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Relation of the graphite and fluid bearing conducting dikes to the tectonics and
seismicity (Review on the Transdanubian crustal conductivity anomaly)
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Two Hungarian geophysical institutes (GGRI, ELGI) carried out about 300 magnetotelluric (MT) deep sound-
ings in the NW part of Transdanubia (W-Hungary) partly along basic profiles, partly in areal distribution. These
measurements aimed first of all at the determination of the tectonic structures represented by a strong conductivity
anomaly (CA) detected in the early 1960’s in the upper crust. The analysis of the conductivity anomaly has been
made by successive approximation i.e. by pseudosections, 1D inversion and 2D inversion. For the 2D inversion
the regional strike direction has been determined by the rose diagram of the Groom-Bailey decomposition strikes,
by electromagnetic (EM) distortion analysis and by “phase maps” and found that the regional strike-direction is
NE-SW. Using different 2D inversion techniques, the tectonic structure of the presumably Paleozoic graphite and
fluid containing conductors representing almost parallel strike slips, shear zones and the thrust sheets, etc. have
been determined. The low viscosity graphite and/or fluid could be smeared into the tectonic zones as it appears in
the highly conducting dikes which can influence the stress accumulation of tectonic earthquakes and can provide

higher attenuation of the seismic waves.

1. Introduction

Since the first indications of the Transdanubian Conduc-
tivity Anomaly (TCA) (Addm and Verd, 1964; Takacs,
1968), a series of papers have analysed the special features
and physics of the shallow (a few km deep) crustal conduc-
tor (The latest summarizing papers are: Adam, 1992; Nagy
1996). Adam’s papers are mostly based on GGRI’s magne-
totelluric (MT) data measured mainly in 1970’s by analog
technique in the period range between 10 and 3600 s. After
selecting and digitizing the appropriate time series, the data
processing has been made by Ver6’s program (1972). Using
these results, the fundamental parameters of the TCA have
already been determined (see later).

In the frame of a new EUROPROBE project supported by
the Hungarian National Science Foundation (T 029443), a
cooperation between the GGRI and E6tvos Geophysical In-
stitute (ELGI) enabled the joint interpretation of about 300
magnetotelluric soundings (MTS). ELGI’s 200 ones have
been measured along basic lines in period range between
0.05 and 1000 s with a site separation of only a few km. For
the modelling and inversion of this large data set (Fig. 1),
mainly the program system of the “Geotools Corporation
(Austin, Texas, USA)” has been used. The results of this
study will be presented with special emphasis on their tec-
tonic/seismotectonic consequences.
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2. The Characteristics of the MTS Curves in the
TCA Area
For demostration of the TCA’s characteristics, the MTS
curves measured in the Mor graben in the shallowest part of
the TCA are presented in Fig. 2 (Adam and Varga, 1990).
These MTS curves show the following features:

— The apparent resistivity—in case of o, curves—can
decrease to 0.1 Q2m.

— The ratio of the apparent resistivities Omax/Omin Ob-
tained by the rotation of the coordinate system can be
as high as 1000.

— The TCA’s conductance can reach 10000 Siemens or
more.

— According to the rose diagram of the Z,  directions
(Fig. 3), their most frequent one is NNW-SSE in the
TCA’s area, i.e. perpendicular to the longitudinal frac-
tures/strike slips of the Transdanubian Central Range
and of its foreground. Due to the transversal fractures
of the area shown on the tectonic map (Fig. 4) and to
the sedimentary basin inside and around the TCA (e.g.
south of the Lake Balaton outside the TCA, and in the
Little Hungarian Plain near the Raba river) there appear
NNE-SSW directed Z, _ values in minority.

Omax

3. Selection of the E and B Polarized MTS Curves
on the Basis of Their Electromagnetic (EM)
Distortion and Determination of the Regional
Strike Direction

Recently the decomposition technique (e.g. Groom and

Bailey, 1989) is proposed to correct the impedance tensor of
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Fig. 2. Long period (deep) MT curves measured in the TCA (around town Mor) area with standard deviations (Adém and Varga, 1990). a) apparent
resistivities (o) vs. period (7'), b) phase curves (¢) vs. period (T') error bars are shown separately for M-41.
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Fig. 4. Sketch on the main tectonic lines in NW Hungary (Balla, 1967).
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a 2D structure from the distortion effect of a small 3D resis-
tivity inhomogeneity. Using this technique for three ELGI
profiles (MK 1, MK3m, VH) the strike directions at 36 MT
sites have been summarized in a rose diagram (Fig. 5) for
the period T = 10 s, where the apparent resistivity curves
best indicate the conductors (see Figs. 8(c)). The peak of the
rose diagram is in about NE-SW direction.

The Groom-Bailey decomposition gave 2D strike almost
perpendicular to the Z,  direction (Fig. 3). This can ex-
plain why the extreme sounding curves (Qmax and @min and
their phases) have also been studied from different aspects
of polarization.

As well known, the parameters of a 2D conductor can be
best determined by E polarized MTS curves when the elec-
tric field is in the strike direction. Therefore a selection of
the E and B polarized curves is needed. (In the case of B
polarization, the magnetic field follows the strike direction.)
For this purpose, there are different techniques in the MT
practice. If the geological structure really is of 2D char-
acter and its strike can be followed on the surface (in out-
crops of the formations), this geological method is to be cho-
sen. Another method could be based on the character of the
EM distortion of the sounding curves. Concerning the gal-

N

T=10s

Fig. 5. Rose diagram of the Groom-Bailey strikes determined at 7 = 10 s
from the data of 36 MT sites measured along the profiles MK1, MK3m
and VH.
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Fig. 6. Relation between the apparent depth of the crustal conductor in the
TCA area calculated from the pmax (below) and omin (above) curves and
the near-surface geological formations (MT measurements of GGRI).

vanic distortion Berdichevsky (1999) wrote: there are “two
kinds of static shift”: (1) the p-effect caused by small near-
surface inliers and (2) S-effect caused by variations in the
integral conductance (S) of the upper conductive layer .. ..
In the ideal 2D model they act upon transverse (B polarized)
oa-curves and do not touch longitudinal (E polarized) o4
curves. “Behind both effects are the same galvanic mecha-
nisms, but they operate in different frequency intervals.”

If the effect of a small near-surface body is superposed to
the 2D structure, both polarizations are distorted.

The E polarized curves are distorted by side effects i.e. the
induction effect of nearby conductive zones. This appears
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Fig. 7. Qualitative image of the conductivity structure as a 2D frame shown by the phase values belonging to the omin (2) and omax (b) values at period
(T) =500 s.
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Fig. 8(a). omin and omax pseudosection and their phases along the MK1 profile.

only at short periods where it causes apparent conductivity
anomalies.

Of course, in case of a 3D structure neither the polariza-
tion of the sounding curves, nor their distortion can be sep-
arated.

An interesing phenomenon appeared in case of the sound-
ing curves measured in the TCA area. As a first approxi-
mation the extreme sounding curves (Qmax and Qmin) were
determined (Adam, 1981). It was observed that the decreas-
ing branches of the gy, curves indicating the conductor ran
together, and in case of the pyax curves these branches scat-
tered along the g axis, i.e. the static shift is a typical S-effect
and it is connected to the omax curves which should be taken
as B polarized ones. This special character of the sound-

ing curves was studied in more detail by different statistical
techniques hinting at the strong 2D character of the conduc-
tivity anomaly.

The distribution of TCA’s apparent depth values deter-
mined by 1D inversion from the GGRI’S ouin and oOmax
curves has been studied in connection with the surface rocks
(Adam, 1981). Figure 6 shows this empirical relation sep-
arately in case of omin and Emax curves. Only the appar-
ent depth values from omax are shifted proportionally with
the resistivity of the surface formations, i.e. the o, curves
are of B polarization as stated by Adam (1981) and Adam
and Varga (1990). The same conclusions could be drawn
from the relation between apparent depth values vs. conduc-
tance of the surface sediment of low resistivity. Especially
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by Rodi and Mackie (2001) 2D inversion code.

the relation between the conductance of the TCA vs. its ap-
parent depth clearly shows the determining role of the omin
curves as E polarized ones in the study of the structure of
the TCA (Adém, 1981). Therefore, such structural mod-
els are to be found for the TCA at which the gn.x curves
represent the B polarization. The g, curves as E polarized
ones give the most probable parameters for the TCA. On the
other side, as the E polarized opi, curves could be distorted
at their short period part, the B polarized gyax curves have
to be used for mapping the surface structures (sedimentary
basins) after Berdichevsky er al. (1998).

According to the rose diagram of the Z,  directions
(Fig. 3) the average direction of the omi, curves indicating
the conductor is about NE-SW.

Phase mapping is a good tool for a qualitative image of
the conductivity structure and first of all for the determina-
tion of the regional strike direction. In Fig. 7 the phase maps
belonging to the extreme o curves can be seen which rep-
resents a quasi 2D conductivity structure elongated in NE-
SW direction. Inside this frame there is another quadrangle
structure with higher phase values (greater than 60°) which
is bordered by the longitudinal (NE-SW) and transversal
(NW-SE) tectonic lines. This rough map also emphasizes
the determining role of these two main tectonic line systems.
Among them the NE-SW strike is more important in agree-
ment with the rose diagram (Figs. 3 and 6).

4. TCA’s Models
The study on the EM distortions laid the foundation of
the choice of the appropriate geoelectric model. It is very

probable that a conducting dike (Adém, 1987) or a dike sys-
tem (Adam, 1981, 1996) may fulfil the preconditions de-
termined by the polarization of the gm.x and opin curves.
This can be proved by many densely measured MT pro-
files, e.g. by the pseudosections (Fig. 8(a)) and 2D model
(Fig. 8(b)) of ELGI’s profile MK inverted by the GEOSY S-
TEM WinGlink 2D inversion program (Rodi and Mackie,
2001) using both B (omax) and E (omin) polarization where
the omin direction corresponds to the regional strike. Fig-
ures 8(a) and 8(b) show conducting narrow dikes emerging
from a conducting layer. These dikes rise near the surface
around MT sites 23 and 29 supposedly in fracture/strike slip
zones. They border resistive blocks. The dikes appear on the
phase pseudosections, too, with values much greater than
45°/135° (Fig. 8(a)). The resistivity in the dike is less than
1 Qm. There is a great difference between the resistivity of
the dike in case of @max and Emin pseudosections. The con-
ducting dike appears first of all on the o, sections. The
Omax apparent resistivity could be much greater than oni,
in the dike. This anisotropy is also an important aspect
for the model choice. Starting from the above mentioned
statements the following numerical models have been cho-
sen: Figure 9 shows our traditional, often referred (one) dike
model (first computed by Tatrallyay, 1977). In Fig. 10, a
dike system can be seen consisting of narrow, parallel dikes
isolated from each other (Adém, 1981, 1996). In both cases
a conducting basement has been inserted at a depth of 70 km
corresponding to the asthenosphere in the Pannonian basin.
Of course, if the depth of this conductive halfspace is de-
creased, or the halfspace is substituted by a conducting layer
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Fig. 8(c). Fitting between the measured and calculated (model) curves.

we can get the real structure of the TCA shown by Figs. 8(a)
and 8(b) consisting of the conducting dikes and of a conduc-
tive layer below these dikes. These models fulfil the precon-
ditions derived from the pseudosections. Especially great
is the difference between the two polarizations in Fig. 10,
where the B polarized curves do not indicate the dike sys-
tem. Eisel and Haak (1999) came most recently to the same
conclusion interpreting the magnetotelluric sounding curves
measured around the German deep borehole (KTB) by par-
allel dike system corresponding to the fractures of the area
containing graphite (ELEKTB Group, 1997). According to
their figure 11 the omi, curves are of E polarization in case

of 1D anisotropic, 2D intrinsic and 2D macroscopic (due to
dike system) anisotropic structure.

5. The Main Characteristics of the TCA Based on
Induction Vectors

The main regional features of the TCA can be delineated
by the Wiese induction vectors (arrows). As is shown in
Fig. 11 (Wallner, 1977), there are two conducting zones of
about 15-20 km widths elongated in the direction of the
longitudinal fractures (NE-SW) given by the minimum val-
ues of the Wiese vectors at 7 > 20 min. Outside these
zones the vectors point north- or southwards i.e. towards
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Fig. 8(c). (continued).

the more resistive geological formations. Inside the conduc-
tors the length of the vectors is generally less than 0.1 (i.e.
the ratio of the vertical (Z) to horizontal (H) geomagnetic
components at a given period). These vectors are directed
mainly parallel with the longitudinal fractures (Fig. 4), i.e.
with the regional strike of the anomalous zones. This pe-
culiarity clearly appears in the famous 2D Carpathian CA,
too (Jankowski et al., 1984). It can also be explained by
3D effects inside the conductive zones (Arora and Adam,
1992) as it has been proved by Wannamaker ef al.’s (1984)
3D numerical model. In their Fig. 14 the tipper strikes rotate

inside the elongated 3D conductor and in its center they are
perpendicular to the longer axis of the conductor. If 3D dike
structures also appear at the crossing (junction) of the lon-
gitudinal and transversal tectonic lines (zones) in the TCA
area these dense 3D conducting dikes fall into a line (zone)
e.g. along the NE-SW TCA #h profile (Fig. 1) determined by
the SW directed induction arrows. Hence they form a quasi
2D structure. The oy curves without static shift (S-effect!)
distortion are mainly in the strike of this quasi 2D structure
therefore they are of E polarization.

Between the two conductive zones the vectors turn south-
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Fig. 13. a) The 2D RRI inversion, b) Occam inversion of the MK3m profile. Both TE and TM modes have been used.

ward showing that this southern zone is less conductive.

The conducting stripes indicated by long period Wiese
vectors can be compared with conductivity anomalies ap-
pearing on the o pseudosection along the TCA3 crossing
them in NW-SE direction (see the location in Fig. 1). The
horizontal position and dimension of the conductors in the
o pseudosection correspond to the anomaly stripes detected
by the induction vectors (see in Fig. 12 the “Wiese vector
anomaly”) in close connection with the conductors appear-
ing in Fig. 8(b).

6. General Structure of the TCA as Shown by Pro-
files

As mentioned, there are differences in the period range

measured by GGRI and ELGI. GGRI measured the geomag-

netic variations by static variometers and ELGI by induction
coils. GGRI could detect the bottom of the conductor with
long enough period variations, too. The distance between
MT sites was at the same time shorter in case of ELGI’s
measurements, hence its spatial resolution was better, than
that of the GGRI.

The 2D inversion has been made along selected ELGI
profiles which are mostly directed in about NW-SE. All
sounding curves were computed in the direction of the re-
gional strike (NE-SW) with rotation of the coordinate sys-
tem and this direction has been taken as E polarized one
which is in many cases near to the o, direction. Generally
RRI inversion (Smith and Booker, 1991) has been used ex-
cept in case of MK profile where the Win Glink code (Rodi
and Mackie, 2001) has been applied for a comparison with
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Fig. 14. The 2D RRI inversion of the DK3 profile in two segments (DK3a and DK3b) in the NE part of the TCA. Both TE and TM modes have been used.
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Fig. 15. A segment of the RRI inversion of the KA3s profile (in SW part of the TCA). Both TE and TM modes have been used.
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Fig. 16. A map on the conducting dikes with great dots on the ELGI profiles.

RRI (Fig. 8(b)). In some cases both the RRI and the Occam
inversion (Constable et al., 1987) have been computed e.g.
for MK3m profile as can be seen in Figs. 13(a) and 13(b).
Here the CA beneath sites 7-10 is near to the Mor graben
being seismically active region which was studied in detail
by magnetotellurics (Adam and Varga, 1990) and conduc-
tor was found in the whole graben in elevated position (at a
depth of about 3 km). Further selected examples of the RRI
inversion are shown in Figs. 14(a) and 14(b) for the profile
DK3a and DK3b. At the site 014 the most northern lon-
gitudinal fracture appears where the highly resistive Meso-
zoic rocks are pinching out in contact with the sediments of
the Little Hungarian Plain (Fig. 14(a)). At the site 025 in
Fig. 14(b) the most active tectonic zone is indicated corre-
sponding to the TCAhI profile (Fig. 1) and to the northern
zone in the SW directed Wiese arrows in Fig. 11 (see the
CA in this zone in Fig. 13, too). The southern conductive
zone also along a longitudinal fracture—north of the Lake
Balaton—appears in the MK1 profile (Fig. 8) and at the site
29-32 of the profile KA3s in Fig. 15.

The conducting bodies (dikes) often strech into unprob-
ably great depth. The thickness of the dikes is supposedly
smaller and therefore their resistivity may be less than 1 Qm
due to the S-equivalence.

The conductivity anomalies less than about 10 Q2m de-

termined by 2D inversion of NE-SW directed MT sounding
curves are summarized in Fig. 16 by the great dots on the
profiles. These can be connected by three NE-SW directed
lines, i.e. the MT profiles are crossed by three great lon-
gitudinal fractures or strike slip zones. The most northern
one corresponds to the border or pinching out of the Meso-
zoic limestones, as mentioned and shown by a detailed ge-
ological map based mainly on boreholes (Fig. 17). The two
other ones correspond to the anomalous zones of the induc-
tion vectors (Fig. 11). South of the Lake Balaton, Varga
(1979) detected a narrow conducting zone parallel to those
described above. This is shown by the tectonic map in Fig. 4
by a short thick line, so-called Balaton line.

The average depth of the conducting dikes is about 4 km.
In some cases they come nearer to the surface. Their con-
ductance is generally greater than 5000 Siemens and in some
cases reaches more than 10000 Siemens according to 1D in-
version.

Studying the whole magnetotelluric data one can suppose
that the conducting dikes (fractures) emerge from the Pale-
ozoic Upper Austroalpine units which form a deep syncline
below the Mesozoic units reaching with its axis to a depth
of about 10 km (only geological supposition!). It is hard to
estimate the real depth of the conducting layer due to the
induction (side) effect of the conducting dikes.
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Fig. 17. The contact zone of the Mesozoic and Paleozoic rocks along a tectonic line determined by boreholes (Balazs, 1967).

7. Material of the TCA

The material of the conductor may be graphite, or
graphitic film (black shale) and fluid. This supposition is
supported by the peculiarities of the magnetotelluric sound-
ing curves described in Section 2, as follows:

— resistivity could be as low as 0.1 Qm
— great conductance
— high anisotropy (Omax/Omin ratio).

Great conductance (thousands S) could only be due to
electronic conduction (e.g. Zhamaletdinov, 1996). As there
is not any borehole sample and the TCA does not outcrop,
only the summarized features (parameters) can help us to
find the material of the conductor. As seen in Figs. 8, 13—
15 the conducting material often accumulates in the tecton-
ically weak zones (shear zones) forming conducting dikes.
This phenomenon may hint at shear precipitation of the car-
bon. The connectivity of carbon is increased by tectonic
motion as supposed by Glover (pers. comm., 1997).

Increase in conductance has been observed near the

Insubric-

Periadriatic-

Balaton Line Balaton

Fig. 18. Attenuation coefficients in the area of the Carpatho-Pannonian
region after Zsiros (1985).
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Pliocene volcano Somlo located in Fig. 1 at the crossing
of the TCA3 and TCAhI lines. This can be attributed to
the volcanic heating which can promote graphitization of
organic material. (See the theoretical calculation of the heat-
ing effect of a volcanic/intrusive body in the paper of
Hvozdara and Brimich, 1991.)

The area of the TCA belongs to the Bakony-Drauzug
(BDU) independent unit as supposed by Kazmér and Kovacs
(1985). At the western end of this BDU in the Gailtaler
Alps, the Paleozoic graphitic formations (so-called
“Altkristallin”) outcrop and their very low resistivity and
great anisotropy has directly been determined by audiomag-
netotellurics (Adém et al., 1990). These graphite seams are
of same character, as those of the TCA may be and this infor-
mation can help in the age determination of the conductive
formation in Transdanubia, too.

8. The Low Shear Stength (Low Viscosity)
Graphite (and Fluid) and Seismicity

It is worthy to mention that most of the earthquakes in
the area of the TCA are anyhow connected to those three
tectonic zones indicated by induction vectors (Fig. 11) and
magnetotellurics (Fig. 16). Conductivity structure in the
area of the Transdanubian earthquake activity has been stud-
ied in detail in the Mor graben (Addm and Varga, 1990)
and recently in the case of the Berhida earthquake in 1985
(Adam and Zalai, 2000) (see MOR and BERH areas in
Fig. 1).

According to Meissner’s (1986) formula there is a (qual-
itative) relation between the viscosity (¢) (of graphite and
fluid) and the attenuation (Q ') of the seismic waves:

Ing =44InQ + 22

The validity of this relation for the TCA area has been con-
firmed by Zsiros (1985). He stated that the attenuation (in
his formula «y) is higher in the area of the TCA than in the
other part of Hungary (Fig. 17). He determined o [km™']
by the formula:

Iy = 1, exp(—a Ry)

where

1, = epicentral intensity

I, = intensity of the k-th isoseism

Ry = mean distance [km] of the k-th isoseism from the epi-
center.

The phenomena supporting Zsiros’ calculation were enu-
merated by Adéam (1994). Among them the distortion of the
isoseismals, the attenuation in the TCA area of the earth-
quakes generated outside of Hungary’s border etc. have been
mentioned.

This hypothesis—about a relation of the attenuation of
seismic waves to the low viscosity graphite (and fluid) ac-
cumulated in tectonic zones—has been studied using much
greater data set. It has been concluded that the hypocenters
of most earthquakes in the TCA area may be inside or below
the graphitic conductor and the distribution of the hypocen-
ters and the depth of the conductors is similar.

It is an interesting experience in connection of the depth
of the TCA and earthquakes in this area: the depth of the

conductor is shallower in the seismic active zones e.g. Mor
region (Adam and Varga, 1990) Bakonybél, etc.

Therefore the following hypothetical statements is worthy
to be further studied:

— a common depth range of conductivity anomalies and
of earthquakes hints at the graphitic (and fluid?) ori-
gin of the TCA, as such graphitic formations, accu-
mulated in preformed zones can influence earthquakes
with their low viscosity

— earthquakes are more severely attenuated in low viscos-
ity graphitic blocks, therefore their devastation extends
to much smaller areas

— earthquake mechanism starts at a lower level of stress
accumulation, in the low viscosity graphitic bodies,
therefore they can set an upper limit to earthquake mag-
nitudes.

9. Conclusion

On the basis of the detailed study of about 300 magne-
totelluric soundings, the main features of TCA can be sum-
marized in the following way:

— The anomaly may consist of two main components: of
a conducting layer and of conducting dikes supposedly
in the tectonically weak zones (fractures faults/srike
slips).

— Its material may be graphite (black shale), graphite film
and fluid as concluded from its low resistivity, high
conductance and high anisotropy. (The graphite has
certainly been generated from organic material as the
heating effect of the Pliocene basalt volcano Somlo
(Hvozdara and Brimich, 1991) can be recognized on
TCA’s horizontal extension and higher conductance.)

— The graphite has accumulated in the tectonically weak
zones (fracture/fault/strike slip) due to shear precipita-
tion and it forms conducting dikes.

— Three main tectonic lines (zones) could be distin-
guished. One is clearly connected to the known ge-
ology (Fig. 17), two other is quite new indication but
could be supposed on the basis of the areal distribution
of the earthquakes.

— These dikes border great resistive blocks enabling their
motion by their low viscosity along the thrust sheet (de-
tachment horizon) or in the strike slip zones.

— In the tectonically preformed zones a ductile state of
the material may be caused by graphite (and fluid) and
hence the stress accumulation is limited. Therefore
earthquakes are generated at a lower level of the stress
(slipping, creep) and so their intensity is less than with-
out graphite. Due to the attenuation in the low viscosity
graphite the devastation of the earthquakes can be ob-
served in a smaller area.

— Concerning the three different inversion procedures
used in this study it can be stated that all the three well
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localized the position of the dikes, but their shape has
differently been determined. Rodi and Mackie (2001)
2D inversion code—similarly to the other 2D inversion
codes—provides the smoothest model, without any
sharp transition, that fits the data (Fig. 8(c)).
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