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IMPROVEMENT OF MT SOUNDINGS THROUGH
COMBINATION WITH TDEM SOUNDINGS

MT Sondajlarinin, TDEM Sondajlariyla Birlegtirilerek

Geligtiriimesi

Paolo CAPUANO'. Paolo GASPARINI™, Andrea ZERILLI"

ABSTRACT

One major problem in the interpretation ot magneto-
telluric (MT) data is to identify the smooth apparent
resisiivity curve when the actual sounding curves are
distorted by small and large scale lateral resistivity
discontinuities and by cultural noise. Time-domain
electromagnetic (TDEM) soundings at the same MT
sites, carried out with the central loop mode, make a
significant contribution by identifying the most 1ep-
resentative high-frequency part of an MT curve. The
combination of TDEM and MT methods is an efficient
way to overcome problems due to cultural noise, shal-
low resistivity discontinuities which produce a fre-
quency-independent shift of the MT curve (static
shift), and larger scale discontinuities which cause fre-
quency-dependent splitting of the two orthogonal (E
and H mode) MT curves.

OZET

Manyetotellurik (MT) verilerin yorumunda en bityiik
sorunlardan biri, sondaj egrilerinin kiigik veya bilyiik
yanal 6zdireng siireksizlikleri ve kiiltiirel giiriiltit ile
bozulduklarinda ger¢ek goriiniir Szdireng egrisini sap-
tamakur. Bir lupun merkezinde alinan Zaman Bolgesi
(TDEM) elektromanyetik &lgctimleri, MT egrisinin
yiiksek-frekans boliimiiniin taninmasina bilyiik katki
saglar. TDEM ve MT yé&ntemlerinin birlikte kul-
lamim, kiiltilrel giirtiltd, MT egrisinde frekans-
bagimsiz kaymaya (static-shift) neden olan si1f
6zdireng siireksizlikleri ve iki ortogonal MT (E ve H
modlar1) egrisinin birbirinden frekans-bagimsiz olarak
ayrilmasina neden olan bityilkk &l;ekli 6zdireng

siireksizlikleri sorunlarinin yenilmesinde etkin bir
yoldur.

INDRODUCTION

In recent years the magnetotelluric (MT) method has
been increasingly utilized as an alternative to D.C. resis-
tivity or even to seismic reflection methods in the explo-
ration of oil and geothermal fields.

A number of factors concur to the increasing demand
for MT surveys. They include:

— cost effectiveness in volcanic-covered “no reflec-

tion" areas;

-— ability to detect conductors at great depths; since
these are often seismically undetectable lov ve-
locity layers, synthesis with reflection data can
be very important;

— the adtitional information about geoelectrical
structures which can be extracted from MT sound-
ings, including the degree of departure from the
ideal 1-D conditions, the azimuthal vanation of
electrical properties at different penetration
depths, etc.
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—- the lack of environmental damages produced dur-
ing the survey, in contrast to explosions, vibra-
tions, long cable spreads used by seismic reflec-
tion surveys.

This is becoming very important in some western

European countries where exploration is made within cul-

tivated land or in areas under environment protection
laws;

— the portability and ease of use of state-of-the art
MT equipment even in locations with difficult
access;

—- the development of very compact and powerful
portable computers, which permit data process-
ing and preliminary interpretation in the field;

The use of MT method in complex situations re-

quires increasingly sophisticated data acquisition, pro-
cessing and interpretation. Two major problems need to
be overcome to achieve meaningful interpretations:

— the occurrence of coherent noise which hides the
signal at frequencies higher than 10 Hz. It is
produced by human activities and it becomes a
major disturbing effect in locations close to
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densely inhabited areas;

— the distortion of 1-D MT curves produced by
shallow lateral variation in conductivity, due ei-
ther to rough topography or to geological hete-
rogeneity.

In this paper we want to show how the combination
with time domain electromagnetic soundings (TDEM) can
help to overcome these problems, providing the optimum
apparent resistivity curve for interpretation.

MT AND TDEM DATA ACQUISITION

The MT method consists of the computation and in-
terpretation of the transfer function (Z) relating the time
variations of the electrical (E) and geomagnetic (H) natu-
ral fields on the surface of the Earth. Z is a tensor (the
impedance tensor), whose horizontal components form a
2x2 complex matrix. The elements of the matrix are relat-
ed to the average resistivity of the layer penetrated by the
electromagnetic wave of a given frequency.

Computation of the single matrix elements allow to
determine apparent resistivities along two perpendicuiar
directions. When the resistivity distribution within the

Earth is 1-D there is no variation of apparent resistivity
with direction. When the resistivity distribution is 2-D, it
is necessary to choose a coordinate system as resistivity
will change with direction. The usually chosen coordinate
system has one axis parallel to geological strike and the
other perpendicular to it. Two apparent resistivity curves
are obtained: one is normally called E-mode, and the oth-
er H-mode. A third curve can be obtained from the Zxx
and Zyy elements of the impedance matrix. It is not de-
pendent on direction and it is therefore called invariant
apparent resistivity curve.

An MT sounding consists typically of the measure-
ment of the time variations of two horizontal compo-
nents of the electrical field and of the three components
(two horizontals and the vertical) of the magnetic field
over a frequency range from 200 to 0.005 Hz. The typical
MT lay-out is shown in Fig. 1. The electric dipoles have
a length of 100-200 m. The magnetic sensors are high
sensitivity induction coils. Advanced real-time PC-based
acquisition systems allow electric and magnetic signals

to be amplified, filtered, processed and finally stored in
the field.
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Fig. 1.
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Lay-out of a 5-component MT sounding. The upper part of the figure shows the static shift due to a thin

three dimensional inhomogeneity underlying the sounding site.

Sekil 1.

Beg-bilegkeli MT sondaji 8lglim diizeni. $eklin ali bslimtinde, sondaj noktasimin altinda uzanan i¢ boyutlu

bir stirekizlik nedeniyle olugan statik-kayma goriiimektedir.
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Unlike MT method, the TDEM soundings utilize an
artificial source of electromagnetic waves. A typical lay-
out of a concentric loop TDEM sounding consists (Fig.
2) of a 200-300 m square loop driven by a transmitter
which emits signal pulses at fixed repetition rates (tipi-
cally 2.5 or 25 Hz) and a small centrally located receiv-
ing coil. The primary magnetic field induced by the emit-
ting coil propagates inside the Earth. The flow of energy
downward has a typical "smoke rings* structure (Nabighi-
an, 1979). When the energy flow meets an electrical con-
ductor, high intensity eddy currents will be generated.

secoaey,,

These will produce a secondary magnetic field, whose ver-
tical component will be detected by the receiving coil.
The signals are fed into a multichannel processor where
the decay with time of the received signal is measured.
The occurrence of a conductive layer will decrease the de-
cay rate of the signal.

Consequently, TDEM apparent resistivities are ob-
tained as a function of decay time of the signal (sec Fig.
3), whereas MT apparent resistivities are obtained as a
function of period of the electromagnetic wave oscilla-
tion (see Fig. 4). In order to merge the 1wo data sets, it is
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Fig. 2. Lay-out of central loop TDEM sounding. The Fig. 3. TDEM apparent resistivity curve and corre-
patterns of primary and secondary magnetic sponding 3-layer model,(o measured values; —
fields are shown. calculated values).

Sekil 2. Merkezi-lup TDEM sondaji ol¢ti ditzeni. Birin- Sekil 3. TDEM goriinir 6zdireng efrisi ve ona karsihk
cil ve ikincil manyetik alan ¢izgileri gelen 3-katman modeli. O &lgiilen degerler, —
gosterilmigtir. hesaplanan degerler.
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Fig. 4. Apparent resistivity curves and corresponding 1D inversion models from MT and TDEM data collected in a
Southern Italy volcanic area. Upper part: MT sounding. Lower part: Combined TDEM-MT scunding.
§ekil 4.

Giiney ltalya'da volkanik bélgede &lctilen MT ve TDEM géritntir 8zdireng egrileri ve 1 boyutlu degerlendirme

modelleri. Ust boltim: MT sondaji. Alt bsliim: TDEM+MT sondajlaninin birlikte degerlendirilmesi.
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necessary to transform TDEM apparent resistivity as a
function of period. The method we have used was suggest-
ed by M. Stark, Unocal Co. It is based upon considera-
tion of MT and TDEM penetration depths and a study of
synthetic data to calculate the factor relating TDEM decay
time to MT period.

HIGH FREQUENCY NOISE IN MT
SOUNDINGS

When MT soundings are carried out in inhabited are-
as, one of the main problems is the occurence of coher-
ent noise at frequencies above a few Hz. This noise has
well defined peaks corresponding to the frequency of the
local electric power (50 or 60 Hz) and its multiples. How-
ever, it often appears as a complicated fine structure sig-
nal which distorts strongly the high frequency part of the
MT apparent resistivity curve, sometimes causing a split
of the E-mode and H-mode curves. This structure of the
noise makes simple analog filtering ineffective.

An example of this is shown in Fig. 4. It refers to a
MT sounding carried out in a Southern Italy volcanic re-
gion, where pervasive cultural noise disturbed the appar-
ent resistivity curves at periods shorter than 0.1 sec. The
good quality of the data for periods longer than 0.1 could
not be exploited conveniently because of the ambiguity
of data at high frequencies. The combination with a
TDEM sounding carried out in the same site permitted the
unequivocal definition of the high frequency part of the
apparent resistivity curve and thus the definition of the
best curve to be used for modelling.

EFFECTS OF LATERAL RESISTIVITY
VARIATIONS

MT aparent resistivity curves obtained over an hori-
zontally layered (1-D) Earth are smooth, do not have any
split between E and H modes, and are readily inverted
without further manipulation. In general an MT apparent
resistivity curve can be viewed as a 1-D curve which is
perturbed to some degree by lateral variations of the geo-
electrical characteristics of the Earth. A basic step in the
interpretation of the curve is the recognition and removal
of the disturbing effects due to lateral variations. There-
fore an impressive amount of research work was dedicated
to the classification and evaluation of these effects. This
work was mainly carried out at the Moscow State Univer-
sity and was summarized by Berdichevsky and Dmitriev
(1976) and Rokytiansky (1982). They calculated 2-D for-
ward models for a great number of situations. An example
is reported in Fig.5, where the effect of a resistive slab of
thickness h and length 2L is evaluated for MT sites along
a profile departing from the center of the slab (d = 0). At
a distance greater than twice the half length of the slab (d
= 2) apparent resistivity curves are 1-D. At shorter dis-
tances the presence of the slab affects clearly the high
frequency part of the apparent resistivity curve. The effect
attenuates as a function of frequency.

Deep lateral inhomogeneities affect mainly the low
frequency part of the apparent resistiviy curve (Fig. 6).
Modifications of MT curves produced by a shallow inho-

mogeneity, represented by a topographic step, are sche-
matically shown in Fig. 7. MT soundings located at dis-
tances much greater than the size of the step give rise to
smooth and unsplit apparent resistivity curves, which are
typical of 1-D situation. As the sounding site approaches
the step (soundings MT2 and MTS) apparent resistivity
curves of E and H modes start to split at long periods.
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Fig. 5. Effect on apparent resistivity curves due to a
shallow inhomogeneity.

Sekil 5. Homojen ortam iginde si1f siireksizligin
goriintir 6zdireng egrisine etkisi.
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Fig. 6. Left: frequency-independent (static) shift pro-
duced by a shallow discontinuity;
Right: frequency-dependent effect of a deep dis-
continuity.

Sekil 6. Solda; sif siireksizlikge olugturulan frekans-

bagimsiz kayma; Sagda; derin siireksizligin
frekans-bagimh etkisi.
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Fig. 7. MT resistivity curves at different distances from a topographic step on a horizontally-layered Earth. (from
Z-axis, Modelling and interpretation of magnetotelluric data).

Sekil 7. Yatay-katmanli yer iizerindeki bir topografik aumdan degisik uzakliklardaki MT &zdirenc egrileri (Z-
ekseninden, MT verisinin yorumu ve modellenmesi).

The distortion source is at a great distance in comparison Y T T T Y
with its size, so the degree of distortion of the curves is 120 +
still frequency dependent. When the soundings are located ’E 110} ]
near the topographic step, the two modes are clearly split :
and the degree of splitting is not frequency dependent. % 100 F e LT S
The considerable alteration of apparent resistivities at 10 A
Hz produced by topography is further illustrated in Fig. 8. SOt h
The same type of frequency independent curve distortion S 80} 4
occurs when a thin geoelectric inhomogneitiy directly un- 10 Hz
derlies the measurement site (Fig. 1). This class of fre- 70 F e Pxy - Pyx b
quency independent curve distortion is called “static 55 )
shift". The removal of static shift is a necessary step be- ‘e i
fore modelling. § so } .
o
S 45}t ]
STATIC SHIFT CORRECTION ~
e 40} 1
Sternberg et al. (1982, 1985) and Andrieux et al. g —_— 10 Hz |
(1984) suggested the use of TDEM central loop soundings IS¢ Ly, " . r
to correct MT soundings for static shift. The static offset -3 =2 -1 0 1 2 3
is mainly caused by the electric field variations that the (k
anomalous body produces. Determination of the apparent y (km)
resistivity by measurements involving only the magnetic vt
field are an effective way to by-pass the problem. TDEM «r wo'm -
soundings provide us with just this kind of measurement. Py Y Sy,
In order to reach the objective, it is necessary that a suf- £ =100 chm.m
ficient overlap exists in terms of skin depth between . L. Lo
TDEM and MT soundings. Fig. 8. Variation of apparent resistivity at a fixed fre-
In the following we present some examples of suc- quency.(IO Hz) along a profile .crossing ? top-
cessful applications of the method. They are relative to a ographic feature on an electrically uniform
survey carried out as part of a geothermal exploration Earth (from Wannamaker et al., 1986).
project. In some soundings a parallel upward offset of the Sekil 8 Tekdiize ortamda topografik bir yap boyunca
E-mode with respect to the H-mode curve was observed. sabit frekansta (10 Hz) gériniir 6zdirencin

In this situation the MT invariant curve could be assumed degigsimi (Wannamaker ve di§. 1986).
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to be the best approximation to the unshifted curve. The
results of a TDEM sounding carried out at the same loca-
tion showed that TDEM resistivities (i.e. resistivities de-
termined using only the magnetic field) are higher than
corresponding MT apparent resistivities. The two curves
run parallel (Fig. 9). It is clear that this was a static shift
effect, so that a parallel upward shifting of the curves is
all that is needed to compensate for the effect and to al-
Jow 1-D modelling of the soundings.

Such a correction was a necessary preliminary step
to have an inversion model consistent with both MT and
TDEM data and to correlate resistivity-depth functions
obtained at different sites.

In order to reduce ambiguities introduced by an arbi-
trary subdivision into discrete layers, correlations were
made using the Bostick method of inversion. The exam-
ple reported in Fig. 10 shows the much better definition

of conductive areas obtained by correlating results from
TDEM + MT data.

DEALING WITH DEEP LATERAL
DISCONTINUITIES

As shown :n section 4, deep lateral electrical dis-
continuities produce frequency dependent disturbance of

MT apparent resistivity curves. When the discontinuity
starts close to the surface, as in Fig. 5, it produces as
spliting of the E and H modes a high frequency. In this
case the combination with results from TDEM soundings
allows selection and modelling of the most representative
curve.

An example of this situation comes from an MT sur-
vey carried out on a volcanic covered prospect in South-
ern Italy. None of the 40 MT soundings showed evidence
of static shift, indicating a quite homogeneous situation
in the shallow subsurface.

Many of the soundings showed a splitting of E and
H modes, mainly at high frequency, partly due to prob-
lems of cultural noise and partly due at deep lateral geoe-
lectrical discontinuities. TDEM central loop soundings
were carried out at the same MT sites. In most cases
TDEM apparent resistivities fit quite clearly one of the
two MT modes (Fig. 11). The combined TDEM and MT
curves were inverted using 1-D MT programs. Results of
inversion were then compared with Bouguer anomalies
along selected profiles in order to reconstruct the mor-
phology of the top of resistive, high density basement
formed by carbonate rocks of Mesozoic age (Fig. 12).
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Fig. 9. Static shift correction of an MT invariant resistivity curve using TDEM data.
Sekil 9. TDEM verisi kullamlarak MT &zdireng efrisinin de statik-kayma diizeltmesi.
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Fig. 10. Example of resistivity maps (3000 m depth) obtained from Bostick inversion of a) Combined TDEM + MT
and b) MT soundings showing evidences of static shift.

Sekil 10. Bostick déniisimi ile elde edilen (3000 m derinlk) dzdireng haritalani émegi. a) TDEM-MT birlikte ve
b) statik kayma gésteren MT sondajlanyla.
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Fig. 11. Split E-mode and H-mode MT curves from Southern Italy (volcanic area). TDEM data closely match the upper
MT curve.

Sekil 11.' Giiney ltalya (volkanik bslge) MT egrilerinde E ve H modlanndaki ayrilma. TDEM verisi, tist MT egrisine
daha yakin olarak ¢akismaktadir.
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gravity data collected in Southern Italy.
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CONCLUSIONS

The application of central loop TDEM soundings en-
hances the utiliy of MT soundings when:

a) the definition of the high frequency part of MT
apparent resistivity curves is masked by a high level of
cultural noise;

b) there are static shift effects due to very local,
shallow topographic and/or geological inhomogeneities;

c) where .the occurrence of shallow discontinuities

causes, a high frequency splitting of E and H mode
curves.
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