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DISTRIBUTION DE LA CONDUCTIVITE ELECTRIQUE DANS LES ALPES
CENTRALES

par
MARCUS GURK

Résumé - A l'est des Alpes centrales et dans les Alpes orientales, la distribution de I'induction géomagnétique sc
caractérise a grande échelle par une région dans laquelle les fleches d'induction réelles présentent une anomalie
d'orientation. Cette région s'étend du domaine pennique de Suisse orientale (Grisons) probablement jusqu'aux
Carpathes. Un réseau de mesures magnétotellurignes {MT) et d'induction magnétique profonde (GDS) réalisées
dans les cantons des Grisons et du Valais indique que cetle anomalie de variations électromagnétiques se limite
aux sédiments mésozoigues des schistes lustrés (Biindnerschiefer) du domaine nord pennique. Ce faciés
commence en Suisse orientale ¢t s'étend vers l'est sous les unités Austro-alpine, Sud-Pennique et Sud-alpinc.
Cetle zone présente des ressemblances frappauntes de position, d'arrangement, et de signature magnétique par
rapport aux Alpes oricntales, L'analyse des données GDS au moyen de la méthode de I'Analyse d'Evénement
Hypotbétique (HEA) montre que la canalisation de courants affecte les champs électromagnétiques dans cette
zone, et produit des anomalies d'orientation des fléches d'induction. Nous counsidérons les courants électriques
induits dans diverses structures conductrices locales et régionales et fuyant dans les schistes lustrés, comme la
cause probable des effets obscrvés sur les fléches d'induction. Nouns basant sur une interprétation combinée des
données GDS des Alpes orientales ct de Y'ouest de 1a Hongrie avec nos récentes données des Alpes centrales et
de feur partie orientale, nous déduisons les implications suivantes:

i) un découplage spatial des processus d'induction de fa crofite supérienre et inférieure

ii) une structure conducirice de la crofite inférieure causée par l'indentation du promontoire ou région
géologique adriatique

i) un empilement lithosphérique dans la partie orientale des Alpes centrales et dans les Alpes orientales

iv) le prolongement vers l'est du faciés des schistes lustrés, au moins jusqu'a la fenétre tectonique de

Rechnitz.
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Abstract— The electromagnetic induction pattern in the Central and Eastern Alps is characterised by a
{continuous) large-scale zone on which the real parts of the induction arrows show anomalous directional
behaviour. This zone extends from the Penninic Domain of eastemn Switzerland (Graubiinden} probably
into the Carpathian ranges. A coarse mesh of Magnetotelluric (MT) and Geomagnetic Deep Soundings
(GDS) in the Alps of Graubiinden and Valais (western Switzerland) indicates that this electromagnetic
variation anomaly is restricted to the Mesozoic sediments of the north Penninic Biindnerschiefer-facies.
The facies begins in eastern Switzerland and extends towards the East beneath Austroalpine, south Penninic
and Southalpine units. Striking similarities in position and arrangement between this zone and the magnetic
sigoature in the Eastern Alps are visible.

The analysis of the GDS data with the Hypothetical Event Analysis method (HEA) implies that current
chanrnelling affects the electromagnetic ficlds in this zone and causes the anomalous direction of induction
arrows. The aunthor considers electric currents induced in various local and regional conductive structures
and leaking into the Biindnerschiefer as possible causes for the observed effect upon the induction arrows.
Based on the combined interpretation of GDS data from the Eastern Alps and West Hungary together with
our recent data from the Central Alps, the following geological implications are discussed:

i) A spatial decoupling of induction processes from the npper to the lower crust

i) A lower crustal conductive structurc caused by the indentation of the northern Adriatic
promontory or terrane

i) A stacked litosphere

v) The eastward continuation of the Biindnerschiefer-facies at least to the Rechnitz tectonic window.

Introduction

This doctoral dissertation contains six papers (Appendix) that are mainly based on the two-dimensional (2-
D) analysis of electromagretic data obtained using the geomagnetic deep sounding technique. Besides this
specific method, additional technigues are used that employ natural and artificial time varying magnetic
fields. The methods are due to their physical principles closely related (Fig. 1). They are:

i) geomagnetic deep sounding (GDS)
ii) very low frequency technique (VLF)
iii) magnetotelluric sounding (MT)

The following paragraphs provides a brief overview of the principles of the above mentioned methods (the
frequency and spatial dependency of the different transfer functions will not always be written explicitly).

GEOMAGNETIC DEEP SOUNDING TECHNIQUE- The GDS technique uses a primary (extemal) time-varying and
homogeneons horizontal magnetic field with various polarisation azimuths that penetrates into the ground
and induces eddy curreuts (synonym: telluric currents) in the earth. The primary magnetic field variations
are cansed by natural fluctuations of the earth’s magnetic field. The induced current system is in tumn the
source of a secondary (intemal) magnetic field with a pronounced vertical component if a lateral
conductivity gradient is present. The method is therefore sensitive to lateral changes of the electrical



conductivity. Assuming the subsoil to be a linear and time independent system, we can use the secondary
vertical component as the response of the system to the inducing primary field (Wiese 1962):

BSz(f:r) = A(fsr)BPx(f)'l'B(far)BPy(f) -

A(f,1) and B(f,r) are the complex transfer functions in GDS. Since we probe the snbsurface with a time
varying magnetic field of decreasing frequency, the skin effect allows us to obtain transfer functions that
are related to different propagation depth of the electromagnetic wave. For a true 2-D conductivity
distribution with a (regional) strike direction chosen along the x-axis (Fig. 1) and o = o-(y,z), the transfer
functions are composed out of two de-coupled principle components. A and B are determined by two linear
mdependent polarisation azimuths of the primary magnetic field:

e  The component of the transfer function whose electrical field is in strike with the structure is called the
E-Polarisation of the transfer function.

e The component of the transfer function whose electrical field is normal to the strike of the structure 1s
called the B-Polarisation of the transfer function.

For a 3-D conductivity distribution (0’= o'(x, v, z)), the distinction between E- and B-Polansation is no
longer applicable.

transmitter
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Fig. 1 The Electromagnetic Induction Teclnique and the resulting curve of magnetic transfer function over
a conductive { 2 ) dyke. Superposition of the primary and secondary magnetic field at observation points

X

A, B, C and D. The electric field component: £ =% is measured by a voltage drop between two

electrodes. Modified after Turberg (1993).

At a piven petiod T, the complex magnetic transfer functions A4 and B can be expressed at each observation
point as real and imaginary induction arrows. The amrows are the projection of the magnetic field to the
surface, their length is a measure for the lateral conductivity gradient. Since they point perpendicular ta the
direction of current flow, their direction allows mapping the strike of the lateral conductivity distribution.
The length and direction of the real and imaginary indnction arrows are given by:

real part of induction arrow

Lp=vRed’ +ReB*, 6= arctan(};ﬁJ ,

eA



imaginary part of induction arrow

Lo = VimA® + ImB? | by = arctan(@).
ImA

VERY Low FREQUENCY TECHNIQUE- This technigne nses electromagnetic signals of permanently
transmitting remote sources provided by terrestrial radio broadcasting antennas. The transmitier is
considered to be at a distance greater than several free space wave-length from the observation point. VLF
is true 2-D method for vertical structures. 1t obtains the magnetic transfer functions over a profile assuming
E-polarisation. Similar to the GDS technique, the method does not give a direct estimate of the electrical
conductivity of the subsurface bat is the most popnlar electromagnetic tool for mapping near surface lateral
conductivity contrasts.

MAGNETOTELLURIC SOUNDING- An aliernative mean of measuring the secondary {vertical) magnetic field
component in GDS, the MT technique uses pairs of electrodes to measure directly the horizontal electric
component of the induced telluric ficld. Magnetic and electric field components are linearly related via the
impedance of the snbsarface:

Ex(fsr) - Zxx(fsr) ZIy(f,l") ) B.Px(f)
Ey(flr) Zyx(f:r) Zyy(f’r) B@(f)

This method allows estimate apparent resistivities and their phases (and therefore the conductivity
distribution with depth):
apparent resistivities
2
Pa, =O.2-T|Z,-J-| ,

phases

ImZ;
owith i=x,yand j=v,x.

Rey-

@y =arc tan[
Plots of apparent resistivities and phases on logarithmic scales against the signal period are commonly nsed
to present MT studies. Unfortunately, measnring the electrical field with electrochemical electrodes is
mach more defective than measuring the magnetic components. Because of their similar set-up, GDS and
MT data are usnally recorded simultanconsly at the same observation point (Fig. 2).

N slecirode

Fig. 2 MT and GDS set-up showing three induction coils aligned towards the North, East and downwards.
The electric field is measured as potential differences between clectrode pairs, using a single electrode as
reference. Modified after Schnegg (1998).



Summary

THE ELECTROMAGNETIC INDUCTION PATTERN IN CENTRAL EUROPE- Maps displaying the
induction arrows are difficult to interpret. In a recent paper (Wybraniec, Jankowski et al. 1999) a new
method of presenting the amrow fields is introduced using 2-D Hilbert transforms. The maps after
transformation contain the same information as the originals, but the anomaly patterns are clearer. Fig. 3
shows the transformed data' for long periodic studies (7 ca. 1200 s) from the European induction arrow
distribution. Two predominant anomalies are present in Central Europe: The Neorth German anomaly
{Untiedt 1970) that roughly extends East-West and a conductivity anomaly that assumes the arc of the
Carpathian Ranges. The North German anomaly is the largest in extent, and most extensively investigated.
On the other hand, the electromagnetic induction pattern in the Central Alps remains almost unknown.
Besides two long periodic (7> 1000 s) induction studies in the Western and Eastern Alps (Bahr 1992) and
the MT/GDS survey in the western Swiss Alps {Schnegg 1998), no further modern studies have been
conducted in the Central Alps so far.

Paper one and two (Magnetotellurik zwischen Nienburg/Weser und Lauenburg/Elbe, Aufbau einer
Magnetotellurik-Apparatur  zur Registrierung langer Perioden und Messungen auf dem Profil
Nienburg/Weser — Lauenburg/Elbe) show examples from the North German anomaly. MT/GDS sites have
been conducted on a profile between the Weser and Elbe Rivers covering a period range from 7= 0.25 -
4096 s respectively 7= 65536 s. The profile traverses the North German sedimentary basin perpendicular to
the Hercynian strike (NW-SE) of the subsurface.

From the mode] of Fig. 1 we would expect the azimuth of the real part of the induction arrows to be normal
to the direction of the 2-D conductivity anomaly, pointing away from it. On the anomaly itself, the length
of the induction arrows will decrease gradually towards the maximum of the current flow. Directly on the
centre of the conductivity anomaly, the induction arrows vanishes and reappears at the opposite site of the
centre of the anomaly with inverse direction.

The induction data published in the first two papers reflect this bebaviour for 2-D conductive structures.
The profile crosscuts the centre of the North German anomaly between the MT/GDS sites WOLT and STE!
(Walsrode-Soltan). Independent of the signal period, the induction arrows flip by 180° Nerth of the
anomaly’s centre, the induction arrows peint nerthwards, on the opposite site they point southwards (S-SE).

Although far away from the influence of the North German anomaly, the characteristic South direction of
the real part of the induction arrow does not generally change towards and within (Schnegg 1998) the
Western/Central Alps. This observation is not well understood at present. It might result from a gradual
decrease of the subsnrface conductivity towards the South or result from a more complex structure of the
external field (Schmucker 1999). In southern Germany, a predominant Southeast direction of the real part
induction arrows can be observed. Berktold (pers. comm.) suspects an additional conductivity anomaly
(900-9000 S} within the Northem Phyllite Zone of the Post Variscian cover in front of the Mid-German
Crystalline High (Blundell, Freemann et al. 1992) superimposed on the North German anomaly to cause the
Southeast direction of induction arrows in southern Germany, Real part induction arrows that exhibit this
general direction north of the Central Alps are well decumented by several MT and GDS studies (Richards,
Schmucker et al. 1980), (Tezkan 1988) and (Berktold 1977).

THE ELECTROMAGNETIC INDUCTION PATTERN IN THE CENTRAL ALPS- The third paper
(Elektrisch leitfihige Strukturen in den penninischen und helvetischen Alpen Graubiindens (Ostschweiz))
reperts a conductivity anomaly found in the transition zone between the Central and the Eastern Alps. In
contrasts to the findings in the westem Swiss Alps (Schnegg 1998), the MTYGDS survey in Grauhiinden
(eastern Switzerland) revealed a change of direction of the real parts of the induction arrows over the entire
period range (7=1-300 s) on the Mesozoic Biindnerschiefer-facies. This facies is formed by series of low-

! Map download at: http:/www.igf.edu.pl/magneto/magvector. html

? Compared to the GDS data, the estimated MT transfer functions are of minor quality and are at present not
extensively used for studying the conductivity distribution in Graubiinden.


http://www.igf.edu.pl/magneto/magvector.html

grade metamorphic, shaly-calcercous-terrigenous sediments (Steinmann 1994). The change in direction of
the induction arrows coincides in Graubiinden with the structural contact (SW-NE) between the
Biindnerschiefer and the middle Penninic basement slices Adula, Tambo and Suretta. It occurs between two
MT/GDS sites over a 400m distance on the Tschera nappe. In consideration of the model for 2-D
conductivity anomalies and the local tectonic setting, we expect to find an almost vertical highly conductive
zone of large lateral extent in this major structural contact - more precisely, at the observation point within
the lithology of the Tschera nappe. If the presumed conductivity anomaly exists, the zone can contribute to
the directional dualism of the observed real parts of the induction arrows in Graunbiinden. However, the
absence of such a high conductive zone supports the magnetic distortion hypothesis for magnetic transfer
functions.

The fifth paper (Integration of geophysical methads to siudy the fold geometry of the Tschera nappe,
eastern Switzerland) deals with the above hypothesis. The resnlts obtained by the integrated local study do
not confirm a conductivity zone with the required electromagnetic properties related to this structural
contact but reveals precise information about the inner structure of the Tschera fold. Hence, anomalous
directional behaviour of the real part of the induction arrows in Graubiinden is more likely the result of
magnetic distortion of the GDS transfer functions. This aspect is treated in paper four (Magnetic distortion
of GDS transfer functions: An example from the Penninic Alps of Eastern Switzerland revealing a crustal
conductor). Using the Hypothetical Event Analysis (HEA) for 2-D conductivity distribution (Ritter and
Banks 1998), the characteristics of the real and imaginary parts of the magnetic transfer functions in
Graubiinden can be analytically explained by the superposition of local and regional conductive structures
that are separated vertically and horizontally. The study considers electric currents induced in these
structures and leaking into the Biindnerschiefer as possible causes for the observed effect upon the
electromagnetic field. Only distinct geometric configurations and spatial constellations of local and
regional conductive structures are able to explain the measured data:

. Any superposition of conductive structures of regional extension with an azimuth of a multiple of
45°N
. Structures with a strike of 0°N and/or 90°N can cause the observed effect on the Biindnerschiefer,

provided that the MT transfer function is 1-D.

In order to verify this analytical model, the anomalous current distribution in the survey area is displayed
by HEA-maps. The analysis shows that induction processes in the Central Alps (Graubiinden) are
predominated by the superposition of two distinct conductive structures — the (local) Biindnerschiefer in the
uppermost crust and a super-regional conductivity anomaly at depth. The deeper anomaly forms in the
investigation area an edge in which telluric curmrents are concentrated or even induced. The geometric
configuration of the deeper anomaly is in good agreement with the previous analytical model. Induction
processes are found to be de-coupled, horizontally and vertically. The chosen extension of the investigation
area and the period range (7= 1-300 s) were able to display parts the anomalous current distribution.
However, with regard to further electromagnetic investigations in the Alps, the period range should be
extended towards longer periods.

The particular geometric arrangement of the Biindnerschiefer in the upper crust and the lower conductive
structure evokes anomalous directional behaviour of the real parts of the induction amrows on the
Biindnerschiefer. The concept of magnetic distortion expects to find anomalous directional behaviour of
iduction arrows on the confinuation of the Biindnerschiefer as long as the geometric properties of local
and regional structures are valid. Hence, anomalous directional behaviour is a tool to map the
Biindnerschiefer-facies beneath Aunstroalpine and Southalpine units.

In the final paper of this doctoral dissertation (Anomalous directional behaviour af the real parts of the
induction arrows in the Eastern Alps: Tectonic and palaeageagraphic implications) this hypothesis was
applied on a review of former geomagnetic data. The analysis reveals an elongated zone of large extension
towards the East on which induction amrows show anomalons behaviour. Striking similarities in position
and arrangement between this zone and the magnetic signature in the Eastem Alps were found. From this
observation, the following main tectonic and palaeogeographic implications are deduced:



i) A lower crustal conductor caused by the indentation of the northern Adnatic promontery or

terrane

i) A stacked lithosphere beneath the Eastem Alps

iii) The eastward continnation of the Biindnerschiefe-facies at least to the tectonic window of
Rechnitz

iv) The northem Penninic Ocean was not directly dependent on the history of the Central Atlantic.

Biindnerschiefer and lower crustal conductor are creating a “paired anomaly”. Therefore, the extension of
the zone of anomalous directional behaviour of the real parts of induction arrows towards the East gives
also indication of the extension of the lower crustal anomaly. A connection of the latter with the Carpathian
anomaly can be considered. However, the nature of the deep cenductor remains unknown. Most promising
candidate is a stacked (double) lithosphere originated by a peeled strip of lower crust that has been created
during the indentation of the northern Adriatic promontory or terrane. The stacked lithosphere might also
be produced by crustal remnants of the middle Penninic High. The auther suspects the enhanced
condnctivity is caused by fluids, created by the dehydration processes within the stacked lithosphere. The
fluids finally become trapped or have migrated along the northemn boundary of the stacked system.
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Fig. 3 The presentation of the geomagnetic induction arrow field after 2-D Hilbert transformation.
Scalar sum of the Hilbert transform parameters A and B. Conductivity anomalies appear in red colours.
(Wybraniec, Jankowski et al. 1999).
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Maguetotellurik zwischen Nienburg/Weser und Lauenburg an der Elbe

M.Gurk (Miinster, Neuchitel), A. Jording, H. Jédicke (Miinster)

Abb. 1: Paldogeographische Rekonstruktion der Plattenkonfiguration im Wenlock (mittleres Silur)
mit EA: East Avalonia, aus Torsvik et al. (1993).

Einleitung

Die geodynamischen Prozesse, die zur Entstehung Nordenropas beitrugen, sind im norddeutschen
Raum seit vielen Jahren das Ziel geologischer und geophysikalischer Untersuchungen. Einen
wesentlichen Beitrag zur Gestaltung Europas liefert die kaledonische Gebirgsbildung, deren
Hauptfaltungszone in Nord-Siid Richtung bei der Kollision von Laurentia und Baltica entstand.
Mikrokontinente (terranes), deren Ursprung weit entfernt von Europa auf der Siidhalbkugel in der
Nihe von Gondwana vermutet werden, driften zur gleichen Zeit gegen die alten Festlandskerne der
Nordhalbkuge! und bilden mit ihnen erste mosaikartige Krustenzellen, aus denen sich Nordeuropa
entwickelt hat (Abb. 1).

East Avalaonia, einer dieser Mikrokontinente, sticB gegen die Siidgrenze des Baltischen Schildes.
Diese Nahtzone (Abb. 2) wird in im siidlichen Didnemark vermutet (Berthelsen, 1992). Als Folge
dieser zweiten Kollision erstreckt sich ein Seitenarm kaledonischer Gebirgsbildung von England iiber
Norddeutschland bis nach Polen. Damit liegt der tiefere Untergrund Norddeutschlands nahe dem
Zentrum der sogenannten kaledonischen “triple junction® (vgl. Ziegler, 1982).

Bei der geophysikalischen Untersuchung des tieferen Untergrundes des nordwestdeutschen
Sedimentbeckens spielt die Magnetotellurik seit einiger Zeit eine besondere Rolle. Bereits erste



magnetotellnrischen Arbeiten von Knddel, Losecke und Miiller (1979) und Jadicke (1980) konnte in
diesem Raum neben einem oberflachennahen Bereich gutleitender Sedimente auch im Priperm eine
flichenhaft verbreitete Zone extrem erhohter Leitfahigkeit nachweisen. Im Gegensatz dazu liefert z.B.
die Reflexionsseismik unterhalb der Zechsteinbasis kaum verwertbare Informationen. Inzwischen hat
sich gezeigt, daB} mit der Interpretation der Natur speziell dieser tiefliegenden gutleitenden Schicht,
mit ihrer regionalen Verbreitung und insbesondere mit ihren Verbreitungsgrenzen ein wichtiges
Hilfsmittel zur geologisch-tektonischen Gliederung dieses Gebiets zur Verfigung steht (Hoffmann et
al., in diesem Band). )
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Berthelsen (1992).



Im Rahmen spiterer Arbeiten in Norddeutschland wiesen Losecke et al. (1986) darauf hin, daBl die
integrierie Leitfihigkeit des guten Leiters im Priperm von maximalen Werten im Bereich des
Zusammenflosses von Aller und Weser in norddstlicher Richtung bei Anndherung an die Elbe stark
abnimmt und auf einem sich nach Norden anschliessenden Profil von der Elbe nach Fehmarn véllig
verschwindet. In einem neuen MeBprojekt sollte dieser damals nur mit wenigen MeBpunkten
belegeten Beobachtung genauer nachgegangen werden. Dazu wurden 12 MeBpunkte im mittleren
Abstand von 10 km (Abb. 3) in SW-NE Richtung zwischen Weser und Elbe vermessen (Profil
Nienburg/Weser -~ Lauenburg/Elbe). Im Rahmen der Kooperation zwischen der Bundesanstalt fiir
Geowissenschaften und Rohstoffe, Hannover — Aussenstelle Berlin -, und dem Institut fiir Geophysik
der Universitit Minster konnte dieses Profil nach Norden um die Punkte des bereits erwihnten
Fehmarmn-Profils (LLosecke et al.,, 1986) und nach Nordosten um die Punkte des Schwein-Profils
(Hoffmann et al., in diesem Band) erginzt werden Nach Siidwesten schlieBt sich ein weiteres Profil
von Versmold nach Nienburg/Weser (Losecke et al. 1986) unmittelbar an.

Auswertung der Magnetotellurik - Messungen

Die Datenerfassung erfolgte tiber zwei miinsteraner Aufnahmeapparaturen des Typs METRONIX 863
UP. Die Variationen des Magnetfeldes wurden mittels dreier Induktionsspulen, die des erdelektrischen
Feldes iiber Kupfersulfatsonden mit einer Anslagenlinge von jeweils 50 m gemessen. Der
answertbare Periodenbereich erstreckt sich von T= 0.25 s bis T= 4096 s. Die MeBkampagne dauerte
von Mai bis August 1994, dic Standzeit der Geriite betrug in der Regel zwei Wochen.

Abb. 4 zeigt drei Beispiele ungedrehter Sondierungskurven des Profils Nienburg/Weser —
Lauenburg/Elbe. Zu erkennen ist zu einen eine durchweg gute Datenqualitit und zum anderen, wie
erwartet, ein Minimum im Periodenbereich 800 — 1000 s, das den bedeutenden EinfluB der
prapermischen gutleitenden Zone wiedergibt. Nach Norden verringert sich deren EinfluB, das
Minimum schwicht sich entsprechend ab, und nach dem Uberschreiten der Elbe wirkt sich der tiefe
Leiter offensichtlich nicht mehr auf die Ubertragungsfunktionen aus (Abb. 5).

Untersuchungen zur Anisotropie und Skewness belegen, daB fiir den oberflichennahen Bereich eine
eindimensionale Leitfihigkeitsverteilung die Deckschichten des Sedimentbeckens gut beschreibt,
withrend mit groBerer Tiefe ein schwacher 2D-EinfluB bemerkbar wird. Der mittlere Drehwinkel von
30° gegeniiber Nord ist praktisch identisch mit dem Winkel senkrecht znm herzynischen Streichen
(NW-SE), das regicnalgeclogisch durch den Verlauf von Aller/Weser und Elbe reprisentiert wird.

Die Auswertungen der magnetischen Ubertragungsfunktionen (Abb. 6) bekriftigen die herzynische
Streichrichtung der Leitfabigkeitsstrukturen im tieferen Untergrund des nordwestdeutschen
Sedimentbeckens. Fiir groBere Perioden zeigen die Realpfeile vom Beckeninneren nach aulen , d.h.
weg vom Zentram der “norddeutschen Variationsanomalie® (Untiedt, 1970), hin zu den schlechier
leitenden Beckenrindern. Der Kreuzungspunkt des Profils mit dem Maximum der norddeutschen
Variationsanomalie 148t sich anhand des Umklappens der Realpfeile zwischen den Stationen WOLT
und STEI (Walsrode-Soltau) genau festlegen. Der sprunghaft Anstieg der Realpfeile fiir die Periode
T= 1024 s auf dem Gebiet ndrdlich der Elbe {Ostholsteinplattform} weist hier zusiitzlich auf eine
differenziertere tiefere Geologie hin.
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Lauenburg/Elbe und seinen Erweiterungen



Eindimensionale Modellrechnung

Fur die in Abb. 7 {vorhergehende Seite) zusammengestellten 1D-Modelle des Profils mit den beiden
Profilverlingerungen nach Fehmarn bzw. Schwerin wurden die auf Vorzugsrichtungen gedrehten und
entzerrten Daten mit dem eindimensionalen Inversionsschema (MTI1D) von Fischer et al. (1981)
invertiert. Die Ausertung der beiden Polarisationen ergab eine nahezu gleiche Tiefenverteilung der
spezifischen Widerstinde, so daB hier die gezeigten Modelle der Berdichevsky-Invarianten eine
sinnvolle Mittelung aus E- und B-Polarisation darstellen. Miteingezeichnet sind die Modelle eines
Teilabschnittes des Profils Versmold — Nienburg/Weser von Losecke et al. (1986), die sich gut an die
aktuellen Daten anhéngen lasssen. Allerdings wird hier der pripermische Leiter von den Autoren im
Vergleich mit den eigenen Modellen in  sehr grofer Michtigkeit - innerhalb der
Aquivalenzmoglichkeiten — wiedergegeben. :

Auffillig in den 1D-Modellen sind zwei gutleitende Zonen in der Kruste (in Abb. 7 mit einer
Schraffur versehen). Die erste dieser Zonen befindet sich in geringer Tiefe (1-3 km) unter einer
geringmichtigen hochohmigen Deckschicht. Sie 148t sich bis in das Gebiet nordlich der Elbe
(Ostholsteinplattform) verfolgen. Thr spezifischer Widerstand erreicht Werte zwischen 0.35 und 2
Qm, was durch einzelne tiefengeoelektrische Sondierungen von Blohm und Homilius (1980) bestitigt
werden konnte. Die extrem niederohmige oberflichennahe Schicht ist ein charakteristisches Element
in der Leitfihigkeitsverteilung Norddeutschlands.

Der zweite, tiefer gelegene hochleitfihige Bereich (5-9 km Tiefe) entspricht dem bereits friiher
nachgewiesenen pripermischen Ieiter in Norddeutschland. Seine Tiefenlage fillt mit der
Zechsteinbasis gleichsinnig nach Nordosten ein. Dieser zweite Leiter kann nur im Siidteil der
Ostholsteinplattform nachgewiesen werden. Seine integrierte Leitfihigkeit, in Abb. 8 fiir das Profil
Nienburg/Weser - Lauenburg/Elbe — Fehmarn dargestellt, verringert sich nahezu kontinuierlich nach
Norden; sie erreicht im Sitden Werte um 8000 S, an der Elbe noch ca. 2000 S und geht in der Mitte
des Ostholsteinprofils praktisch auf Null zuriick.
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Diskussion

Von Interesse ist neben der stratigraphischen Eingliederung die Einordnung der zwei gutleitenden
Schichten in ein geologisch—tektonisches Konzept sowie die Deutung des Ursprungs der beobachteten
extremen Leitfidhigkeiten, die, wie nun diskutiert wird, fiir beide Schichten unterschiedlich ist.

Die Leitfihigkeit des oberen Teufenbereiches wird im wesentlichen durch einen elektrolytischen
Leitfahigkeitsmechanismus bestimmt, die nach Archie (1942) iiber die Parameter effektive Porositit
des Gesteins, Salinitit der Porenwisser, Temperatur und Druck empirisch beschreibbar ist. Die
meisten oberflichennahen, im allgemeinen wenig konsolidierten Gesteine zeichnen sich durch eine
hohe effektive Porositit aus. Sie nimmt nngefihr linear mit dem Logarithmus der Tiefe ab, wie die
Ausgleichskurve fiir den Nordwestrand des Gifhorner Trogs, die auch fiir das Norddeutsche
Sedimentbecken Anhaltswerte liefert, in Abb. 9 Zeigt. Aus ihr entnimmt man fir den Tiefenbereich
des oberen guten Leiters (1-3 km) eine Porositit zwischen 8% und 15%. Hinsichtlich der Salinitit der
Porenfiillung werden z.B. fiir die Trias mittlere Konzentrationen van 50 /1 bis 360 g/l angegeben. Ab
2 km Tiefe hiufen sich Konzentrationen nm 300 g/l (Gundel, 1977). Mit diesen iibersittigten
Salzlosungen (p,, im Extremfall bis 0.01 {dm) als Porenfiillung lassen sich nach Abb. 10 die recht
niedrigen spezifischen Widerstinde der Deckschicht im Prinzip erkldren. Zu beriicksichtigen ist, daf§
wegen der Vielzahl von Salzstécken im MeBgebict hochkonzentrierte Salzlaugen moglicherweise
bereits in geringer Tiefe anzutreffen sind.
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Abb. 9 (links): Tiefenprofil der Porositit (aus Gundel, 1977, nach Matthesius, 1974 fiir den Nordrand
des Gifhorner Trogs).

Abb. 10 (rechts): Der spezifische Widerstand (p, ) elektrolytgesdttigter Gesteine in Abhingigkeit von
der Porositit @: aus Jodicke (1990).



Die hohe Leitfihigkeit kann ihre Ursache zusitzlich in Oberflichenleitung der mergel- bzw.
toureichen Schichten von Quartir bis Jura haben. Tongcsteine kénnen spezifische Widerstinde bis zu
1 Qm erreichen, da sie neben der Volumenleitfahigkeit zusdtzlich eine dominante
Oberflichenleitfahigkeit aufweisen.

Eine genaue stratigraphische Einstufung des oberflichennahen Leiters bleibt schwierig, da keine
vergleichende Bohr!ochmessungen zuginglich sind. Zu beachten ist, daff z.B. die Unterkante des
Leiters wegen des Aquivalenzprinzips nicht unmittelbar als gezologische Grenze interpretiert werden
darf.

Fir die hohe Leitfidhigkeit der zweiten Schicht (5-9 km Tiefe) kommt nur ein elektromscher (quasi-
metallischer) Leitfdhigkeitsmechanismus in kohlenstoffreichen pragraphitisierten Gesteinen, speziell
Schwarzschiefern, in Frage. Der Kohlenstoff mull dariiber hinaus ausreichend vernetzt sein, was in
ehemaligen Erddlmuttergesteinen am ehesten realisiert ist. Die Annahme eines in dieser Tiefenlage
liberwiegend elektrolytischen Leitungsmechanismus wiirde dagegen im Tiefenbereich beginnender
Metamorphose eine unrealistisch hohe Porositit von iiber 7 % fiir ¢inen (dquivalenten) 2 km
michtigen Leiter erfordern (Jodicke, 1990).

Der Beitrag des tieferen Leiters zur gesamten integrierten Leitfibigkeit ist an den vier stidlichsten
MeBpunkten (BUCH bis HOLL) besonders groB, gréBer als der Beitrag der kidnozoischen und
mesozoischen Sedimentbedeckung auf dem Ubrigen Profil (vgl. Abb. 8: integrierte Leitfihigkeit ‘bis
zum guten Leiter in ca. 5-9 km Tiefe"). Als Ursache kommt vermutlich eine zusitzliche thermische
Einwirkung auf den tiefen Leiter und damit eine verstirkte Graphitisierung im Bereich der
Kontaktaurcole des siidniedersichsischen basischen Intrusivkorpers bei Uchte in Betracht, der fiir ein
kriftiges Inkohlungshoch mit Vitrinit-Reflexionswerten R;,>3% sorgt (M. Teichmiiller et al., 1984).
Auch zusitzliche gutleitende Erzmineralisationen sind nicht auszuschlieBen. In Isoliniendarstellung
der integrierten Leitfdhigkeit fillt dieses Gebiet dhnlich dem Bramscher Pluton durch ein kriftiges
Maximum (Werte iiber 8000 S gegeniiber sonst ca. 5000 S im Zentrum der norddeutschen
Variationsanomalie) auf (vgl. Losecke et al., 1979; Jadicke, 1990).

Es ist schwiereig, den tieferen guten Leiter in Norddeutschland stratigraphisch einzugliedern.
Aufgrund eines Vergleichs von magnetotellurischen Ergebnissen und Bohrlochmessungen in der
Umgebung bzw. in der Bohrung Miinsterland 1 diirfter er im wesentlichen in das Altpaliozoikum
einzustufen sein. Zumindest Anteile an der magnetotellurisch bestimmten integrierten Leitfihigkeit
von ca. 2000 S stammen aber auch von den bekannten elektronenleitenden Alaunschiefern des tiefsten
Oberkarbons und des Unterkarbons, der sog. , ‘Kulm-Fazies‘, die n.a. an Proben gut untersucht
worden sind. Die in Abb. 11 angefiihrten Tiefenlagen aus den Modellen beider Polarisationen und der
Berdichevsky-Invariante zeigen den Leiter in einem Teufenbereich von ca. 5-9 kin entlang des Profils
Nienburg/Weser — Lauenburg/Elbe, in Ausnahmefillen bis ca. 14 km Tiefe. Jording (1993) bestitigt
diese Tiefenlage fiir einzelne MeBpunkte des Profils mit langperiodischen MT-Messungen. Nach
Kenntnissen der Geologie scheint diese Tiefenlage zu gering zu sein, um den Leiter sicher dem
Altpaldozoikum zuordnen zu konnen. Seine Tiefenlage korrespondiert vielmehr eher mit Formationen
aus dem Oberkarbon bzw. Unterkarbon. Es liegt somit nahe, den tieferen guten Leiter durch die Folge
von Alaunschiefern im tiefsten Oberkarbon und Unterkarbon zu erkldren. Aus der flichenhaften
Verteilung des guten Leiters konnte somit uingekehrt auf die Verbreitung der leitfihigen
Alaunschiefer der Kulm-Fazies geschlossen werden. Wenn diese Uberlegung richtig ist, ergabe sich
als Konsequenz, daB sich der Nordrand des Kulm-Beckens viel weiter im Norden befinden wiirde, als
bisher allgemein, z.B. von Ziegler (1982), angenommen wird.



Falls die Michtigkeit des Devons, des Silurs und des Ordoviziums relativ gering ist, wire
anzunehmen, da die Gesteinsserien des Altpaiozoikums dem Unterkarbon in nicht zu groBem
Abstand folgt. Die Magnetotellurik ist jedoch nicht in der Lage, zwei relativ dicht
aufeinanderfolgende gutleitende Schichten in dieser Tiefenlage aufzuldsen. Die Gesteine der Kulm-
Fazies und gutleitende altpaliozoische Alaunschiefer kénnten somit — dhnlich der Situation an der
Bohrung Miinsterland — zusammen die beobachtete integrierte Leitfahigkeit erbringen.
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Aufbau einer Magnetotellurik-Apparatur zur Registrierung langer Perioden
und Messungen auf dem Profil Nienburg/Weser - Lauenburg/Elbe

A. Jording, M. Gurk und H. Jédicke; Institut fir Geophysik Miinster

1 Einleitung

In der Arbeitsgruppe Magnetotellurik in Miinster wurde bisher geritebedingt im ’klassischen’
Periodenbereich der Magnetotellurik gearbeitet, der sich von ca. 0.4 bis 4096 s erstreckt. Seit
liingerem bestand der Wnnsch, speziell fir Untersuchungen in Norddeutschland auch lange Peri-
oden von Bay-Stérungen méglichst bis hin zu S,-Variationen messen und auswerten zu kénnen.

Um diese langen Perioden anfzeichnen zu kénnen, wurde ein in Miinster vorhandenes EDA-
Fluxgate-Magnetometer zu ciner Maguetotellurik- Apparatur erweitert. Erste Messungen langpe-
riodischer Variationen des Magnetfeldes und des elektrischen Feldes wurden im Norddeutschen
Sedimentbecken anf einem Profil, auf dem GURk (1995) 'klassische’ MT-Messungen durchgefiihrt
hatte, vorgenommen. Ziel der langperiodischen MT-Messungen war der Versuch, die fiir Nord-
deutschland charakteristische Abschirmwirkung der méchtigen und hochleitfahigen Sedimentbe-
deckung zu durchdringen, uin Aussagen iiber die Leitfahigkeitsstruktur im oberen Erdmantel zu
erhalten. Angestrebt war dabei, den Bereich der Asthenosphire aufzulésen.

2 Aufbau einer Magnetotellurik-Apparatur zur Messung langperiodischer
Variationen

Bei unserer weitgehend aus vorhandenen Komponenten zu‘sammengebauten langperiodischien
MT-Apparatur ‘Typ Miinster* wird zur Registrierung des Magnetfeldes ein Fluxgate-Magneto-
meter der Firma EDA-Electronics benutzt. Die Messung des elektrischen Feldes erfolgte fiir
die hier gezeigten Daten mit Hilfe von Kupfersulfatsonden (Cu-CuSQ4) (inzwischen werden
Kalomel-Sonden eingesetzt), zur Signalverstirkung wird ein Vorverstirker der EMF772uP-Ap-
paratur der Firma Metronix verwendet. Die Steuerung des Mefigerites und der angeschlossene
Datalogger wurden von der Elektronikwerkstatt des Instituts fiir Geophysik in Miinster kon-
zipiert und gebaut. Die Daten werden auf einer PCMCIA-Karte mit 1 Megabyte (inzwischen
2 MB) Kapazitit abgespeichert. Der Dynamikbercich der Apparatur umfait £1000 nT in den
Magnetfeldkomponenten und £5 mV (durch interne schrittweisc Kompensation inzwischen un-
begrenzt) in den Komponenten des elektrischen Feldes. Als feste Abtastrate ist wie bei unseren
‘klassischen’ MT-Apparaturen At = 32 s vorgegeben. Fiir die Datenauswertung wird sie mit
Hilfe geeigneter Software auf At = 128 s und At = 256 s herabgesetzt, so daB fiir die statisti-
sche Frequenzanalyse drei unterschiedliche Periodenbereiche zur Verfiigung steben. Der derzeit
ausgewertete Bereich erstreckt sich von 128 bis 65536 s.

Die wichtigsten technischen Daten der langperiodischen MT-Apparatur sind in der nachste-
henden Tabelle 1 zusammengefafit:



Magnetotellurik-Apparatur Typ Miinster

Sondeu:
Magnetfeld
elektrisches Feld
Temperatur

Dynamikbereich

Steuerung
Speiclerung
Abtastrate
Temperaturablastung

Abtastung Uhrzeit/Datum

Analog/Digital-Wandler

Multiplexer

Tiefpafifilter

Spannungsversorgung
Stromverbrauch

: E.D.A. FM100B Fluxgate-Magneiometer
: Kupfersulfat-Sonden (Cu-CuSQy)
: PT100, im Fluxgate-Mefikopf integriert

: B-Feld 41000 T
: E-Feld £5 mV

: CPU 780180

16 kbyte EPROM, 32 kbyte interner RAM

: PCMClA-Karte 1 Megabyte
:At=32s

: Alremp = 384 s

* Dtypripat = 3840 s

. ICL 7109

Auflosungsvermogen: 12 bit 4+ Vorzeichen
Wandlungsrate: max. 30 Wandlungen/s
Eingangsspannung: +2 V

: CMOS CD4051 (8 zu 1)

: B-Feld : 128 s Bessel-TiefpaBfilter 2.0rdnung
: E-Feld : 128 s Bessel-TiefpaBfilter 2.0rdnung

: exteruer 12 V Akkumulator mit 6G Ah
: ~ 180 mA

Tabelle 1: Technische Daten der langperiodischen MT-Apparatur.



3 Messungen auf dem Profil Nienburg/Weser - Lauenburg/Elbe und ihre
Auswertung

Die Messungen mit der langperiodischen Magnetotellurik- Apparatur fanden von August 1994 bhis
Januar 1995 im Nordwestdeutschen Sedimentbecken entlang eines senkrecht zum herzynischen
Streichen orientierten SW-NE-Profils zwischen Nienburg/Weser und Lauenburg/Elbe mit fiinf
MeBpunkten (DUED, HASS, JARL, STEL, MECH) im Abstand von ca. 30 km stati {Abbildung
1). Fiir einen Vergleich mit der 'klassischen” MT (GuRrx, 1995) wurden fiir die Messung des
elektrischen Feldes dieselben Sondenlécher benutzt. Die mittlerc Standzeit pro Punkt betrug ca.
vier Wochen.

NORDSEE

Homburg
|}
MECH
o %
Linabury

Braman [ ]
o
arH + + + HaF

Abbildung 1: Lage der Jangperiodischen MT-Stationen des Profils Nienburg/Weser - Lauenburg/Elbe.

3.1 Datenbearbeitung

Es war vorher bekannt und zeigte sich bei unseren Messungen erneat, daf langperiodische MT-
Messungen sehr anfllig in bezug auf Stérungen und Driften insbesondere in den Komponenten
des elekirischen Feldes sind. Daher wurden simtliche Datensitze gezielt visuell untersucht, um
eine Auswahl geeigneter Zeitreihenabschnitte zu treffen. Ferner wurden die Daten mit der Ge-
wichtsfunktion Gew(y?) = (y?)" gewichtet, wobei 42 die multiple Koh&renz darstellt und eine
geeignete Wahl von n = 0, 1,2... die an sich schon giinstigen Gewichtseigenschaften von 2 in vie-
Jen Fillen noch verbessern kann. Eine Korrektar der Drifteffekte konnte meistens durch linearen
Trendabzug und Filterung der Daten erreicht werden.

Bei der Messung langsamer Variationen des magnetischen und des elektrischen Feldes ist
wegen der langen Standzeit der Gerite im Gelande der mogliche Einflu§ der Temperatur auf
die MeBdaten von besonderem Interesse, Wir waren dariiber hinaus durch eine Untersuchung
zum Temperaturverhalten des EDA-Magnetometers von JUNGE ET AL. (1994) gewarnt, die
von einer Verwendung dieses Gerites zu langperiodischen Messungen wegen moglicber starker



Temperaturdriften abgeraten hatten.
Abbildung 2 zeigt ein Registrierbeispiel an der Station MECH mit der Dauer von neun
Tagen.
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Abbildung 2: Registrierbeispiel der langperiodischen MT-Apparatur ar der Station MECH. In der
Darstellung wurden die Daten mit einer Abtastrate von At = 32 s registriert und mit einem gleitenden
Mittel iiber zehn Werte geglattet.

Aufgetragen sind die drei Komponenten des Magnetfeldes, die zwej Komponenten des elektri-
schen Feldes und die Temperatur, gemessen im Innern des EDA-Magnetometers. Der Vergleich
zeigt, daf zwischen den Komponenten des Magnetfeldes und der Temperatur keine Korrelation
festzustellen ist. Angesichts der zugleich recht geringen Temperaturvariation kann dies offen-
bar mit dem ausreichend tiefen Vergraben des Magnetometertripels begriindet werden. Eine
mogliche Korrelation mit der Temperatur scheint jedoch in den Komponenten des elektrischen
Feldes vorhanden zu sein. Ein 3hnlicher Eindruck entsteht auch bei der Analyse der anderen
Mefstationen. Daher ist festzuhalten, dafl temperaturbedingte Fehler in den Sondierungskur-
ven, sofern iiberhaupt vorhanden, auf Temperatureffekte in den Komponenten des elektrischen
Feldes zuriickzufiihren sind. Um dies zu iiberpriifen, wurde der Versuch unternommen, eine



temperaturkorrigierte ﬂbertra.gungsfunktion zu berechnen.

Der Ansatz zur Berechnung der temperaturkorrigierten Ubertragungsfunktion sieht vor, daf
die Temperatur als gleichwertige dritte Eingangskomponente einbezogen werden soll, d.h. der
bekannte Ubertragungstensor der Magnetotellurik

E:=Z.,B:+Z,, By +15,T (1)

Ey=12,.B:+ 2} B, +1g,T (2)

wird um die Terme t5, T und tg, T erwsitert, die die Ubertragungsfunktion zwischen dem elek-
trischen Feld und der Temperatur beschreiben, Die Variablen Z%,, Z.,, Z{ und Z! stellen wie
bisher die Elemente des Ubertragungstensors zwischen dem elektrischen Feld und dem Magnet-
feld dar, sind aber nun von méglichen temperaturkorrelierten Anteilen befreit. Temperaturkor-
rigiert wird auf diese Weise jedoch nur der Gesamttemperatureffekt einer k-Feld-Sondenstrecke,
das Temperaturverhalten jeder einzelnen Sonde kann sich davon unterscheiden.

Als Grundlage zur Berechinung der sechs Unbekannten dient das Fehlerausgleichsverfahren
nach der 'Methode der kleinsten Quadrate’ (SCHEELKE, 1972; JODICKE, 1977). Es wird nur der
'minimale Fehler in E” beriicksichtigt, da ja nur die Komponenten des elektrischen Feldes als

fehlerbehaftet angesehen werden. B
Als Ergebnis der Bestimmung der temperaturkorrigierten Ubertragungsfunktion ergeben sich
als Beispiel die Elemente Z;, und tg;:

LBy By](B. B:] - (B, B:)[B. By )T T*][B, B:] - [T B:][B.T*])~
([B, B;]| B, T*] — [B,T*)(B. BT B:]lB. By] - [T B;](B.B:])
_ [(E.T*][B.B;] - |E. B;](B. T"))(IB. B;](B, B;| - | B.B;][B, B;])- @)

R (7 1B, By] - [T By |[B.B:])(B. B:]|B, T*] - B, B;][B- T*])~

([E:E;][BzB;:]'* [EzB;][BzB;])([BrB;][ByT‘] - [By B;][B,T‘])]

Iin Falle einer Korrelation der Temperatur mit dem elektrischen Feld miifte fiir die Ubertra-
gungsfunktionen tg, und tg, ein erkennbarer Zusammenhang zwischen dem Verlauf der Ampli-
tuden bzw. Phasen und der Periode resultieren. Alle bisherigen Versuche zeigten jedoch ein rein
statistisches Verhalten. Ein wesentlicher. Einflul der Temperatur anf die magnetotellurischen
Ubertragungsfunktionen ist bei unseren Daten demnach auszuschlieSen.

Bestatigt wird die Aussage durch einen Vergleich der temperaturkorrigierten Ubertragungs-
funktionen Ziy,Zéx mit den 'normal’ berechneten Ubertragungsfunktionen Z;,, Z,., hier am
Beispiel der Station DUED (Abbildung 3). Die Siulendiagramme stellen jeweils fiir die Kom-
ponenten xy und yx die Differenzen der Werte des spezifischen Widerstandes und der Phase
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Abbildung 3: Vergleich der Sondierungskarven fiir die Beispielstation DUED. Die Berechnungen beru-
hen auf dem ’minimalen Fehler in E’. Teil a zeigt das Ergebnis der normalen Berechnung der Ubertra-
gungsfunktion und Teil b das Ergebnis der temperaturkorrigierten Ubertragungsfunktion. Die Siulendia-
gramme stellen die Differenzen der Werte des spezifischen Widerstandes und der Phase fiir die xy- bzw.
yx-Komponente dar. Es wurden jeweils die Werte der temperaturkorrigierten Ubertragungsfunktionen
von denen der normalen Ubertragungsfunktionen abgezogen. Die Zahlen auf der Abzisse entsprechen den
19 vorhandenen Periodenwerten im Bereich von 128 bis 65 536 s.



dar, wobei die Werte der temperaturkorrigierten Uhertragungsfunktion von denen der normalen
Ubertragungsfunktion abgezogen wurden. Als Ergebnis ist festzuhalten, dafl groBere, statistisch
strevende Differenzen nur in den langen Perioden anftreten, fiir die die Bestimmung der Uber-
tragungsfunktion wegen mangelnder Datenqualitit ohnehin unsicher ist. Weiterhin zeigen die
Daten exemplarisch, da$ eine zufriedenstellende Datenqualitit mit den in Miinster derzeit vor-
handenen apparativen Moglichkeiten und Standzeiten von ca. vier Wochen nur bis etwa 20 000
s erreicht werden kann. Bis 4096 s sind die mit der langperiodischen MT-Anlage bestimmten
Ubertragungsfunktionen praktisch identisch mit denen der ’klassischien’ MT (JORDING, 1995).

3.2 Induktionspfeile

Um erste Informationen iiber die Strukturierung des Mefigebietes zu erhalten, wurden die In-
duktionspfeile nach SCEMUCKER {1970) fiir die Perioden T = 1024 s und T = 10920 s bestimmt.
Abbildung 4 zeigt, da8 die Realpfeile weitgehend senkrecht zum herzynischen Streichen stehen.
Das Umklappen ihrer Orientierung von Siidwesten nach Nordosten und die Langenabnahme im
Zentrum des Nordwestdeutschen Sedimentbeckens sind Hinweise anf das Krenzen mit einem Ma-
ximum der integrierten Leitfihigkeit, der sogenannten ‘norddeutschen Leitfihigkeitsanomalie’,
dic erstmals von SCHMUCKER (1959) anhand der Analyse von magnetischen Variationen entlang
von zwei Nord-Siid-Profilen im Nordwestdeutschen Becken nachgewiesen worden ist. Die Lage
der 'Leitfahigkeitsanomalie’ ist demnach zwischen den Stationen JARL und STE] einzuordnen.

3.3 Eindimensionale Modelle

Nachdem in den Untersuchungen zur Dimensjonalitit des Untergrundes, d.h. der Auswertung
der Skewness und der Anisotropie, festgestellt wurde, dafl das Mefigebiet als angenihert eindi-
mensional zu betrachten ist, wurden eindimensionale Modellrechnungen als Niherungslosung fiir
die Leitfihigkeitsverteilung im Untergrund durchgefiihrt. Zuvor wurde die zn erwartende Ein-
dringtiefe mit dem p* — z*-Verfahren abgeschitzt. Dabei zeigte sich erneut, da eine sinnvolle
Auswertung der Sondierungskurven nur bis ca. 20 000 s moglich ist. Als Modellrechnungspro-
gramm wurde der Algorithmus von FiSCcHER & LEQUANG (1981) verwendet.

Als erste Ndherung wurde fiir jede Station zunichst ein Modell anf Grundlage der Berdichevsky-
Invariante (BERDICHEVSKY & DMITRIEV, 1976) berechnet. Diese ersten 1D-Modelle ergahen
jedoch ein sehr uneinheitliches Bild der Leitfahigkeitsverteilung im Untergrund. Als Ursache
hierfiir sind statische Verzerrungen der Sondierungskurven nicht auszuschliefen. Eine gezielte
Untersuchung hierzu ergab zwei ’static shift’-’verdichtige’ Stationen, die versuchsweise entzerrt
worden. Von einer versuchsweisen Korrektur mufl gesprochen werden, weil bei einem MeBpunkt-
abstand von ca. 30 kmm und deutlichen Variationen der integrierten Leitfihigkeit im Untergrund
auf kurze Distanzen (vgl. Gurk, 1995), eine Entzerrung praktisch kaum mdéglich ist.

Abbildung 5 zeigt das Resultat nach der versuchten Entzerrung als Profilschnitt in Form
eines Widerstands-Tiefenmodells.

Charakteristisch fiir alle Modelle sind die gutleitende Zone in der Oberkruste und der gut-
leitende Halbrauwm. Fiir den guten Leiter in der Kruste ergibt sich im Siidwesten des Profils
eine Tiefenlage vor 6 bis 10 km und im Nordosten von 10 bis 12 km Tiefe. Der Ubergang zum
guotleitenden Halbraum variiert zwischen 70 und 150 ki Tiefe. Eine gutleitende Deckschicht, wie
sie fiir das norddentsche Sedimentbecken charakteristisch ist, konnte nur an den Stationen STEI
und MECH aufgelést werden. An den anderen Stationen liBt sie sich wegen der verwendeien
langen Perioden nicht bestimmen.

Da die Anisotropie zu langen Perioden hin zunimmt, wurden als Vorbereitung fiir 2D-
Modellrechnungen avch Modelle fiir die E- und die B-Polarisation berechnet. Mit ihrer lilfe
sollte zugleich die maximale bzw. minimale Tiefe des Ubergangs zum gutleitenden Halbraums
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Abbildung 4: Die Induktionspfeile nach SCHMUCKER entlang des Profils Nienburg/Weser - Lauen-
buzrg/Elbe fiir die Perioden T = 1024 s und T = 10 920 s.



1D-Modeli auf Grundlege der Berdichevsky-lnvariante {entzerrt)
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Abbildung 5: Ergebnis der 1D-Modellrechnung fiir die Berdichevsky-Invariante nach der Entzerrung.
Die angegebenen Zahlenwerte entsprechen spezifischen Widerstindswerten in Qm. Gutleitende Zonen
sind schraffiert dargestellt.

bestimmt werden (vgl. Abbildungen 6 a/b). Beide Schnitle zeigen eine im wesentlichen identi-
sche Leitfahigkeitsabfolge. Die Modelle der E-Polarisation reprisentieren die maximalen und die
der B-Polarisation die minimalen Tiefenlagen des guten Krustenleiters.

Wichtigstes Ergebnis der Modellrechnung mit langperiodischen MT-Daten sind die sehr klei-
nen spezifischen Widerstandswerte des gutleitenden Halbrauns in beiden Polarisationen. Sie
grenzen den Halbraum klar gegen die dariiberliegenden Schichten ab. Eine genaue Festlegung
der Tiefenlage des gutleitenden Halbraums ist durch 1D-Modelle nicht méglich, jedoch werden
obere und untere Grenzen seiner Tiefenlage angegeben. So ergibt die B-Polarisation eine mitt-
lere Tiefe von ca. 80 km und die E-Polarisation von ca. 200 km. Um eine genauere Bestimmung
der Tiefenlage und eine Bestitigung der Leitfihigkeitsverteilung des Profils zu erhalten, sind
erganzende 2D-Modellrechungen somit unbedingt notwendig.

Fiir Norddeutschland bedeutet dicses Ergebnis, da durch die Erweiterung des auswertbaren
Periodenhereichs bis zu 20 000 s trotz extrem hochleitender Deckschichten die Exisienz eines
gutleitenden Halbraums sicher nachzuweisen ist. Diese gutleiténde Zone kann als Asthenosphare
unter Norddeutschland gedeutet werden. Da8 sich die Asthenosphére in den untersuchten Daten
als Halbraum und nicht als begrenzte *Schicht’ darstellt, liegt insbesondere an dem noch zu
geringen Periodenumfang der Auswertung (vgl. BauRr, 1992).
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4 Zusammenfassung

Die Magnetotellurik- Apparatur Typ Miinster hat sich als ein leistungsfidhiges und robustes Me8-
gerdtl erwiesen, mit dem eine Auswertung der Mefidaten bis zu 20 000 s méglich ist. Eine Aus-
wertung noch lingerer Perioden ist wiinschenswert, wiirde aber deutlich langere Standzeiten des
Gerites im Feld und vermutlich deutlich bessere E-Feld-Sonden erfordern. Durch gezielte visuel-
le Auswalil der Zeitreihen, durch den Einsatz von geeigneten Giitekriterien, durch Korrektur der
Driften im elekirischen Feld und durch ausreichend tiefes Vergraben der Mefisonden konnte eine
gute Qualitit der Sondierungskurven erreicht werden, die vor allem keine Temperaturabhéngig-
keit zeigen.

Die Messungen auf dem Profil Nienburg/Weser - Lauenburg/Elbe haben als Resnltate den
guten Leiter in der oberen Erdkruste bestdtigt und einen gutleitenden Halbraum unter Nord-
deutschland nachgewiesen. Dies ist gleichbedeutend mit dem Nachweis der Asthenosphare unter
Norddeutschland.

Durch zusdtzliche langperiodische MT-Messungen und weiterfiilhrende Auswertungen mit
Hilfe von 2I)-Modellrechnungen soilte die Frage der Tiefenlage der Asthenosphire in Zukunft
genauer geklart werden.
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Vorldufige Ergebnisse der Magnetotellurik-Messungen

Abbildung 3 zeigt die bisher emrichteten 64 Meflpunkte. Die Datenaufnahme erfolgte tliber cigene
Aufnahmeapparaturen mit ECA-Magnetfeldspulen (Frankreich) und Filloux-Silberchloridelektroden.
Die gewihlte Abtastrate betrug 0.24 s. Der auswertbare Periodenbereich liegt fiir einer Standzeit der
Gerite von 2 bis 3 Tagen bei T=1-300s.

Beispiele fur die geniigende Datenqualitit der Sondierungskurven sind in  Abbildung 4 aufgefiihrt.
Die Werte der Anisotropie und Skcwness weisen auf eine heterogene Verteilung der elektrischen
Leitfahigkeit hin. Sie zeigen fir die Biindnerschiefer und fuir die 6stlichen Stationen (Gruppe C2) im
Vergleich zu den angrenzenden Strukturen mit ausgeprigter 3-D Charakteristik (Tambo, Suretta und
Averser Schiefer) ein cher zweidimensionales Verhalten. Die mesozoischen Sedimente
(Biindnerschiefer, Verrucano und Flysche) liefern scheinbare spezifische Widerstinde um etwa 1-100
Qm und heben sich gegeniiber den penninischen kristallinen Decken und den helvetischen Massiven
{ps = 1000- 6000 Cm) deutlich ab. Die Rohdaten liefern jedoch keinen Hinweis auf ¢ine vermutete
stidliche Erstreckung der Bilindnerschiefer unterhalb der Kristallindecken oder eine Verbindung der
Biindnerschiefer entlang der Adula-Stirn und unterhalb der Tessiner Kulmination hintiber zu den
entsprechenden Sedimenten (Schistes Lustrés) in der Westschweiz.
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Als wichtigstcs Ergebnis stellt sich fiir die MT-MeBpunkte auf den Biindnerschiefern ein
periodenunabhingiges Umklappen der Realpfeile in deren Streichrichtung ein (Abbildung 5). Die
maximale Induktivitit liegt bei allen Mefipunkten bei etwa T= 10 s und verschiebt sich nach Osten zu
grofleren Perioden. Dies markiert den Kontakt der mesozoischen Sedimente zum kristallinen
Basement und steht im guten Einklang zu dessen Abtauchen nach Osten.

Auf den Biindnerschiefern und auf den im Norden angrenzenden helvetischen Sedimenten zeigen die
Realpfeile etwa in die regionale Streichrichtung (65°-70° gegeniiber Nord) der Schweizer Alpen.
Diese Richtung diente auch zur Projektion der seismischen Teilprofile auf die NFP-20 Osttraverse
und ist gleich der Richtung der E-Polaristation.

Stidlich der Biindnerschiefer zeigen sie in SE Richtung, diejenige Richtung, die fiir das Penninikum
der Westschweizer Alpen signifikant ist. Dieselbe Richtung wurde auch von Teufel (Teufel 1983) auf
einem MT-Profil iiber den Nordrand der Alpen (Molasse) bei Berchitesgaden ermitielt. Die Richtung
SE der Realpfeile darf somit mit einer tberregionalen Struktur (Molasse oder Penninische
Hauptiiberschicbung) in Verbindung gebracht werden.

Regionale und lokale leitfihige Strukturen

Um die Magnetfelddaten zusammen mit den elektrischen Feldern auswerten zu k&nnen, soll die
Ursache fiir die anomale Richtung der Realpfeile auf den Biindnerschiefern geklidrt werden.

Real- und Imaginirpfeile (vgl. Abbildung 4) zeigen das zu erwartende Verhalten beziiglich einer 2-D
Struktur: Zur Periode Ty, der maximalen Induktivitit der Realpfeile durchlaufen die Imaginirpfeile
Null und wechseln ihre Richtung um 180°. Auffillig sind jedoch die grossen Ldngen der Realpieile,
die im Untersuchungsgebict durchaus Werte tiber | crreichen.

Die Sonderstellung der Biindnerschiefer ist in dem Mefigebiet durch deren Einbettung zwischen den
Gotthard- und Aar-Massiven und den kristallinen Decken im Siiden gegeben und durch ihre
Streichrichtung von etwa 45° gegeniiber Nord. Nach Nordosten ist ein Kontakt der lokalen Struktur
mit den Sedimenten der (Subalpinen) Molasse (p, = 1-30 Qm) wahrscheinlich. Die Front der
Penninischen Hauptiiberschiebung ist ebenfalls ein Kandidat fiir eine grofratimige regionale Struktur
in der Stréme induziert und anschliessend in den Biindnerschiefern focussiert werden. Sie streicht
etwa entlang der nérdlichen Begrenzungslinie der Gruppe B (Abbildung 3) aus, und knickt dann auf
der Héhe der Stationen TEU und UNT nach Nordwesten, dem Nordrand des Aar-Massiv folgend, ab.
In diesem Fall ligen regionale und lokale Struktur éibereinander und rechtwinkelig zueinander. Die
Averser Schiefer, eingebettet zwischen der Suretta und der Silvretta Decke, miissen an dieser Stellc
ebenfalls als eine mogliche begrenzte Leitfihigkeitsanomalie angesehen werden.

Im folgenden wird der Datensatz in Anlehnung an die von P. Ritter (Ritter and Banks 1994; Rutter
1996) vorgestellten Methode fiir 2-D Strukturen hin untersucht. Im Mittelpunkt der Betrachtung
stehen die komplexwertigen Komponenten 4 und B der unrotierten magnetischen
Ubertragungsfunktionen aller Stationen, wic sie durch die lineare Bezichung zwischen den
horizontalen und vertikalen Komponenten des Magnetfeldes gegeben sind:

B,=A B ,+BB, (1)

Unter dem EinluB magnetischer Verzerrung lassen sich diejenigen Komponenten, die auf der lokalen
Leitfdhigkeitsanomlie gemessen wurden, wie folgt formulieren :

A'=D "-[—ZE-sinG),-coso:+ZB-cosG),-sina] (2)

Zx

B =Du"-[+ZE-cos®,-cosa+ZB-sin@,-sina], 3)



mit Du" magnetischer Verzerrungsparameter im MeB-Koordinatensystem ; Z 5 , Z ;. Impedanzen im 2D-Fall des

Zg
zZ, ©
{im Gegenuhrzeigersinn) und @ = @, — ®, Winkel zwischen regionaler und lokaler Leitfahigkeitsstruktur.

gedrehten regionalen Koordinatensystems :ZO =[ ]; @r,@,regionale bzw. lokale Streichrichtung

Ohne auf weitere Details einzugehen, konnen die Ubertragungsfunktionen einer jeden Station j
beziiglich ihrer Periodenabhingigkeit und tektonischer Charakteristik in die finf verschiedenen
Gruppen A, B, C1, C2 und D eingeteilt werden (vgl. Abbildung 3).

Die Ergebnisse sind in Abbildung 6 dargestellt. Allen Kurven gemein ist ein etwa gegenphasiger
Verlauf der Real- und Imaginarteile beider Ubertragungsfunktionen, wobei die Jmaginirteile die
Realteile um einige Sekunden voreilen. Die Amplituden wechseln in den verschiedenen Gruppen und
sind daher ein wichtiges Auswahlkriterinm.

Allgemein zeigt sich folgendes periodenabhiingiges Verhalten: Die Realteile Aj durchlaufen ein
ausgeprigtes Minimum bei ca. T = 10 s und steigen mit zunehmender Periode sanft an, wohingegen
die zugehodrigen Imaginirteile nach dem Durchfahren eines Maximums eher um die Amplitude Null
weiterlaufen.

Die Realtcile Bj zeigen iiber die Periode kein ansgepriigtes Minimum. Ein schwacher Effekt eines in
Nord-Siid verlaufenden Stromsystems mit einer induktiven Response ebenfalls um T = 10 s l4fit sich
jedoch anhand der zngehdrigen Imaginirteile Bj ausmachen. Generell verlaufen die Imaginirteile
ruhiger als die Realteile.

Die Kurven Realteile Aj der Gruppe C2 (ganz im Osten des Meflgebietes) zeigen nur noch ein
schwach ausgebildetes Minimum zu etwas grosseren Perioden T. Dafiir zeigen die Realteile Bj ciniger
Stationen dieser Gruppe (SER, CHA, ALB und BAE) bei T= 15 s einen deutlichen Hinweis auf ein in
Nord-Siid verlaufendes Stromsystem.

Von diesem Verhalten abweichend bilden auch die Kurven der Realteile Bj der Gruppe B (Stationen
auf den Biindnerschiefern) zur Periode T = 10 s ein Minimum. Die Amplituden beider Realteile dieser
Gruppe erreichen in der Regel Maximalwerte von etwa 0 bis -1 oder +1, was sich in den extremen
Langen der Realpfeile der Gruppe answirkt. Dies gilt in auch fiir die Realteile Aj und Bj der
magnetischen Ubertragungsfunktionen der Gruppe D (Averser Schiefer).

Die Realteile Bj der Gruppe A verlaufen sehr ruhig um die Amplitude Null, was auf eine schwache
Magnetfeldvariation in Ost-West Richtung schliessen ldft und sich direkt in den siidwerts gerichteten
Realpfeile dieser Gruppe zeigt.

Fazit :

Im Vergleich zu den iibrigen Gruppen ist somit der Verlauf der Realteile Aj und Bj in der Gruppe B
fast gleich. In der Gruppe D hingegen ist ihr Verlauf um etwa den Faktor (-1) verschieden. Fiir die
Gruppe A scheint es kaum eine Anregung in Ost-West Richtung zu geben.

Unter welchen Bedingungen sind die Komponenten der Ubertragungsfunktionen der Gruppe B gleich
und die der Gruppe C um (-1) verschieden?

Diese Frage fuhrt auf den in Abbildung 7 skizzierten Spezialfall beziiglich der geometrischen
Konfiguration zwischen lokalen und regionalen leitfihigen Strukturen und ithrer rdumlichen Lage im
geographischen Koordinatensystem:

2-D> Fall: o = 0° oder a = 90° (lokale Streichrichtung parallel oder senkrecht zur regionalen
Streichrichtung). Dann vereinfachen sich die Gleichungen (2) und (3) zu :

a=0": A'=D[-Z,sin®,) (49 o=90: 4'=D,[-Z,c0s0,] (6
B'=D," [+2;cos®,] (5) B'=D, [+Z,sin@,] (.

F+3
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Mit regionaler Streichrichtung ®_ = 45° oder 135° ergeben sich folgende Kombinationen aus Tabelle

1): Zuziiglich ist noch der 2-D Fall der nahezu Ost-West streichenden Molasse (o= 45°)
mitaufgefiihrt.

regionale Struktur
Penninische
Hauptiiberschiebung

Regionale Struktur
Biindnerschiefer B

regionale Struktur
Penninische
Hauptiiberschiebung ;
Averser Schiefer D

regionale Struktur
Molasse

®, =135°,0, =135°

a=0°

©, =45,0, = 135°
a=90°

@, =90°,0, =135°
q = 45°

B
A'=-D. " I\2 A'=D_ 12 A'=-D_ "z, 12
B'=-D_ 12 B =D, I\2 B'=+D. Z,/2
=4 =B = A =B’ = A =B firZ, =-Z,
©, =135°,0,=45° | ©, =135°,0, =45° 0, =90°,0, = 45°
a =90° a = 90° a = —45°

Dl 4=-D 12 A'=-D_ 12 A'=-D 7,12
B =+D_" /2 B'=+D, /2 B'=-D-Z,/42
= A' =-B' = A" =-B' = A' =-B'firz, =-2

Tab.i1 : Die Komponenten der magnetischén Ubertragungsfunktionen A'und B' in Abhiingigkeit zu
den verschieden Konfigurationen zwischen regionalen und lokalen leitfihigen Strukturen aus Abb. 7.
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Abb. 7 - Mégliche Konfigurationen lokaler und
regionaler leitfiihiger Strukturen fiir die
Ostschweizer Alpen. A, B, €I, C2 und D
Gruppen der magnetischen Ubertragungs-
funktionen aus Abbildung 3 und 6, mit B
(Biindnerschiefer) und D (Averser Schiefer).
. Ohne Mafiangabe!



Znsammenfassung

Anhand der oben aufgefiihrten Uberlegungen kann das anomale Verhalten der Realpfeile auf den
Biindnerschiefern und gleichzeitig auch auf den Averser Schiefern durch abgelenkte Stromsysteme
erklart werden, die in den regionalen Strukturen Penninische Hauptiiberschiebung und (oder} in den
Sedimenten der Molasse induziert werden.

Der skizzierte spezielle Verlauf der Front der Penninischen Hauptiiberschiebung bietet auch dic
Maoglichkeit die sildwerts gerichteten Realpfeile der Gruppe A zu erkldren. Die Magnetfeldvariationen
in Ost-West Richtung wiren innerhalb des rechtwinkeligen Dreiecks minimal. Am Eckpunkt
ausserhalb der Struktur sollten die Lingen der Realpfeile maximal sein. Diese Hypothese muf} jedoch
noch durch weitere Mefipunkte bekraftigt werden.

Eine Wechselwirkung nur zwischen den beiden lokalen Strukturen Bindnerschiefer und Averser
Schiefer ist auch denkbar. Hierzu scheint aber die Langserstreckung der Strukturen zu gening zu sein,
um fiir den Periodenbereich von T= 1- 30 s, und vermutlich dariiber hinaus, in thnen geeignete Strome
zu induzieren. Daher soll in der weiteren Bearbeitung noch der Periodenbereich der wirksamen
magnetischen Verzerrung auf die Daten eingegrenzt werden. Die Anwendung der ‘Hypothetical Event
Analysis’ soll dann zunichst die obigen Ergebnisse bestitigen und die regionalen und lokalen
Streichwinkel weiter eingrenzen.
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We carried out sixty-four MT and GDS soundings in the eastcrn Swiss Alps to obtain information on the electrical
conductivity distribution. One of the main findings is an anomalous directional behaviour of the real induction
arrows over the entire period range (T = 1-300 s) on the Biindnerschiefer. The Biindncrschiefer occurs between
the crystalline Aar and Gotthard massives to the North and the crystalline Penninic nappes (Adola, Tambo, Surctta)
to the South within the investigation arca. The sediments form an elongated eastwards plunging ramp with a
possible conductive link to the Northern Swiss Permo-carboniferous troogh (Molasse basin). We consider electric
currents induced in various local and regional conductive structures and leaking into the Biindnerschiefer as possible
canses for the observed effect upon the electromagnetic field. Applying Hypothetical Event Analysis (HEA) wc
find a spatial decoupling of the induction processes with depth and a conductivity anomaly presumably due to the

northward indentation by the Adriatic plate.

1. Introduction

Based on the available seismic, gravimetric and geologic
data from the past years, our understanding of the deep struc-
ture of the Central Alps has been revised. This part of the
alpine mountain beit was formed during the Late Cretaceous
and Pliocene (Schmid et al., 1996) by the collision of the Eu-
ropean and Adriatic continents. Various long and short seis-
'mic profiles together with information from geologic field
nnd laboratory studies have been projected on three major ira-
verses across the Western and Central Alps (Pfiffaer and Hitz,
1997). The El (Eastern Traverse) profile is part of the Enro-
pean Geotraverse conducted from the active Mediterranean
margin to the Precambrian shield in Scandinavia (Blundell
et al., 1992). The aim of the combined interpretation of geo-
physical and geological information (Schmid et al., 1996},
was (o elucidate the regional mechanisms involved in the
building of the Alps. Close to this line about sixty-four MT
and GDS sites with a spacing of about 5 km measured the
natoral magnetic and telluric variations in a period range
from T = 1-300s. We suggested to search structural and
gecometrical comrelations of well defined series within the
Biindnerschiefer to provide additional information about the
three-dimensional stracture of the upper and lower crust, as
wcll as to reveal similarities or differences in the conductivity
distribution of the western and eastern Penninic Alps. How-
ever, the initial results show anomalous directional behaviour
of the real parts of the induction arrows derived from the GDS
data. Similar observations have been documented in several
field examples over elongated conductive structures (Arora
and Adam, 1592). Gencrally, we address our observation

Copy right@® The Soctery of Geomagnetism and Earth, Planetary and Space Sciences
(SGEPSS); The Seismological Society of Japan; The Velcanological Sociely of Japan;
The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.

to the distortion effect due to the three-dimensional tectonic
setting of the conductive structures in the upper and lower
crust. Locally, we suspect near-surface inhomogeneitics to
cause current channelling and/or deflection which is likely to
affect the directions of the induction arrows. In this case, the
regional electrical strike determined from single site MT data
for the computation of reliable TE and TM mode impedances
might be misleading (Bahr, 1988; Jones and Groom, 1993).

2. Geological Settings

Figure 1 is a map of Switzerland, containing the surveyed
area. Figure 2 shows a simplified North-South profile across
the eastern Central Alps from the Molassse foredeep to the
South Alpine thrust belt crosscutting the three main domains
(Coward and Dietrich, 1989). From North to South we find
(Fig. 3):

» an external part (Helvetic Aar and Gotthard Massives),
followed by

« the Penninic Zone and

+ South Alpine Units.

The Penninic Zone consists of imbricate stacks of sedi-
mentary cover and basement sices, including the mesozoic
Biindnerschiefer, Avers-Schiefer and the crystalline micro-
continents Adula, Tambo and Suretta. Together with ophi-
olithic rocks they form the remnant of the alpine Thetys,
which has been divided by deep sca swells into different pull-
apart basins. In one of these basins, the Biindnerschiefer was
deposited as turbidity currents. During Tertiary time the in-
trusion of the Bregaglia massive (30 Ma) took place along
the Insobric Line forming the sonthernmost border of the
investigation area. To the East we find the Adriatic pas-
sive margin which is the transition zone between the Eastern
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Fig. 4. Real and imaginary induction arrows in Schmucker convention for six representative GDS sites of each group of Fig. 3 over the period.

imaginary induction arrows in Fig. 4 do not significantly
show different behaviour to what we would expect for a two-
dimensional structure. Except for some sites, they do not
indicate any influence of other conductors ncarby. Figures 5
and 6 show the real induction arrows for the represcntative
periods T = 10s and 7 = {00 s together with the location
of MT/GDS sites and important structural boundaries in the
investigation area,

From other induction studies in the Penainic Alps of west-
ern Switzerland (Schnegg, 1998) and in the area between the
Rhinegraben, the Bohemian Massive and the Central Alps
(Berktold, 1978), we know that the predominant direction
for real induction arrows is south-eastwards. The Molasse
foredecp contributes to this direction (Richards et al., 1982).
This sediment basin (1-30 m) extends over 800 km from
Vienna to Geneva, and is partly overridden and incorporated
in the orogenic wedge of the northerly propagating Alpine
front (Schlunegger ef al., 1997). Geological and gecophysical
obscrvations confirm that the Biindnerschiefer in the inves-
tigation area is situated between Penninic basement slices
and the Hetvetic massives. The Biindnerschicfer forms an
elongated, eastwards plunging ramp with a considerable ex-
tension beneath the Austroalpine Units. We consider the
unit’s resistivitics comparable with flysch sediments (20-100
€tm) or lower due to high organic carbon content (=1 wi%)
(Stcinmann, 1994),

Since the Biindnerschiefer can be regarded as a quasi two-
dimensional structure, the azimuth of the induction arrows

shonld be perpendicular to the strike of this inhomogeneity
and point south-east or north-west. However, a rather differ-
ent behaviour can be observed in the data. Apart from the
expecled predominant south-eastward direction of the real
induction arrows, we also find real induction arrows (Figs. 5
and 6} on the Bindnerschiefer and in adjacent areas of the
Helvetic mesozoic cover sediments indicating the main Swiss
alpine strike direction (65°N-70°N). The particular gecome-
try of the tecionical setting leads to the assumption that a
flow-around of telluric currents (Rokityansky, 1982) along
the surface boundary of the Biindnerschiefer might be re-
sponsible for this anomalous directional behaviour of the
real induction arrows. The very long induction arrows for
the period T = 10 s together with their directionat behaviour
indicate that a major lateral contrast in conductivity and ge-
omelry is present between the mesozoic sedimenis and the
resistive Penninic basement. 1n particular, the change of di-
rection next to the site SUF marks the direct and steep contact
of both stractures. Induced polarization measurements near
the site RON (Suana, 1984) obtained surface resistivies for
crystalline rocks of the Penninic domain of about 8000 2m.
Deep geoclectric surveys in the Southern Alps of Orobic
revealed the existance of a substratom with high resistivity
vatucs of 1500040000 Qm (Alfano et al., 1994). Sitmilar
resistivity values are found by this method to be typical for
the exposed mantte rocks of the Iveea Zone (Blohm, 1977).
These values strongly suggests the existence of lateral con-
ductivity contrasts between 10° and 10° and deep penetration
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Fig. 5. Real induction arrows in Schmucker convention for the 64 MT/GDS sites (filled squares) for the period 7 = 10's.

depths of the electromagnetic field in the host medium from
the mesczoic sediments.

5. Local and Regional Conductive Stroctures

The induction arrow map shows indications for magnetic
distortion of GDS data due to a possible corrent channelling
or deflection effect. We do not know the origin of these cur-
rents, They may be related to local or regional induction
processes. These currents can also be injected from struc-
tures elsewhere at the surface of the globe, outside the survey
area (Fischer, 1984). Consequently, the investigation area
may be too small to account for regional or global effects on
the data. To determine wether this is the case, a difference
field GDS data set would be in useful. Such adata set would
climinate the influence of a possible regional magnetic field.
At present, these data arc unavailable.

Magnetic distortion on a local conductive structure de-
peuds not only on the lateral conductivity contrast, but also
on it’s dimension relative to the skin depth of the penetrating
fields, the shape and geometry of the inhomogeneity com-
pared to the host rocks (Ritter, 1996}, Therefore, in a small

conductive body at shallow depth, short period induction pro-
cesses will evoke a local magnetic field. For longer periods,
the same structure can also deviate or concentrate telluric
currents originating from a deep regional structure. This
will create an additional anomalous static magnetic field on
the local response of the inhomogencity (Ritter, 1996). The
Biindnerschiefer and Avers-Schiefer may be local conduc-
tive structures, embedded between crystalline rocks, while
the Molasse foredeep has to be considered as the domi-
nant regional structure with a possible conductive link to the
Biindnerschiefer. The length of the prismatic ramp formed
by the Biindnerschiefer is abont 80 km, whereas the Avers-
Schiefer is 30 km. The lengths of these structures compared
with the estimated skin depths in their host media shown con
Table 1 are small for periods longer than T = 10 s and re-
sistivty values of the host rocks greater than 1000 2m. This
indicates, that if magnetic distortion is present in the data,
the magnetic transfer functions are mostly affected for peri-
ods longer than T = 10 s. Furthermore, the whole data set
can be distorted if the host rocks rcach resistivity valoes of
100000 Qm.
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Table 1. Skin depths for various periods T and host rock resistivities o.

pin2m T=1s T=10s T=100s
10 1.6 km S5km . 16 km
100 5km 16 km 50km
1000 16 km 50 km 160 km
100000 50 km 160 km 500 km

Schnegg (1998) found a high conductive (0.2 2m) slab in
the western Swiss Alps at the base of the Penninic nappes.
This slab assumes the shape of the alpine arc. In analogy, we
expect a similar or possibly genetically the same structure
related to the Penninic basement in eastern Switzerland. In
this context, the outcrop of the basal Pemninic thrust repre-
sents the shape of a possible regional conductive structure
into which electrie currents might be induced and finally in-
jected into the Biindnerschiefer. We will now focus on the
components A and B of the magunetic transfer function so

that we can use their significance o delinate the channel ge-
ometry and (o separate different local structures. To do so,
the magnetic transfer functions of each station of the entire
data set are grouped according o their behaviour over period,
tectonic setting and their amplitudes into five groups shown
in Figs. 3and 7:

1) Group A: Helvetic sediments and basement

2} Group B: Biindnerschiefer, mesozoic sediments
3} Group C1: Austroalpine

4) Group C2: Austroalpine

5) Group D: Avers-Schiefer, mesozoic sediment.

Figure 7 shows plots of the real (RE) and imaginary (IM)
eomponents of the magnetic transfer functions for each site
J of a group. In the pertod band T = 10 s the minimum
of the RE Aj curves of group A and C1 show strong evi-
dence for a current flow in East-West direction. This effect
is smaller in group C2. The minimum in RE A from group
A to C1 and further to C2 are shifted towards longer peri-
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Table 2. The components of the magnetic transfer functions for different configurations of local and regional conduclive structures.

REGIONAL REGIONAL REGIONAL REGIONAL
structure structure structure structure
penninic basal Biindnerschiefer B: penninic basal thrust ; Molasse hasin:
thrust: Avers-Schiefer D:
@, =135° @, =135° o, =135° ©, =90°
L | @-=15e =13 Regional 8, =458,=135° | ©, =90°,8, =135°
tructure :
a=0° Bindnerschiefer a =90° a =45°
3 A'=-D_ -z, /N2 ¢ A'=D_-Z,i\2 A'=-D. .Z /12
c | B'=-p_ 2,12 Local B=D_-2,iV2 B =+D_ " Z, 12
Structure
t =>4'=8 Biindnerschiefer =4 =p = 4' =B for Zp=-Zy
Ceie =ae [, <1350, 45 Regions ®, =90°,0, =45°
tructure
a =30° a=90° Avers-Schiefer o =-45°
(1; A'=-p_ . Z,i2 | 4'=-D_ -2, /2 ' A== .z, 12
c | B'=+D_ z,i¥2 | B'=4D. - Z,12 Local B'=-D. -Z,i\2
Struct
t =A'=-B =4 =-B Avers“-l;cllljl;fer A =-B forZ; =-Z,

system of regional strike 8,, @ = 8 — 8, and &, local strike
(angles counted connter-clockwise).

This leads to special cases due 10 the geomelric configu-
raticn of local and regional conduclive structures and their
spatial constellation as shown in Table 2 and in the simple
model in Fig. 8.

1) geometric configuration
Regional strike parallel or perpendicular 1o local strike:

a=0:
Al = D! (~Zg -sin6,) (9
B' = D} [+Zg - cosé,). (10)
a=90°:
Al = D! [+Zp - cos6,] (1)
B' = D), [+Z-sing,). (12)

2) spatial constellation

Since we do not know which of the introduced structures of
the aren is local or regional, we listed the respective combina-
uons of parameters for regional strike directions of 6, = 45°
and 135° in Table 2. In addition, the East-West orientated
(o = 45°) Molasse basin is also shown. The Table provides
a series of permutations which combine regional and local
conductive structures to generate the observed relationship
between the real transfer functions of Group B and D.

The Molassse basin is the only case which depends on
both principal impedances Zg and Zg. This structore can
be respensible for the anomalous direction of the real in-
duction arrows on the Biindnerschiefer only if the regional
conductivity distribution is one-dimensional (Zz = —Zg).
However, we should not exclude this basin to be the origin
of currents injected into the Penninic sediments, since the
overnll dominating azimath for real induction arrows in the
central Alps seems to be caused by its sedimemtary filling.
If the Penninic basal thrust represents a L shaped regional

T

conductive structure as shown in Fig. 8, it has the ability to
cause the observed effects upon the magnetic transfer func-
tions of group B as well as for group D. If we regard the
Biindnerschiefer as a regional conductive structure and the
Avers-Schiefer as a local conductive structure, we can ex-
plain the effect on the magnetic field in group D but not in
group B, and vice versa. But we have 1o point out that the
Avers structure does not exceed the required longitdinal ex-
tension to allow corrents be induced in the observed period
band and presumably for much longer periods. The continu-
ation of the Biindnerschiefer beneath Middle Penninic, South
Penninic and Austroalpine units 1o the East is generally con-
sidered. From these observations following conclusions can
be made:

+ Any superposition of conductive structures of regional
extension with an nzimuth of a muluple of 45°N can
cause the magnetic distortion in GDS data in the inves-
tigalion area.

¢ If the conductivity distribution tn the Molasse basin is
one-dimensional, the current channelling effect of the
Biindnerschiefer (with @ = 45°) can be responsible for
distortion effects in the data.

+ The superposition of point | and point 2 can causc the
observed induction arrow pattern.

¢ The Avers-Schiefer are local, the Biindnerschiefer are
regional inhomogeneities.

6. Hypothetical Event Analysis

To verify the validity of the model obtained in the previous
section, the method of Hypothctical Event Analysis (HEA)
has been applied to the measured data set. This method uses
a hypothetical uniform external horizontal field B} of speci-
fied polarization #* to calculate a predicted vertical magnetic
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Gotthard massive. The anomaly to the North-East of Thusis
is probably due to internal structures of the Biindnerschicfer.
However, the current system in this pattern moderately re-
flects the boundaries of the magnelic transfer functions found
for the groups A-D.

7. Conclusion

The HEA shows a spatial decoupling of induction
processes with depth.  For short periods (¥ = 1-10 s),
induction and/or current channelling is related to the meso-
zoic sediments and their internal inhomogeneities. For peri-
ods longer than T = 126 s, induction and/or current chan-
nclling is limited to the Austroalpine and Penninic basement.
The model of a L shaped structure associated with the basal
Pcnninic thrust cannut be confirmed. A structural conduc-
livity anomaly with a strike of 45°N respectively 135°N is
found at depth. Thus, the conductivity distribution in this
part of the Alps is strongly three-dimensional. The correla-
tion of the deep conductor with the Engadine Line implics
that this strike slip fault is of lower crustal origin.

8. Discnssion

Little is known about the deep structure of the transition
zone from the Western 1o the Eastern Alps. Recent seismic
refraction studies, however, revealed a region partially lack-
ing of lower crustal reflectivity. This is probably related to
strong cnergy scattering along complex deformation struc-
tures (Pfiffner et al., 1997). Figure 12 (after Cassinis, 1997)
shows depth contour lines of the Moho boundary derived
from seismic and gravity data together with our investigation
area (box). Line (4) represents a strip of an Moho offset(<10
km} due to a possible Adriatic indenter which forms in its
western part a wedge bearing the geometric properties nec-
essary to explain the revealed deep conductivity anomaly.
Since their data resolutions is quile poor, we can shifi this
structure some kilometers 10 the West. In our model shown
in Fig. 13, this Moho offset is caused by a strip of pecled
Adriatic lower crust/mantle overlaying the European lower
crust (stacked lithosphere). As a fact of this offset, good con-
ductive Adriatic lower crust lies side by side with resistive
European upper crust, creating a sharp lateral conductivity
contrast. In this context, a North-South component of cur-
rent Aow found by Berktold {1974, 1976} south of the Tauern
might be associated to the same regional anomaly.
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ABSTRACT

A combined survey using the self-potential (SP), magnetic
profiling and continuously measuring Radio-Frequency
Electro-Magnetic (RF-EM) method has been carricd out lo
study the fold geometry and the lithoswratigraphy of the
Tschera nappe. The sub-unit of the Schams nappe is
siteated between the steep structural contact of the
Mesozoic sediments (Bilndnerschiefer) and the crystalling
Penninic Suretta nappe (Rofna Porphyr) in Graubinden,
castem Switzeriand.

Originally, the measurements have been initiated to give
evidence for the existence or the absence of a presumed
electrical high conductivity zone of large lateral extent
within this major contact. If the conductivity anomaly
cxists, the zone can contribute to the directional dualism of
the real parts ol induction amows obscrved in the
magnetoielluric (MT) and geomagnetic deep sounding
(GDS) survey of Graubinden. Contrary the absence of
such a high conductive zone supports the magnetic
distortion hypothesis for magnetic transfer function in the
Graubdnden. This major contact is thereforc an important
key for the understanding of electromagnetic inductian
processes in the central Alps. The change of directian of
the teal induction arrows occurs over the entite petiod
range (T= 1-300 s) between two MT/GDS sites over a 400
m distance on the Tschera/Gelbhom nappe. This implies
that a major contrast in conductivity with considerable
lateral and vertical extent is present in this contact zone.
The first analysis of the order of a sct of self-potential and
magnetic anomalies images 2 tight fold. Since the
symmetry of the anomalics allows for a north or a south
vergent fold, the self-potential anomalies have been
modelied to determine the most reliable geometry within
the nappe.

The RF-EM method confirms the SP anomalies and
detects the structural contact on bath sides of the sub-unit.
Finally, the geophysical findings have been well
documented by a geological survey, showing the presence
of graphite in the Tschera nappe. However, the assumed
presence of a supcr-regional conductivity zone with the
required lateral and wvertical extension can not be
confirmed.

1. Introduction

There are not many case histories where
simple geophysical methods can help the
geologist to understand complicated structural
tectonic settings and  changes in
lithostratigraphy in the absence of reliable
ontcrops. In this paper we present a
combination of the self-potential {SP)} and
magnetic method in which their responses are

ZUSAMMENFASSUNG

Die Geometrie und die  Lithostratigraphie  der
ostschweizerischen Tscheradecke waren das Ziel einer
kombinierten  geophysikalischen  Messreihe  unter
Verwendung von Eigenpotential {(SP), magnetischen und
kontinuierlichen Radio-Frequenz elekiromagnetischen
Verfahren (RF-EM). Die Tscheradecke ist eine
Untereinheit der Schamser Decke und markiert in
Graubiinden den strukturellen Kontakt zwischen den
mesozoischen Sedimenten (Bindnerschiefern) im Norden
und der penninischen Kristallindecke Suretta (Rofna
Porphyr) im Siiden. Flichendeckende magnetotellurische
(MT) Messungen und geomagnztische Tiefensondierungen
(GDS) zeigen in Grapbinden einen Richtungswechsel der
reellen  Induknonspfeile (T= 1-300 ). Dieser
pericdenunabhingige  Richtungswechsel  stellt  sich
zwischen zwei Messpunkten Uber eine Distanz von ca. 400
m aul der Tschera/Gelbhorn Decke ein, und weist somit
auf eine grossriumige gutleilende Sibrzone innerhalb des
Kontaktes hin.

Falls diese leitfdhige Stdrzone existiert, kann sie eine
Erklirung flir das  beobachtete Verhalten der
induktionspfeile liefem. Dementgegen deutet  das
Ausbleiben einer angenommenen grossraimigen elektrisch
gutleitenden Zone in diesem Kontaki auf cine magnetische
Verzerrung dcr Magneifelddaten.

Die vorliufige Analyse einer Reihe von Eigenpotential
und magnetischen Anomalicn zeigt eine steile Falte mit
unbestimmtern  Einfallsinn.  Um  einen  genaueren
Aufschluss  iber  die  Geometre  innerhalb  der
Tscheradecke zu  erhalten, wurden die SP Daten
modeiliert. Dic RF-EM-Messungen belegen die SP
Ergebnisse und zeigen zusitzlich zu beiden Seiten den
strukiurellen Kontakt zwischen der Tschera Decke und den
umlicgenden Einheiten. Alle  geophysikalischen
Beobachtungen wurden durch eine  anschliessende
geclogische Begehung des Messgebietes bestiitigt, wie z.B
das Verhandensein einer graphitisicrten S16rzone.

Dic Existenz einer dberregionalen elektrisch leitfihigen
Stérzone enilang des strukturellen Kontakis kann jedach
nicht bestéitigt werden.

used as a lithostiatigraphic marker. Additional
RF-EM soundings are performed to support
the magnetic and SP technique and to search
for the nappe limits of the Tschera unit. The
high-resolution geophysical techniques for
shallow application benefit from minimum
weight and logistic requnirement. They are
ideally suited in the rough alpine region of
eastern Switzerland (Fig.1).



In centrast to the findings in the western Swiss
Alps {Schnegg 1998), the MT/GDS sorvey in
castern Switzerland (Gurk 1999) revealed a
change of direction of the real part of the
induction arrows over the entire period range
(T=1-300 s). Induction arrows are a parameter
of the induced magnetic field to map lateral
changes in the eclectrical conductivity
distribution of the subsurface. Their change in
direction coincides in Graubiinden with the
stroctural  contact (SW-NE) between the
Mesozoic Blindnerschiefer and the Penninic
basement slices (Fig. 1). As the arrows point
towards a region of lower electrical
conductivity (Wiese 1962) we expect to find a
highly conductive zone within this structural
discontinuity. This major contact is therefore
an important key for the understanding of the
electromagnetic induoction processes in the
Central Alps. Especially the conspicnons
change of direction of the induction arrows
between the two sites CAR and SUF over the
Tschera unit (Fig. !) encouraged us to
investigate the contact at this place more
precisely with various geophysical methods.

2. Geological ontline

The Tschera and Gelbhorn nappe (Fig. 2) are
sub-units of the Schams nappe, which is the
allochthonous  part of the Mesozoic
sedimentary cover of the imbricated
Tambo/Suretta basement slices. The structural
contact of the Biindnerschiefer further to the
North and the crystalline Suretta nappe to the
Sonth is characterised by the presence of
varions sediments. The series inclndes
Plattensandstein, anoxic black shales and
various Triassic carbonates. The rocks form a
compressed series of steep and deep reaching
(detached) sedimentary bands divided by
thrusts. The black shales exhibit a high content
of organic carbon {Schmid, Riick et al. 1990).
The alteration of competent and incompetent
layers creates an eroded, smoothly varying
morphology without any remarkable outcrops
(Fig. 9a). Therefore, detailed geological
mapping of the units is difficnlt.

Structural  discontinuities are  promising
candidates to create conductive zones. Besides
high conductive structures caused by partial
melts (Shankland and Waff 1977), (Schmeling
1986), there are two other principal
conductivity mechanisims  producing low
resistivity zones. Increased condnctivities can
result from electronically conducting ores such
as interconnected graphite or pyrite minerals,
or arise from an ionically current flow caused

by fluids (Jédicke 1992). Apart from the non-
linear induced polarisation method (Bigalke
and Junge 1999), standard resistivity field
sarveys do not allow to distinguish between
these two ¢conductance mechanisms. However,
SP-anomalies with magnitudes of several
hundreds of millivolts are an important
argument for the existence of electronically
conducting ore minerals (Sato and Mooney
1960).

A general hydrological model for floid
transport and escape of brines in the Western
Alps is given in Fig. 3 (Arthaud and Dazy
1989). Their model reflect the tectonic setting
of the stacked penninic basement slices either
in a N-S or in an E-W cross-section. The
expected enhanced conductivity along deep
reaching thrusts in the studied contact zone can
then caused by migrated brines from the lower
crust.

Graphite, as a conductive solid phase, is
another reasonable candidate able to cause
enhanced conductive zones (ELEKTB-Group,
1997).

In Fig. 4, we find that both conductivity
mechanisms are, at first sight, possible in the
area of interest: Several sonrces and sinks are
arranged along the major thrusts. However, the
water in these sources reach condoctivity
values of abont 200 pS/icm (T= 26°C). They
contrast  with  those  extremely  high
conductivities in excess of 15000 pS/cm at T=
5.6°C (ca. 0.65 Q2m) measured in the mineral
springs of Scuol-Tarasp/Inn valley, 50 km to
the East (Bissig 1997). Their isotopic CO,
significance is typical for thermo-metamorphic
reactions in carbonates from the crust
{Wexsteen, Jaffé et al. 1988).

On the other hand, metamorphic organic
matter up to a coal rank of semi-graphite is
present in Granbiinden (Erdelbrock 1994),
{(Mahlmann 1995), (Midhlmann 19%6). (Weh,
Mihimann et al. 1996) state, that in many
cases, stroctural and metamorphic
discontinuities coincide.

Hence, due to the enhanced organic carbon
content of the black shales in the Tschera unit,
we expect, in analogy to the MT/GDS survey
in the Alps of Valais (Schnegg 1998), to find a
graphite conductivity anomaly.

Fig. 4 (see also Fig 9a) shows profile A
{length: 800 m, orientation. 309° N). It was
conducted nearly perpendicular, from the
Suretta nappe to the Gelbhom unit crosscutting
the Tschera nappe. Also included are the
indoction arrows (pointing away from a good
conductor) for the period T= 100 s of the two
MT/GDS sites CAR and SUF. Since the



change of direction of the induction arrows is
in Graubilnden almost independent of the
signal period (Gurk 1999), this supports our
initial hypothesis that a major lateral change in
conductivity might exist over theseé narrow
sequences.

3. Data acquisition
3.1 Self-potential

Ore mineralisations often produce a natural
negative electrical potential along the earth's
surface. SP-anomalies are nearly invariant in
time and can have a magnitude of up to -1.8 V
(Gay 1967). Thermoelectric and/or
electrokinetic coupling processes are able to
gencrate SP anomalies (Fittermann 1979), but
they can also be produced by electrochemical
processes similar to those in a galvanic cell.
Geological structures showing such processes
are called geobatieries (Sivenas and Beales
1982). The conceptual model of a self-
potential anomaly cansed by a geobattery is
shown in Fig. 5. According to Sato & Mooney
(1960) a steeply inclined metaflic conductor
(graphite, pyrite, ores, etc.) comnects the
oxidising milieu in the subsurface and the
reducing environment at depth. Due to the
chemical energy of the gradient of the redox
potential, electrons flow within the conductor
from its lower end - the anode of the battery -
upwards to the cathode. The charge
conservation is provided by a simultaneous
flow of ious in the formation and the voltage
drop at the surface can be measored as SP
anomaly. Geobatteries may produce SP
magnitudes of several hundreds of millivolts
and are a strong indication for interconnected
electronically coonducting minerals (Bigalke
and Grabuoer 1997), (Stoll, Bigalke et al. 1995).
The background values may be affected by
natural induced telluric (eddy) current systems.
If this is the case, its electric field is
superimposed on the self-potential anomaly
and causes rapid fluctuations or a slow trend in
the data.

The self-potential  measuring equipment
consists of a pair of non-polarisable Cu-CuS0,
clectrodes arranged on a spade stick and a
voltmeter to measure the potential differences
between the two electrodes. One electrode (the
base) is kept fixed whereas the second
electrode is used to sample the field every 20
m. On the anomalies the siep is reduced to 1.0
m or less.

32 Magnetic

The measurement of the total magpetic field
was performed with a Geometrics G 816
proton precession magnetometer. We started
with a sampling interval of 10 m to find the
main anomalies and to document the magnetic
background. On the anomalies the measuring
interval is reduced to 1.0 or 0.2 m. All values
have heen corrected for time variations using
data of the Neuchdtel Geomagnetic
Observatory,

3.3 RF-EM

The method is an enhancement of the
traditional VLF-EM (Very-Low Frequency
Electromagnetic) method. i uses
electromagunetic  signals of permanently
fransmitting remote sources provided by
terrestrial radio broadcasting antennas in the
extended frequency range of 15-300 kHz.

The instrumentation we have used has been
developed at the Centre d’Hydrogéologie of
MNeuchite! (Turberg and Maller 1592). It
measures continuously the local horizontal and
vertical magnetic fields with two orthogonal
induction coils. For a chosen frequency, the
device determines directly the “in-phase” and
“out-of-phase” components of the secondary to
primary magnetic field’s ratio, i.¢. the real and
imaginary part of the magnetic transfer
function. Datalogging with 1 Hz or 4 Hz
sampling rate can be chosen. Data obtained on
a profile yield resistivity contrasts in the
subsurface that directly reflect geological
features such as fractures, faults or lateral
facies/permeability variations.

The measuring system  provides two
possibilities for data acquisition:

- self orientating antenna used with a vehicle,
~ handheld antenna for use in difficult terrain.

We applied the handheld system for this
survey. Compared to the imaginary parts, the
real parts of the transfer function are much
more affected by shaking the antenna while
continuously walking. Using the handheld
system, they are generally of minor quality and
are not subject of this paper.

The frequency we used is 216 kHz with 4 Hz
sampling rate and 20.3 kHz with 1 Hz
sampling rate. According to subsurface
apparent resistivities of about 1000-3000 Om
obtained in previous geoelectric mapping and
soundings along the profile (not discussed in
this papet), these frequencies provide
estimated penetration depths & shown in Table
1.



pa= 1000 Qm { p, =3000 Om

=216 kHz, 221°N 5=30m &=60m

f=20.3 kHz, 144° N §=110m =192 m

Tab. |: Estimated skin—depths against apparen? resistivities
of the subseil and signal frequency of the RF-EM
technique {and direclion of transmitler against North)

4. Observations

A preliminary survey showed that all kinds of
magnetic and SP anomalies are found with
stable background values in the profile interval
0-320 m (A’-A). So we restrict our
presentation to this 320 m long part of the
profile. The results of the three methods are
presented in Fig. 6. The most striking
anomalies are found with the self-potential and
the magnetic method, whereas the RF-EM
method shows a complex series of responses.
The magnetic and SP values create an ordered
series of anomalies:

Starting from SE, the series begins with
magnetic anomaly M1 at 143 m, which is
followed directly by a broad self-potential
anomaly SP1 with its minimum of about 270
mV at 149 m.

The series continues with the sharp magnetic
anomaly M2 at 181 m and self-potential
anomaly SP2 of about —300 mV at 229 m. The
intermediate self-potential anomaly SPi (190
m) between SP1 and SP2 reaches only -150
mV. Beyond 200 m, the magnetic data show a
stooth trend to higher values which ends with
a sudden step (M3) to lower magnitudes at
250-260 m followed by two small anomalies
M4 and M5 (274 m, 300 m) at the left side of
the profile. If we focus on the magnitudes of
the magnetic anomaly pairs (M1/M2),
(M4/M5), we state that this series starts with a
low amplitude anomaly (M1) followed by the
high amplitude M2 anomaly. The pair on the
left side of the profile shows the inverse order.

4.1 The shape of the self-potential
anomalies

The dip of a buried conductor, or ideally a
dyke with infinite lateral extension, can be
estimated from the shape of the anomaly. A
vertical dyke, as shown in Fig. 5, produces a
symmetric SP anomaly, whereas a dyke with a
certain dip distorts the anomaly shape.
Anomaly SP2 is in such a way distorted, that
the NW shoulder is lower than the SE one.
This behaviour corresponds to the model of a
right dipping dvke (Teiford, Geldart et al
1990), It is difficult 1o draw the same

conclusion for SP1. This anomaly cannot be
described by a simple dyke model.
Nevertheless, a predominant right dipping
feature seems to be present in the data.

The SPi anomaly shows an effect of a NW
dipping structure,

4.2 The shape of the magnetic anomalies

Similar estimation about the dip of a buried
dyke can be made for magnetic anomalies
(Telford, Geldart et al. 1990). But
unfortunately, both magnetic anomaly pairs
(M1/M2) and (M4/M35) are too close to each
other. Therefore, no magnetic background
values can be found between the anomalies
and the analysis of their shape will be
misleading. However, the sudden step (M3) to
lower magnetic values, as mentioned abave, is
typical for a contact between two blocks of
different susceptibilities.

4.3 RF-EM sounding curves

Before analysing the RF-EM data, some
aspects of the method should be considered:
The RF-EM technique is a true 2-D method for
vertical structures. 1t obtains the magnetic
transfer functions over a profile assuming E-
polarisation.

Therefore, the instrument actually vields the
magnetic field components: B./B,, with
»'normal to the strike of the structure.

As listed in Tab. 1, the directions of the
transmitter do not allow the precise E-
polarisation case. Consequently a mixture of
polarisation resnlts in a distorted sounding
curve. Additionally the dip of a buried
conductor will deform the RF-EM response
(Neill and Labson 1991-1993). This fact do
severely impede the RF-EM interpretation.

216 kHz RF-EM:

This sounding curve shows two branches of
similar slope divided by a steep gradient in the
middle of the profile. From the right to the left,
the transfer functions of the first branch (110-
180 m) decrease from values of about 10 %
down to -3 %. The strong gradient in the
uppermost right values resuits from an electric
power line crosscutting the profile at zero
meter. The second branch (220-300 m) shows
signals decreasing from 10 % 1o 0 %. This
branch is, compared to the first one, shifted (by
a constant factor) 1o slightly higher values.
Both branches show an anomaly pattern that
can be correlated to those (SP1, SP2) of the
self-potential  survey, whereas only the
inflection point at 260 m directly coincides



with the sudden step (M3) in the magnetic
data. The biggest change of the amplitudes is
shown in the middle of the profile. At this
position we also find the broad SPi anomaly in
the self-potential data. The change rises from
ca. 2 % at 180 m to ca. 9 % at 220 m and looks
like the superposition of two signals yet far
away enough from each other to be separated.
Inflection points are found at 186 m and 210
m, giving a hint for a thrust and/or a major
change in the lithology between these
positions.

20.3 kHz RF-EM:

This sounding curve is less smooth because of
the decreased sampling rate. We find the
signals less aoffected by the power line.
Generaily, compared to the 216 kHz band,
information obtained by this frequency shows
conductive features over the profile that are
related to deeper structures:

From profile 0-50 m, the influence of the
electric powerline in visible. The curve (50-95
m) reaches a plateau with values of about 0 %
followed by a gradient with an inflection point
at ca. 102 m. From 116-170 m, the “ount-of-
phase” signal decreases (-5% to -13%). The
conductive structure that produces the SPI
anomaly is in the RF-EM curve (145 m) also
detectable.

From 170-255 m we find a constant increase of
the sounding curve up to values of ca. —5 %.
Towards the end of the profile (255-300 m),
the curve is disturbed. Nevertheless, it might
show a gradient with inflection point at 260 m
(M3).

The 20.3 kHz curve shows the same trend as
the 216 kHz one, but the presence of a steep
gradient at ca.180-220 m and an effect due to
the SP2 anomaly can not be confirmed.

5. Preliminary interpretation of the SP
and magnetic anomalies series

The sequence of magnetic and SP anomalies:
SP1-M2-SP1-M1

may be interpreted in stratigraphical and
tectonic terms. According to the geological
map (Fig. 4, Streif 1971) we can assume that
both types of anomalies of this series are
caused by the same lithology. Fig.7 shows that
this series can then be interpreted as tight
folds, which are dipping either NW or SE.

The first case is less probable since the
analysis of the shape of anomaly SP2 reflects a
south dipping structure. However, the dip

angle and the extension with depth of the strata
remain uncertain. The SP data may be
modeiled to delineate the most realistic fold

geometry (Fig. 8).
5.1 Self-Potential Model

The modelling has been performed at the
University of Frankfurt/Main using a routine
by Bigalke (Bigalke and Grabner 1997) which
inclndes an electrochemical model of the redox
potential distribution. It was necessary to split
the self-potential data into two branches and to
limit the sample interval to 3.5 m. The
intermediate anomaly SPi was excluded from
the modelling. Each branch has been treated
separately.

The most striking feature is the good match of
both models. The first conductor, responsible
for anomaly SP2, plunges southwards down to
a depth of 40 m and with a dip of about 45°. If
extrapolated, the conductor finds its
continuation in the 80° northwards and 62°
southwards dipping limbs of the anticline
structure of the second conductor. Although
we did not take the SPi anomaly into account,
the model fits the field data sufficiently well.
Generally, the model confirms our former
analysis of the ordered anomaly series. Yet,
the origin of the SPi anomaly, respectively the
structure referring to the strong gradient in the
216 kHz RF-EM data between 180 m and 220
m is still onknown.

6. Interpretation of the RF-EM data

We can extract the following information out
of the RF-EM survey.

The inflection point in the 20.3 kHz curve at
102 m indicates the structural contact (thrust)
between the Rofna Forphyr (Fig. 4) and the
Tschera nappe. Another thrust is shown by the
inflection points in both frequencies and by the
magnetic anomaly M3 at 260 m.

The SP1 anomaly is detected in both
frequencies at slightly different  position
(ca. 148 m). Hence this anomaly extends
almost vertically, The SP2 anomaly is only
visible in the 216 kHz band., Therefore, it
extends only to a depth of about 30-110 m,
which is in good agreement with the SP model.
The same conclusion can be drawn for the
structure corresponding to the steep gradient in
the middle of the 216 kHz curve.,



7. Geological survey and synoptic model
along the profile

We investigated the anomalies along the
profile A’-A by coring and rock sampling. The
main findings are listed in Table 2. The
magnetic anomalies (M1, M2) and (M4, M5)
are generated by (exposed) magnetite bearing
Plattensandstein.

Black shale with a high graphite content can be
addressed to the SP1 and SP2 anomaly,
whereas at the place of the SPi anomaly only
strongly weathered gneiss was found. From
this observation and from the findings of the
previous section, we conclude that the SPi
anomaly and the strong gradient in the 216
kHz RF-EM data are caused by a thrust. 1t
extends, slightly dipping to the NW, down to a
maximum depth of 30-110 m. This conclusion
leads to the synoptic model presented in Fig. 9.
Compression of the isoclinal folds (see Fig.
9b) leads to a dctachment along the most
incompetent series (black shale) of the folded
Tschera nappe. The projected effective
direction of the magnetisation in the
Plattensandstein onto the profile will then
create the observed change in the amplitudes
of the magnetic anomaly pairs (M1/M2} and
{M4/MS).

8. Conclusion
A case history for an integrated geophysical

survey has been presented to separate magnetic
and self-potential anomalies over a narrow

CAPTIONS

sequence of detached sedimentary bands. The
combination of selfpotential, RF-EM and
magnetic measurements provides a high-
resolution technique to investigate structural
contacts in the absence of reliable outcrops.
The RF-EM method is the most rapid

~ technique, but does nat decompose anomalies

of different origin. Therefore, the interpretation
of RF-EM data over a complex structure is still
difficult and needs accompanying information.
The geophysical findings and the modelling of
the SP data are in good agreement with the
geological analysis of the sequence. Moreover,
the survey was able to confirm the known
geology at this place and could detect two
additional thrust faults in the Tschera unit, The
presence of interconnected graphite s
confirmed by the SP method.

On a more regional scale, the electrical
properties offered by the Tschera nappe are not
sufficient to create a large conductive zone,
which can be responsible for the directional
dualism of the GDS real induction arrows
observed in Graubiinden at iong periods (T >
10 s). Consequently, the direction change of
the real part of the induction arrows is more
likety the result of a current channelling (Gurk
1999)

Tab. 2. Type of geophysical anomaly, lithology after Streiff (1971) and strike and dip values along the

profile section A’-A.

Fig. 1: Location of the investigation area (inlet) and real induction arrows in Graubiinden for the 64
MT/GDS sites (filled squares) for the period T= 100 s. The lower left corner refers to coordinates: (A=

8.51°E/ ¢= 46.08°N).

Fig. 2: Cross-section through the investigation area showing the steep sedimentary bands of the Schams
unit in front of the hangingwall of the Suretta nappe . After J. Neher in: (Streiff, Jickli et al. 1976).
Fig. 3: Simplified section of the alpine arc showing a general model of fluid traps and fluid escape

along deep reaching thrusts. (Arthaud and Dazy 1989).

Fig. 4: Map of the investigation area. After Streiff (1971). The lower left corner refers to coordinates:

(A=922°E / $= 46.35°N).

Fig. 5: A steeply inclined electronic conductor connects regions of different redox potential (ox:
oxidation zone, red: reduction zone) and forms a “geobattery”. The redox potential difference
corresponds to an electron flow from the formation into the lower end of the electron conductor



(anode). The electrons move to the upper end (cathode) and are transferred to the enviroment. (Sato &
Monney, 1960).

Fig. 6: RF-EM, total intensity of the magnetic field and selfpotential measurements along the profile
section A’-A.

Fig. 7: Two equivalent explanations for the observed series of magnetic and selfpotential anomalies
SP2 - M2 - SPI - M1.

Fig. 8: Model of the selfpotential data and its response.

Fig. 9: View parallel to the structural contact (a) and synoptic tnodel (b, ¢) of the fold geometry and
lithostratigraphy of the Tschera nappe along the profile section A’-A,
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X inm | Anomaly Lithology
100 RF-EM | thrust (structural contact Tschera/Rofina porphyr)
143 Ml exposed Plattensandstein (“Gault”) with magnetite (285° N / 68°)
149 | RF-EM/ | exposed graphitic blackshale (285° N/ 79%)
SP1
179 exposed sericite marble (302° N / 67°%)
181 M2 Plattensandstein (“Gault”) with magnetite
190 RF-EM | strongly weathered gneiss, dip to NW, thrust
SPi
229 | RF-EMV/ | graphitic blackshale (ca. 2 m overburden by
SP2 strongly weathered gneiss)
260 | RF-EM/ |thrust, contact between two units of different susceptibility
M3
287 M4 {123° N / 69°) Plattensandstein (“Gault”)
290 M5 (123° N / 78°) Plattensandstein (“Gault” )

Tab. 2:
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Anomalous directional behaviour of the real parts of the induction arrows
in the Eastern Alps: Tectonic and palaeogeographic implications

M. Gurk', P. -A. Schnegg’

" Groupe de Géomagnétisme, Institut de Géologie, Rue E. Argand 11, CH-2007 Neuchatel, Switzerland, E-mail:

marcus.gurk@geol.unine.ch, Tel. +41 32 718 2672
? Groupe de Géomagnétisme, Institut de Géologie, Rue E. Argand 11, CH-2007 Neuchitel, Switzerland, E-mail:

pierre.schnegg@peol.unine.ch, Tel. +41 32 718 2676

Abstract. — The electromagnetic induction pattern in the Eastern Alps is characterised by a {continuous) large-
scale zone on which the real parts of the induction arrows show anomalouas directional behaviour. This zone is
extending from the Penninic Domain of eastern Switzerland {Graubiinden) probably inte the Carpathian Ranges,
A coarse mesh of Magnetotelluric (MT) and Geomagnetic Deep Sounding (GDS) station in the Alps of
Graublinden and Valais (western Switzerland) indicates that this electromagnetic anomaly is restricted to the
Mesozoic sediments of the North Penninic Biindnerschiefer-facies that begins in eastern Switzerland and extends
towards the East beneath Austroalpine, sonth Penninic and Southalpine units. Striking similarities in position and
arrangement between this zone and the magnetic signature in the Eastern Alps are found. The analysis of the
GDS data with the method of the Hypothetical Event Analysis (HEA) shows that current channelling affects the
electromagnetic fields in this zone and causes the anomalous direction of induction arrows. Based on the
combined interpretation of GDS data from the Eastern Alps and West Hungary together with our recent data

from Switzerland, the following geological implications are discussed:

)] A spatial decoupling of induction processes from the upper to the lower crust

it) A lower crusial conductive structure cansed by the indentation of the northern Adriatic promontory or
terrane

iit) The eastward continnation of the Biindnerschiefer-facies at least to the tectonic window of Rechnitz

Key words: EM induction — geomagnetic deep sounding ~ conductivity anomaly - Eastern Alps

Introduction

The results presented in this study are mainly based
on GDS data from the Penninic Alps of Switzerland
{Schnegg, 1998; Gurk, 1999), the Eastem Alps
(Berktold et al., 1976; Berktold, 1978; Bahr, 1992)
and from the Transdanubian conductivity anomaly
in West Hingary (Adam, et al., 1972; Adam, et al,
1990). This compilation uses available geomagnetic
observations from various research groups and the
more recetit studies from Switzerland. Generally,
Swiss data comprises the entire magnetic and
magnetotelluric transfer function set covering a
period range from 7= 1-300 s. This period range
was thought to be sufficient with respect to
induction processes in many of the typical rocks of
the Penninic Alps. Contrary, data from other parts
of the Alps are ( with exception} solely accessible
as real induction arrows covering a standard period
range of T 2 1200 s. Thus, imaginary parts of the
magnetic transfer function are not subject of this
paper. Most of the conclusions drawn in this study
are based on the magnetic distortion hypothesis for
two-dimensional conductive structures. Since this
distortion model is independent of the signal
period, the maps displaying real induction arrows
of different period ranges are justified. All

presented real induction arrows are pointing
towards more resistive regions. A list of the data
used for the compilation is given in Tab. 1.

In the past 20-30 years, several geomagnetic deep
soundings have been carried out to investigate the
electrical conductivity distribation in the transition
zone Molasse Basin/ Calcareons Alps and below
the Hohen Tauern and Zillertaler Alps. Only a
small increase of electrical conductivity, however
was found below the Hohen Tauern and below the
upper valleys of the rivers Drau and Rienz.
Nevertheless, Berktold (1978) already marked this
region from the Zillenaler Alps to the Hungarian
border that delineates a portion of the large
structure (Fig.1) on which we focus in this paper.
As the number of stations was too small, no
detailed information could be given about the
extension and the depth range of these local
conductivity anomalies. Besides the MT/GDS site
ENZI (Bahr, 1992} in the Grossvenedigermassiv of
the Hohen Tauem (Fig. 2a) and several short
periodic measurements in the Gailtaler Alps
(Adam, et al, 1992; Adam, 1995} no further
induction studies were conducted in the Eastern
Alps.
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Geological ountlines

The North Penninic basin (Fig, 2b) is a sub-basin in
the northern part of the Mesozoic Thetys ocean.
Remnants of the eastemm North Penninic basin are
preserved in the Alps of eastern Switzerland as low
metamerphic Mesozeic Biindnerschiefer sediments
{Fig. 3 centre} and associated basaltic rocks which
formed approximately 140-170 Ma ago (Steinmann
and Stille, 1999). The Biinderschiefer are suited
between the Helvetic units below and the Middle
Penninic, South Penninic and Austroalpine units
above (Fig.2a, 2b). It is controversially discussed
whether the North Penninic basin can be interpreted
as an isolated marginal basin which was completely
nnderlain by thinned continental crust (Weissert
and Bernoulli, 1985), or as a partial oceanic basin
which was replaced towards east by the South
Penninic ocean in a large “en—echelon” structure
(Triimpy, 1988). A third solution is proposed by
Stampfli in which the oceanization of the North
Penninic basin was already complete (Stampfli and
Marchant, 1997).

Geochemical data (Steinmann and Stille, 1999)
show that the North Penninic basalts are directly
derived from a depleted mantle source and are
overlain by 2.5 km thick zeries of siliclastic-
turbiditic Bindnerschiefer sediments. Compared to
the South Penninic oceanic basalis, which were
covered by a reduced series of pelagic sediments,
the North Penninic realm was not so far evolved in
oceanization.

Towards east, the Binderschiefer-facies become
covered by Middle Penninic, South Penninic and
Austroalpine units. They are thought to reappear
(Fig. 2a) in the tectonic windows of Engadine,
Tanern and Rechnitz, althonugh they cannot directly
be correlated in the ficld with the Biindnerschiefer-
facies (Trimpy, 1988). A modern analogue for the
North Penninic basin can be seen in the pull-apart
basins of the southernmost Gulf of California
(Robinson, et. al., 1983},

Geomagnetic deep sounding technigue

The GDS technique unses natural geomagnetic field
variations B, as source of primary time varying

signals. Electromagnetic waves penetrate inio the
ground and induce eddy currents in the earth. This
current system is in turn the sovrce of a secondary
magnetic field By with a pronounced vertical

component if a lateral conductivity gradient is
present. Hence, the method is sensitive to lateral
changes of the electrical conductivity. Assuming
the subseil as a linear and time invariant system, we
can use the secondary vertical component as the
response of the local system to the inducing
homogeneous primary field (Wiese, 1962):

Bs:(f,¥) = A(S, 1) Bp, (/) + B(S,¥)- Bp, () -

Aff,r) and B(f,r) are the complex transfer
functions in GDS, while
Bg (f,r), Bp, (f)and By, (f) are respectively the

vertical and horizontal components of the
geomagnetic field in the frequency domain and r is
the vector to the local observation point.

Since we probe the subsurface with a time varying
magnetic field of decreasing frequency, the skin
effect allows to obtain transfer functions that are
related to different propagation depth of the
electromagnetic wave. The longer the signal period,
the deeper the penetration of the electromagnetic
wave inte the subsoil of unigue conductance. For a
true 2-D conductivity structure with a (regional)
strike direction chosen along the x-axis and
cr=0'(y,z), the transfer functions 4 and B are

composed cut of two de-coupled main components:

) The component of the transfer function
whose electrical field is parallel to the
structure is called the E-Polarisation of the
transfer function.

. The component of the transfer function
whose electrical field is normal to the
structure is called the B-Pclarisation of the
transfer function.

For a 3-D conductivity distribution (¢ = o(x,y,2)),
the distinction between E- and B-Polarisation is no
longer applicable.

At a given period T, the complex magnetic transfer
functions 4 and B are expressed as real and
imaginary induoction arrows. Such arrows can be
thought as the projection of the magnetic field on a
plain tangent to the measurement point at the
surface. Their length is a measure for the lateral
conductivity  gradient.  Since they  point
perpendicular to the direction of current flow, their
direction allows mapping the strike direction of the
lateral conductivity distribntion. The lengths and
direction of the real induction arrows are given by:

R
Lot = ReA’ + ReB? , 0., =arctan[—eﬁi—J.
Red

The local superposition of an anomalouns magnetic
field on the regional magnetic field causes a
magnetic distortion (Ritter and Banks, 1998), The
anomalons field is generated by the spatial
deviation of the uniform regional currents through
or around a local anomaly. 1 magnetic distertion is
present, the real induction arrows might not
indicate the local strike, nor the regional one, but a
mixture of both. Thus, real induction arrows show
anomalous directional behaviour.



Electromagnetic induction pattern in the Alps

Two predominan anomalies are present in Ceniral
Europe (Wybraniec, et. al, 1999): The North
German anomaly (Untiedt, 1970) that roughly
extends East-West and a conductivity anomaly in
the arc of the Carpathian Mountains. The North
German anomaly is the fargest one in extent and
most  extensively  investigated wheras the
elcctromagnetic  induction pattern in the Alps
remains almost unknown.

Although far away from the influence of the North
German anomaly, the characteristic South direction
of the real part of the induction arrow will not
generally change towards and within (Schnegg,
1998) the Western/Central Alps. This observation is
at present not well understood. 1t might result from
a gradually decrease of the subsurface conductivity
towards south or reselt from a more complex
steucture of the external magnetic field (Schmucker,
1999). In southern Germany, a predominant
Southeast direction of the real part induction arrows
catl be observed. Berktold (pers. comm.) suspects
an additional conductivity anomaly (900-9000 S)
within the Northern Phyllite Zone of the Post
Variscian cover in front of the Mid-German
Crystalline High (Blundell, et.al., 1992) to cause
this azimuth. Real part induction arrows that exhibit
this general direction north of the Central Alps are
well documented by several MT and GDS studies
(Richards, et al., 1980; Tezkan, 1988 and Berktold,
1978).

The strike, or more generally, the lineament
indicating feature of the real induction arrows is
well illustrated in Fig. 1 (see also Tab.i). In the
Western Alps, their directions assume the alpine arc
(Tab.1, b). In the Upper Rhinegraben area (Tab.1,
1) they are influenced by a current channelling
effect caused by high resistive Variscan basement
rocks of the Vosges and Black Forest at both sides
of the Graben driving an electric current flow in the
sediments of the Rhinegraben to the South.
Counsequently, the induction arrows are tending to
point away from the centre of the current system.
At the southern end of the Rhinegraben (Tab.1, a),
the induction arrow pattern shows that the current
flow tends fo leak into the Bressegraben rather than
into the Swiss Molasse. Another important effect
on induction arrows is presented at the
southernmost sites in Northwest ltaly (Tab.1, I).
The very large amplitude of these induction arrows
is caused by the “coastal effect” — due to a high
lateral conductivity contrast between the extreme
low resistive seawater and the high resistive
onshore rocks. Large contrasts in conductivity
between the Mesozoic Sediments and crystalline
tocks are present in the western and eastern
Penninic Alps (Fig. 3 centre) of Switzerland
{Tab.1b and c). Similar to the “coastal effect”, this

contrast increases real induction arrow amplitudes
locallyupto L, > 1.

real

Contrarily, the electromagnetic induction pattern in
the Central and Eastern Alps is dominated by a
large-scale zone, shaped as an almost horizontal
strip, where real induction arrows are in strike with
the structure, pointing SW (Fig. ). This directional
behaviour is anomalous since we generally expect
real induction arrows on this strip to be normal 1o
the strike of this structure.

Anomalous directional behaviour of real
induction arrows in Graubiinden

Gurk states, that EM induction processes in eastern
Switzerland are predominated by the superposition
of at least two distinct conductive structures, — the
(Jocal) Biindnerschiefer in the uppermost crust and
a super-regional conductivity anomaly at depth
(Gurk, 1999). The deeper anomaly forms an edge in
which eddy currents are concentrated. Studying
GDS transfer function with the Hypothetical Event
Analysis (Banks and Beamish, 1984; Ritter and
Banks, 1998), the 3-D current concentration in the
investigation area is found to be characteristic in
distinct period bands and tectonic regions. The
displayed current concentration shows a spatial de-
coupling of induction processes, almost
independent form the chosen direction of the
hypothetical event. For short periods (T= 1-10 s)
induction and/or current channelling is related to
Mesozoic  sediments and  their  infernal
inhomogeneities. For periods longer than T= 100 s,
induction and/er current channelling is limited to
the Austroalpine and Penninic basement (Fig. 3).
The particular geometric constellation of both
structures evokes magnetic distortion (independent
of signal period!) in Graubiinden: real induction
arrows on the Biindnerschiefer point SW in
(anomalous) strike direction, whereas outside this
structure, the real parts of induction arrows point
towards SE. Locally, magnetic distortion increases
the amplitude of real induction arrows on the
Mesozoic Avers- Schiefer sediments (Fig. 3
centre).

The concept of magnetic distortion expects to find
anomalous  directional  behaviour on the
continuation of the Mesozoic Bilndnerschiefer as
long as the geometric relation between local and
regional conductive structures are valid (Gurk,
1999). Since the MT/GDS suivey of the Pemninic
Alps of Valais (Schnegg, 1998) (western
Switzerland) do not show magnetic distortion, the
prolongation of the Biindnerschiefer-facies should
be found towards east. Hence, anomalous direction
of induction arrows is a tool to map this distinct
facies beneath Austroalpine and South Penninic
units.



Similarities between the induction pattern and
magnetic signatore in the Eastern Alps

Striking similarities between the elongated zone of
anormalous directional behaviour of real part
induction arrows and the magnetic signature of the
Eastern Alps are present.

Heinz reports three main types of magnetic
anomalies in the Eastern Alps (Heinz, 1989; Heinz
and Seiberl, 1990):

. “marginal” types of short wavelength and
high amplitudes connecting the Penninic
system of the Engadin window to the
Rechnitz-Bernstein, situated along the
northern margin of the Austroalpine thrust

sheet;

. “large scale structures” extending from the
Engadin window into the Carphatian
ranges;

. anomalies associated with basement

structures north of the Alps.

The “marginal” types (Fig. 4) are addressed to
ophiolithic remnants of the sonth Penninic ocean
whereas “large scale structures™ are associated with
remnants of a north Penninic ocean domain (Heinz
and Seiberl, 1990). Arrangement and position of the
induction anomaly corresponds with the “marginal”
type and “large scale structure” anomalies of the
total magnetic field. The former anomaly is
restricted to the North Penninic Biindnerschiefer-
facies and is not caused by ophiolithic rocks.
Obviously, all anomaly types are connected via the
geodynamic history of the Eastern Alps (Fig. 2b).

After initial rifting during Triassic time, oceanic
crust was developed in the south Penninic ocean
since the early Jurassic. These events were largely
controlled by the opening of the Central Atlantic
(Laubscher and Bernoulli, 1977). The actual
arrangement of the paired anomalies is the result of
later tectonic activities. The opening period of the
South Penninic basin was followed by the
development of a sonthward dipping subduoction
zone on its southern margin, implying the almost
simultaneous opening of a North Penninic ocean
and southward motion of the Middle Penninic High
(Briangonnais) (Ratschbacher and Frisch, 19E8).
The consumption of the southern Penninic oceanic
crust and the subsequent first “continent-continent”
collision completed this period (Middle Cretaceous
to early Upper Cretaceous). A second “continent-
continent” collision took place as the consequence
of the subduction and consumption of the northern
Penninic basin which was presumably completed in
the late Eocene (Frisch, 1981). The southern rim of
stable Enrope collided with the welded Middle-

Penninic-Sonthern Penninic-Austroalpine complex.
During this event, the Biindnerschiefer-facies in
Graubiinden was 30 km subducted and finally
uplified and exposed. Remnants of the South
Penninic were tilted, uplifted and partly exposed by
erosion (Heinz, 1989), forming the sources of the
“marginal” anomaly signature.

Conclusion

“Large scale” magnetic anomalies and the
elongated zone of anomalous directional behaviour
of the induction arrows are of North Penninic
origin. Both structures are terminated at west
(Graubiinden) and  extend towards  east
(Bemstein/Rechnitz) (Heinz, 1939},

From this reason we confirm the conclusion drawn
by Heinz that the North Penninic basin are
terminated at west and are opened at east (Heinz,
1989; Heinz and Seiberf, 1990). Consequently, the
northern Penninic ocean was not directly dependent
on the history of the Central Atlantic. Several
studies support this model (Frisch, 1977; Frisch,
1979; Schmid, et al., 1990).

Furthermore, the continuation of the North Penninic
Binderschiefer-facies beneath Austroalpine and
South Penninic units at least to the Rechnitz
window can be deduced from the GDS observation,

The origin of the deep conductive structure (Fig. 3,
right side) that is responsible for the anomalous
directional behaviour remains unknown. Gurk
(1999) proposes a stacked lithosphere in the Eastern
Alps to justify a conductivity anomaly at depth. The
enhanced conductivity might result from highly
mineralised fluids as reported from springs of the
Scuol-Tarasp/lnn  valley. Here water reaches
conductivities up to 15000 pS/cm (0.65 Om) at T=
5.6° (Bissig, 1997). The analysis of their CO,
content shows isotopic significance that is typical
for thermo-metamorphic reactions in carbonates
from the crust (Wexsteen, 1988). Arthaud gives a
general model for fluid transport and escape of
brines in the Western Alps (Arthand and Dazy,
1989). This model has strong association with the
tectonic setting in the Graubiinden area. Therefore
we suspeci the presence of brines generated by
dehydration at depth to be tectonically trapped
along the northern limitation of the stacked
lithosphere system, created by the indentation of
the northern Adriatic promontory or terrane. Hence
the corrent concentration at depth could delineate
the transition between European and Adriatic
lithosphere. From a speculative point of view, the
stacked lithosphere might also result from the
remnant of the Middle Penninic High.
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Table captions:
Tab. 1: List of data used for the compilation of induction arrows in Fig. 4 and Fig. 5.

Figure captions:

Fig. 1: Compilation of real part induction arrows (7= 300 s and 7>1200) from the orogenic belt of the Alps. The
data refer to several Enropean Research Groups (listed in Tab. 1). Striped area marks zone of anomalous
directional behaviour (and anomalous amplitude) of real induction amrows. Dotted line marks the area of
presumed anomalous directional behaviour of real induction arrows. Mi: Milan, T: Turin, Ge: Genova, L: Lyon,
N: Nice, M: Marseille, G: Geneva, B: Bern, Z: Zitrich, Mu: Miinchen, W: Wien.

Fig. 2a: Sketch map of the Alps and surrounding areas. Redrawn after Tritmpy (1988).
Fig. 2b: Palacogeographic reconstruction of the western Mediterranean in late Lower Cretaceous time. Redrawn
after Frisch (1979).

Fig. 3: Hypothetical event maps (real part) of the anomalous vertical magnetic field in Graubiinden (eastern
Switzerland) for the periods 7= 4.7 s (left) and 7= 126 s (right). For these maps we assumed a regional
horizontal magnetic field of InT with an azimuth of 45° from north. Current concentrations are indicated by the
spatial gradient of the vertical magnetic field. The different anomaly pattern for shallow (left) and deep
penetraiing electromagnetic waves (right) shows de-coupling of induction processes, vertically and horizontally
(Gurk, 1999), Centre: Simplified tectonic map of the Graubiinden MT/GDS survey area. For location see box in
Fig 2a.

Fig. 4: Simplified tectonic map of Austria with magnetic anomaly pattern (black) of marginal type (high
gradient, short wavelength). Modified after Heinz (1989).



Region

Reference

1) Northwcst ltaly (Bozzo and Meloni, 1989)
] {Meloni, et al., 1989)
{DiMauro, et al., 1998)
(1)] Rhinegraben {Richards, et al., 1980)
and (Tezkan, 1986)
Jura of Swabia (Menvielle and Tarits, 1986)
D.F (Blundell, et al., 1992}
1) Molasse (Berktold, 1978)
D {Blundel], et al., 1992)
V) Eastern Alps (Berkteld, 1977)
and (Wallner, 1977)
West Hungary (Adam, et al., 1972)
D,AH {(Adam, et al.,, 1992)
{(Adam 1993)
{Blundell, et al., 1992)
(Bahr, 1992)
Bahr, pers. comm,
a) Jura Mountain Gurk, pers. comm.
{Ajoie), CH
b) Penninic  Alps of | {Schnegg, 1998)
Valais, CH, |
c) Penninic  Alps of | (Gurk, 1999)
Graubiinden
CH

Tab. 1:
















