 10,000 Q m, is 60 m thick, and 
remains the only polarizable layer. Its Cole- 
Cole parameters deduced from TDEM Cole- 
Cole forward modelling are m = 0.85, c = 08 
and T =  0.02 ms. The interpretation of' the DC 
sounding divided it into three layers with resis- 
tivity and thicknesses of 14,790 i2 m, 5.7 m 
thick, 8620 i2 m, 24 m thick and 3700 Q m; 
and IP chargeability of 28, 18 and 11.5 mV/V, 
respectively of depth. The second layer is less 
resistive (1750 Q m) and 340 m thick. The 

third layer is conductive (250 Q m) and 190 m 
thick. The ultimate layer is conductive (50 i2 
m) and is only revealed by large transmitter 
loop TDEM data. 

7. Discussion 

The first point to be discussed is our ap- 
proach to model TDEM data using a dispersive 
conductivity. Once the quality of the data has 
been ascertained, three main considerations are 
used to justify such modelling attempt: (i) the 
occurrence of negative values in central-loop 
TDEM transients, commonly modelled using 
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Cole-Cole formula as reported in the literature; 
(ii) the accordance of the raw TDEM data set to 
theoretical studies, which mention the attenua- 
tion of the IP effect when larger transmitter loop 
or offset-loop configuration are used; and (iii) 
the occurrence of IP signal measured in conven- 
tional DC/IP sounding. The forward modelling 
has shown that model B describes the distorted 
transients, and moreover satisfies the predicted 
behaviour when multi-data sets are taken into 
account. Thus, we believe that dispersive con- 
ductivity is a possible explanation for our dis- 
torted transients. However, parametrization of 
conventional IP chargeability data obtained with 
the Schlumberger sounding into the Cole-Cole 
formulation fails to reconcile the values of m 
and T with their corresponding values deduced 
from TDEM forward modelling. At this stage of 
the study, we believe that this discrepancy can- 
not be explained in a simple manner with such 
data set. But this is not surprising due to the 
difference in time constants between conven- 
tional IP and TDEM, which leads us to the 
second point of our discussion related to the 
origin of the IP effect in a volcanic setting. 

According to the work on spectral IP by 
Pelton et al. (19781, it is possible to encounter 
high chargeabilities m (> O. 8) and short time 
constant T (< 0.1 ms) with rocks containing 
more than 20% of sulfides and a grain size less 
than 0.1 mm. Moreover, one sample of mag- 
netite from Iron Mount, UT, USA, exhibits a 
chargeability near 1.0 and a time constant near 
0.08 ms. Another example of high chargeability 
(0.5) and short time constant (0.69 ms) has been 
calculated from distorted central-loop TDEM 

of 1000 Cl m by Walker and Kawasaki (1988). 
In our case, the origin of the IP effect has to 
involve dry lapillis and massive lava flows for- 
mation. To the best of our knowledge, such an 
IP effect involving TDEM has not been reported 
yet for volcanic areas. Some TDEM studies 
over volcanoes have already been carried out 
(Jackson and Keller, 1972; Jackson et al., 1986; 
Fitterman et al., 1988). These studies did not 

'6 

d 

4 

b 
measurements for resistive permafrost formation 

take note of negative voltage in TDEM data, but 
the transients were recorded at times of a few 
tens of milliseconds, much later than ours. 
Patella et al. (1991) describe examples of fre- 
quency dispersion in magnetotellurics (MT) data 
in deep geothermal volcanic zones. The IP ef- 
fect is attributed to hydrothermal paragenesis, 
which cannot be taken into account in our shal- 
lower case. As clearly described by Flis et al. 
(1989), the IP effect is generally caused by 
metallic mineral grains and/or negatively 
charged clay disseminated in the rock. In our 
case, we have to rule out the implication of 
shallow clay layers, which would have been 
detected in DC sounding as conductive layers. 
However, the anomalous TDEM soundings are 
located in our study over thicknesses of tens of 
meters of lapillis. This material can contain 
small particles of magnetite (< 0.1 mm) and 
produce an IP effect in the high frequency 
range. This fact has to be investigated further to 
be able to confirm this behaviour, and the pres- 
ence of small particles does not explain the 
longer time constant of T = 1.16 s calculated 
from DC/IP sounding in the lower frequency 
range. We believed that an IP effect with a 
longer time constant could be generated by the 
granularity of the lapillis having grains of more 
than 1-mm diameter. This raises the question 
that if two IP effects with two time constants 
could coexist why have they not been detected 
by both TDEM or DC/IP soundings? To an- 
swer this question, two calculations have been 
done. The first one is the TDEM response for 
the dispersive model B, with Cole-Cole param- 
eters of the first layer fixed to the values of 
in = 0.06, e = 0.8 and T =  1.16 s, deduced from 
DC/IP sounding. The TDEM response does not 
differ from a non-dispersive case, that indicates 

100 m2 central-loop high base fre- 
quency TDEM acquisition is not sensitive to 
such small chargeability and long time constant. 
The second calculation is the response of 
SYSCAL R2 equipment when the measure- 
ments are done over a medium with Cole-Cole 
parameters deduced from TDEM forward mod- 
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elling (model B). For the four time windows, 
the IP response remains near 0.01 mV/V, be- 
low the practical measurable amplitude (Iris 
Instruments, pers. CO".). Those calculations 
show that if two IP effects could coexist the 
shorter one is only revealed by the EM 47 
equipment and the longer one by the DC/IP 
SYSCAL R2 instrument. 

It should be noted here that normal transients, 
i.e. positive values, have been recorded in other 
places of the volcano, where lapillis could also 
be present, and consequently the exact origin of 
the IP effect cannot be ascertain with our data 
set alone and would require laboratory work on 
rock samples. 

The third point of our discussion refers to 
other possible causes of distorted transients 
linked with (i) displacement currents and (ii) 
magnetic viscosity. 

Displacement currents are usually neglected 
in conventional modelling. But when an imagi- 
nary part is considered for u,  a corresponding 
permittivity E is implicitly considered and the 
true permittivity effect remains negligible 
against the imaginary part of the conductivity 
effect: the results of the forward modelling us- 
ing dispersive model B and a dielectric constant 
of 3 for the first layer does not show any 
difference compared with the E= O case for 
transients measured 6.8 ps after the current 
turn-off time. 

Magnetic viscosity effects in TDEM data are 
largely documented in archaeological prospec- 
tion (Colani and Aitken, 1966a; Mullins and 
Tite, 1973; Dabas and Skinner, 1993) and also 
in mining prospection (Buselli, 1982; Spies and 
Frischknecht, 1991). This phenomenon leads to 
late time distortion, but never reverses the sign 
of central-loop or coincident-loop data. We be- 
lieve that this phenomenon can be ruled out to 
explain our sign reversal. 

The last point to be discussed here is the 
geological implications of the average model E. 
As no drilling information is available in this 
area, we should note that the general resistivity 
structure is noticed in other studies. Fitterman et 

al. (1988) has encountered resistive first iayers 
over deep conductive zones in the Newberry 
volcano. On the flanks of Piton de la Fournaise 
volcano (Reunion Island), moderately deep 
300-500 m conductive layers have been de- 
tected and attributed to aquifers and clayey 

averaged model E derived in this study, the 
resistive first and second layers are attributed to 
recent dry volcanic formations of basaltic lava, 
lapillis or ashes. The third intermediate-resistiv- 
ity layer is attributed to partially or totally wa- 
ter-saturated volcanic rocks alone or those asso- 
ciated with clayey layers between fractured lava 
flows. The conductive basal layer is attributed 
to the old volcanic complex-clayey zone related 
to deep alteration of the volcanic rocks and/or 
hydrothermal zone. 

formations (Descloitres et al., 1997). For the .I 

P 

8. Conclusions 

Recording negative data with the TDEM cen- 
tral-loop configuration should lead to suspect an 
IP (dispersive' conductivity) effect. Therefore, to 
be able to quantify and model the TDEM re- 
sponse, we acquired data using several transmit- 
ter loop sizes as well as different positions of 
the receiver coil. 

For shallow applications in case of highly 
resistive polarizable superficial formations, par- 
ticularly in such volcanic setting, central-loop 
measurements using small transmitter loops, i.e. 

100 m2, should be avoided. The off- 
set-loop data as well as larger loop size mea- 

Cole-Cole model compared to only one set of 
data can lead to severe misinterpretation. Con- 
sequently, in order to be able to get a more 
relevant model, one should acquire several field 
data set of different loop sizes and/or offset 
locations and incorporate them into the mod- 
elling. In our case a relevant dispersive model 
was found (i) using a starting model given by 
non-dispersive 1D inversion of offset-loop data 

I 

surements are less affected by IP effects. A *' 
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and (ii) Cole-Cole modelling through trial and 
error of central-loop and offset-loop data using 
various transmitter loop sizes. This procedure 
greatly improves the determination of resistiv- 
ity, thickness and Cole-Cole parameters. 

Regarding our survey, TDEM method was 
found to be an adequate way of prospecting low 
resistivity zones in such volcanic settings but 
the IP effect detected in some places can be 
troublesome when attempting to recover the 
geoelectrical section. The origin of the IP effect 
detected in this area remains difficult to deter- 
mine, but the modelling shows that this effect is 
related to a shallow resistive layer. Using differ- 
ent data sets, the global electrical structure of 
the central part of this caldera can be estimated. 
Cole-Cole forward TDEM modelling remains 
difficult to practice. Any inversion model of 
different data sets which takes into account 
Cole-Cole parameters, should help to recover 
more relevant solutions. No doubt that in other 
favorable conditions, AMT soundings or large 
DC soundings could be jointly interpreted with 
TDEM data in order to give a more constrained 
image of the subsurface. 
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