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Osszefoglalds

Egy regiondlis alpi grafit lenyirdddsi feliilet a Pannon—medence ENy-i részén

A Pannon-medence ENy-i részén talalhat6 a tobb mint fél évszdzada kimutatott, in. Dundntili VezetSképesség Anomalia
(TCA). Az anomdlia rendkiviil alacsony ellendlldsd (1-2 Qm), horizontélisan nagy kiterjedésti (néhany 1000 km?) és a felszin
alatt, 3 és 15 km kozotti mélységben fordul eld. Az anomadlia kialakuldsdnak okairdl és koriilményeirdl mar tobbféle
magyardzat sziiletett. Ezek az elméletek az alacsony ellendllast kozel fiiggleges helyzetd dike-ok formdjaban jelentkezd,
grafittal vagy folyadékkal kitoltott torési zondkat vagy majdnem horizontdlis ausztroalpi takaréhatdrokat feltételeztek.
Eleddig a jol vezetd anomadlia analdgidjara csak egyetlen kibukkanasi helyet feltételeztek, a TCA-t6l 300 km-re Ny-ra, a
Drauzug-Gail-volgy térségében, a Keleti-Alpokban.

Korabbi munkék sordn is tettek mar kisérletet a jol vezetd anomadlia és a 2D szeizmikus reflexios szelvényeken nagy
amplitidéval jelentkez6 szeizmikus reflektorok korreldldséra. Jelen cikk a 2D ipari szeizmikus szelvények felhaszndldsaval
tortént szisztematikus korreldcié eredményeit ismerteti. Az eredmények alapjan az anomadlia felszin alatti kiterjedése és
elhelyezkedése jol korreldl a kréta kord, kozel horizontdlis helyzetli ausztroalpi takards hatdrokkal. Ezt a Dundntuli-
kozéphegység és a Keleti-Alpok takards egysegeinek modern modellje is alatamasztja

A felsG-ausztroalpi takardegységek déli peremén, a Grauwacke-zéndban szdmos felszini grafitkibukkands ismert. Az
ENy-Stma teriiletén elhelyezkedd, oldalirdnyban nagy kiterjedésii grafitos egységek a karbon kort k6szén metamorfozisa
soran alakultak ki a krétaban. Ebben a munkaban els6ként dokumentalunk egy firdst ENy-Magyarorszag teriiletén ahol
azonos koru grafitos egységet értek el. A magnetotellurikus anomélia és a kiilonleges szeizmikus szigndl korrelacidja alapjan
azonos paleozoos egységek a felsG-ausztroalpi takarérendszer aljan, 3—15 km-es mélységben helyezkedhetnek el.

Mindezek alapjan a TCA jelenlegi kiterjedésének és geometridjanak legjobb magyardzata a grafit jelenléte a kozel viz-
szintes helyzet, tektonikusan kivékonyodott alpi nyirdsi feliiletek mentén a fels6-ausztroalpi takards egységek alsé hatdran.

Targyszavak: magnetotellurika, grafit, alpi, lenyirodds, Pannon-medence, Ausztria, Magyarorszdg

Abstract

The so-called Transdanubian Conductivity Anomaly (TCA) of the Hungarian part of the NW Pannonian Basin has
been well known for more than five decades. The exceptionally low resistivity (i.e. 1-2 QQm) zone has a very large areal
extent (on the order a few thousand km?) and it is an entirely subsurface anomaly occurring at depth between circa 3—15
km, with no corresponding outcrops. Various geological explanations of this enigmatic crustal-scale geophysical
anomaly range from invoking sub-horizontal Alpine nappe contacts to sub-vertical dikes with graphite and/or saline fluid
content. Only one possible analogue outcrop area was considered for the high conductivity anomaly so far, namely the
Drauzug/Gailtal area of the Eastern Alps in Austria, some 300 km to the West from the TCA area.

Previous attempts to find correspondence between the TCA and prominent seismic reflectors seen on 2D seismic
reflection profiles were based on data acquired by research institutions. This study systematically correlates, for the first
time, the TCA with 2D industry seismic reflection data in the same area. Our new results show a very strong correlation
between the subsurface extent and location of the TCA with various sub-horizontally oriented Cretaceous Alpine nappe
surfaces. In addition, we draw on the latest structural correlation of the Alpine nappe stack of the Transdanubian Range
with its proper tectonic counterpart in the Eastern Alps.

At the southern edge of the Upper Austroalpine units in northern Styria, in the Veitsch Nappe of the Greywacke Zone,
numerous graphite localities are known historically. These laterally extensive graphite units in NW Styria formed as the
result of greenschist-grade metamorphism of a Carboniferous coal sequence during the Cretaceous. For the first time, we
describe here one well penetration of possibly age-equivalent graphitic units in NW Hungary. Correlation of the
magnetotelluric anomaly with the distinct reflection seismic signature suggests that the same Palaeozoic graphite-
bearing Upper Austroalpine units should be present at 3—15 km depth in our study area.

Therefore we propose that the best explanation for the observed extent and geometry of the TCA is the presence of graphite
in subhorizontal, tectonically thinned detachment surfaces at the base of the Upper Austroalpine nappe edifice of NW Hungary.

Keywords: magnetotellurics, graphite, Alpine, décollement, Pannonian Basin, Austria, Hungary
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Introduction

The application of the magnetotelluric method, based on
the early theoretical work of CAGNIARD (1953), has a long
history in Hungary that dates back to the early 1960s (e.g.
ADAM & VERG 1965). In particular, one of our co-authors,
Prof. Ferenc (Frank) HORVATH, whom this special issue is
dedicated to, studied this field briefly during the early part
of his academic career (e.g. ApAM et al. 1970; STEGENA et al.
1971, 1972).

Due to the pioneering early studies using telluric (TT)
and magnetotelluric (MT) measurements in Hungary, the
Transdanubian Conductivity Anomaly (TCA) was first
mentioned by ADAM & VERG (1965). The first evidence for a
substantial subsurface anomaly was actually provided by
the correlation of MT sounding results around Bakonybél
with the signal registered at the Nagycenk geophysical
observatory, some 100 km apart (Figure I). At Bakonybél,
the long-period changes were missing due to the very low

crustal resistivity, therefore the pronounced amplitude
decrease was attributed to a high conductivity anomaly
beneath the Transdanubian Range of NW Hungary. In the
following years the outline of the TCA was systematically
mapped using relative telluric frequency soundings (ADAM
& VERO 1965). Based on the characteristics of the relative
telluric frequency curves, it became clear that the high con-
ductivity formations are located beneath the thick Mesozoic
carbonates, possibly within the Palacozoic sequence. The
first MT soundings in the Bakony Mts. were done in 1966
and these measurements confirmed the earlier results based
on relative telluric frequency soundings (TAKACS 1968).
From the 1970s on, there were two institutions, which
were conducting MT measurements in NW Hungary. The
Eotvos Lordand Geophysical Institution (ELGI) was focu-
sing on regional transects making about 200 measure-
ments in the 0.05-1000 s period range (e.g. NEMESI et al.
1994). The distance between individual measurement points
was on average 2—2.5 km. In contrast, the MTA Geodetic and
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Figure 1. Alpine structural elements of the Eastern Alps and the western Pannonian Basin, modified from LINZER & TARI (2012). Geographic locations
mentioned in the text are highlighted by red dots. The area of the TCA in NW Hungary is highlighted by a semitransparent polygon

1. d@bra. A Keleti-Alpok és a Pannon-medence nyugati részének szerkezeti képe, LINZER & TARI (2012) utdn mddositva. Az anomdlia (TCA) teriiletét az atldtszo piros poligon
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Geophysical Research Institute of the Hungarian Academy
of Sciences (GGKI) had MT measurements in the 10-3600
s period domain, at about 100 locations. Despite the diffe-
rences, the two data sets are complementary in the context of
assessing the TCA (ADAM 2001).

As to the geologic nature of the TCA, various inter-
pretations were proposed during the last three decades. An
early interpretation by ADAM (1976) considered fracture
zones with electrolites which could have very high conduc-
tivity given the expected temperature range at depth. A
subsequent interpretation considered vertical to near-ver-
tical dikes or sets of dikes as the cause of the TCA (ADAM
1987, 1996). Since a widely accepted regional tectonic
model in the 1980s proposed a westward correlation of the
Bakony Mts. to the West to the Drauzug Mts. in Austria
(KAzMER & KovAcs 1985), additional MT measurements
were made in the Gail Valley and in the Karawanken Mts. in
Austria (ADAM et al. 1990). These MT measurements indi-
cated that a graphite sequence of Palaeozoic age, located
beneath Mesozoic carbonates, is probably responsible for
the MT signal, which was found to be very similar to that of
the TCA (ApAM et al. 1990).

In this work, we consider the TCA as the result of deeply
buried sub-horizontal Carboniferous graphite layers, which
formed Eoalpine (Cretaceous) décollement levels providing
the overthrust planes of Alpine nappe structures those.
According to our interpretation, the best analogues for these
graphitic units are located along the eastern Greywacke
Zone in the Eastern Alps. These laterally extensive and well
studied graphite units between Lassing and Kohlbach-
graben (Styria) formed as the result of greenschist-grade
metamorphism of a Carboniferous coal sequence during
Cretaceous nappe stacking of the Alps (e.g. NEUBAUER et al.
1994).
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Building on the interpretations of HORVATH & RUMPLER
(1984), HORVATH et al. (1987), HORVATH (1993), TARI (1994,
1996), TARI & HORVATH (2006) and HORVATH et al (2006), an
overview was published on the Alpine nappe structure of the
Transdanubian Range by TARI & HORVATH (2010). Note that
Alpine nappe structure of the Transdanubian Range has
been debated for about a century in the Hungarian geologic
literature (see HORVATH & DoOMBRADI 2010, for a discus-
sion). More regional overviews (e.g. SCHMID et al. 2008,
FroT1zHEIM et al. 2008) also described the Transdanubian
Range as a correlative Alpine unit to the Drauzug (Figure
1). More specifically, the Drauzug—Gurktal nappe system of
ScuMID et al. (2004) represents a nappe stack originally
located south of the Meliata embayment and in their syn-
thesis the Palaeozoic of the Transdanubian Range correlates
with the Graz Palaeozoic (Figure I). The Greywacke Zone
forms the stratigraphic basis of a part of the Northern
Calcareous Alps (Figure I) and finds its eastern continua-
tion in the Gemmericum of the West Carpathians (SCHMID et
al. 2004, 2008).

Another point of view was introduced by TARI &
HoRrvATH (2006) and shortly after by LINZER & TARI (2012)
emphasising the structural similarities between the
Northern Calcareous Alps and that of the Transdanubian
Range situated in the highest structural position within the
Alpine nappe stack. In our view, the Upper Austroalpine
units, such as the Drauzug—Gurktal nappes, the Palaeozoic
of Graz (Figure 1) and various Palaeozoic units in the sub-
surface of the Styrian and Danube Basin are distributed as
large klippen in the central and southern areas of the Eastern
Alps corresponding to a once-contiguous Upper Austro-
alpine nappe system covering the entire realm (TARI 1994).
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Figure 2. Line drawing interpretation of a regional transect based on vintage 2D reflection seismic data in north-western Hungary (for location see

Figure 1), adapted from TARI & HORVATH (2006)

2. dbra. Regiondlis geologiai szelvény értelmezése 2D szeizmikus reflexios mérések alapjdan (Tari & HorvATH, 2006). A szelvény nyomvonaldt az 1. dbra

mutatja
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Figure 3. Idealised cross section across the Alpine-Pannonian junction area (for location see Figure 1) modified from TARI & HORVATH (2006). Note that the
flattening datum level of this cartoonish transect is the erosional surface at the base of the combined Senonian-Cenozoic basin fill. See text for detailed explanation
3. dbra. Idealizdlt szerkezeti modell a Keleti-Alpok Pannon-medencével hatdros teriiletén keresztiil (nyomvonaldt ldsd. az 1. dabrdn), TARI & HorviTH (2006) utdn
modositva. A szerkezeti modell referencia szintje a senon-kainozoos medencefeltoltodés bazisanak erozios felszine. Ennek részletes magyardzatdt ldsd a szévegben

To illustrate the presence of Eoalpine (Cretaceous)
nappe systems beneath the NW Pannonian Basin, to be
correlated with the classical units of the Eastern Alps
(Figure 1), a simplified regional composite seismic transect
is shown here (Figure 2) adapted from TARI & HORVATH
(2006). This regional transect has been reproduced as a line
drawing interpretation for clarity, trending generally north-
west—north-north-west, therefore as a dip line with respect
to most Eoalpine and Neoalpine structures in NW Hungary.
Note that some of the MT measurement points of the TCA
have been projected onto this regional section (Figure 2)
suggesting some broad coincidence of the high conductivity
anomalies with the inferred nappe boundaries to be de-
scribed in this work.

To better understand the pre-existing Eoalpine nappe
structure, the footprint of the Neogene extensional tectonics
needs to be removed followed by the various Palacogene and
Senonian basin fragments. The idealised cartoonish transect
across the Alpine—Pannonian junction area based on a
regional transect by TARI (1996) is a qualitative attempt to
illustrate the interpretation concept that the Eoalpine nappe
units of the Eastern Alps were once contiguous with those of
the Transdanubian Range (Figure 3). In particular, both the
Northern Calcareous Alps including the Greywacke Zone at
its base and the nappe system of the Bakony Mountains have
an Upper Austroalpine tectonic position, i.e. on top of the
Alpine nappe system. This once continuous nappe stack
disintegrated because of large-scale exhumation and ero-
sion during the late Oligocene and the subsequent Miocene

extensional periods (e.g. HORVATH et al. 2006, TARI &
HoRrvATH 2006, KUHLEMANN et al. 2006).

The important aspect of the cartoon model (Figure 3) for
this work is that the area where the TCA is located have
Upper Austroalpine Palacozoic units which do have
counterparts in the outcrops in the Eastern Alps along strike
(i.e. in the Gurktal and Graz Palaeozoic of the Drauzug—
Gurktal nappe system and the Greywacke Zone) and some
limited outcrops along the Balaton Highland (Figure I).
Unfortunately, the subcrop of the Upper Austroalpine
Palacozoic units beneath the Neogene to Quaternary
Danube Basin in the area of the TCA is located entirely in
the subsurface and, therefore, is known only from wells (e.g.
Haas et al. 2010). However, it is important to note that
BaLAzs (1971, 1975) has already correlated the various
poorly dated Palacozoic units encountered in numerous
hydrocarbon exploration wells with those of the Graz
Palaeozoic, based on their lithological characters.

Data base and methods

The NW Pannonian Basin of Hungary is well covered by
an extensive 2D seismic reflection data set (Figure 4),
which was mostly acquired in the 1980s (e.g. TARI 1994,
TArRl & HORVATH 2010). These are migrated standard
industry seismic profiles processed typically down to 4 s
two-way travel time. Whereas there are some recently
acquired 3D seismic reflection data sets in the same area, we
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Figure 4. Data base for this study: 2D seismic reflection (black lines) and MT (magnetotelluric) sounding points (magenta circles) in the NW Pannonian Basin of

Hungary (for a location see Figure )

4. abra. Avizsgdlat sordn fel}laszna’lt adatok helyszinrajza: 2D szeizmikus reflexios szelvények (narancssdarga vonalak) és MT (magnetotellurikus) szonddzdsi pontok (lila

korok) a Pannon-medence ENy-i részén. A vizsgalt teriilet az 1. dbrdn ldthato
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Table I. Resistivity measurements on graphite samples from the Eastern Alps
1. tablazat. Ellendllds mérési eredmények grafit mintdkon a Keleti Alpokbol

have not integrated those into our study. We had also access
to about 200 hydrocarbon exploration wells drilled in the
area (Figure 4), including well-logs, cutting and core
descriptions and final geological well reports. Since most of
these wells were drilled in the 1970s and 1980s, the well log
suites typically do not include velocity (i.e. sonic) infor-
mation which made the proper depth conversion on the
wells challenging. Since all the reflection seismic data was
interpreted in the two-way travel time domain, the depth
conversion was critical to plot the position of the high-
conductivity anomaly on the seismic profiles (i.e. Figures 2,
and later 8, 9). The depth conversion was based on regional
time-depth functions derived from 8 well check-shot
surveys in the Hungarian Danube Basin (NEMETH 2014).
The numerous MT (magnetotelluric) sounding points in
the same general area (Figure 4) were compiled from various
sources, including NEMES et al. (1994), Apim (2001) and
NEMETH et al. (2014). The details of the raw MT data, pro-
cessing schemes, also including inversion, were described by
NEMETH (2014). 74 individual MT sounding points were

contouring
artifact

processed using the GEOSYSTEM WinGLink software.
This software offers two 1D inversion algorithms, using the
Bostick transformation or the Occam inversion (BOSTICK
1977, CoNSTABLE et al. 1987). The 1D inversion was done on
MT stations measured along two regional transects (KA-3
and DHK-1) measured by the E6tvos Lordnd Geophysical
Institution. Whereas the KA-3 transect is about 95 km long
with 49 MT sounding points, the DKH-1 transect is about 80
km long with 25 MT stations (Figure 4).

To constrain the modelling results assuming graphitic
lithologies as the primary cause for the TCA, we also mea-
sured graphite rock samples from outcrops and mines
located in the Greywacke Zone of the Eastern Alps (Table I).

Inversion and interpretation of the
magnetotelluric data sets in the context
of the TCA

The magnetotelluric inversion results along the longer
and better constrained KA-3 transect are reproduced here
(Figure 5), adapted from NEMETH et al. (2014). On the SE
part of this regional MT transect, beneath the Bakony Mts.,
the TCA manifests itself by two exceptionally high conduc-
tivity zones (coloured in red) found at upper crustal depth
(3—15 km). The overall position of this “double-decker”
anomaly coincides with the primary synform of the Trans-
danubian Range. The thick Triassic to Jurassic carbonates
(up to 2-3 km) outcropping on the surface have a distinct
high resisitivity signal with values in the 200-1000 (2m
range. Between about KA-3-17 and KA-3-18b this suc-
cession is repeated by overthrusting (e.g. TARI & HORVATH

L

Figure 5. Regional MT transect (KA-3) across the NW Pannonian Basin, Hungary showing the presence of exceptionally high conductivity zones (coloured in red) at
upper crustal depth (3- 15 km). For location see Figure 4. Note that there are at least two of these MT anomalies, a shallower one and a deeper one, corresponding to two
interpreted Eoalpine detachment levels. Note that the “ring-shaped” anomaly in the center is a contouring artifact. Vertical exaggeration is 2.5

5. dbra. Regiondlis MT szelvény (KA-3) a Pannon-medence ENy-i részén, amelyen a rendkiviil magas ellendlldsii zondk (piros szinnel jelélve) a felsé kéregben ldthatoak,
3-15 km mélységben. A szelvény elhelyezkedését a 4. dbra mutatja. A szelvényen két MT anomalia azonosithato, egy sekélyebb és egy mélyebb, melyek megfeleltethetok
egy-egy eoalpi lenyiroddsi feliiletnek. Megjegyzendd, hogy a szelvény kizepén taldlhato ,gyiirii alakii” anomdlia a kontiirozds hibdjabol adodik, az értelmezés sordn

figyelmen kiviil kell hagyni. Vertikdlis tulmagasitds: 2,5
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2010) and that is why the total thickness of the Lower
Mesozoic carbonates is about 5 km in the center of the
Bakony syncline (Figure 5). Note that the deep “ring-shap-
ed” low-resistivity anomaly between KA-3-11 and KA-3—
15 is a contouring artifact and it should be ignored. Similar-
ly, another contouring artifact is the one at the south-eastern
end of the transect where a deeper and relatively steeply
dipping segment of the TCA, which could be followed
through the MT stations KA-3-24, —26 and —29, probably
projects up closer to the surface near the Lake Balaton.
Importantly, the TCA, defined by low resistivity
anomalies in the 2—4 Qm range, cannot be found to the NW
from the MT station KA-3-11 (Figure 5). This marked
change in the MT resistivity response can be confidently
followed along strike in a NE-SW direction as the map-view
results of NEMES et al. (1994) showed. This marked change
defines the extent of the TCA to the NW (Figure I).
Considering the various explanations for the extremely
low resistivity anomaly (e.g. ADAM 1980, 1987, 1996), we
prefer the model whereas graphite is the primary cause (ADAM
1996, GLOVER & ApAM 2008), for geological reasons (see
later). Assuming graphitic lithologies, the question arises
how much graphite is required to cause the observed average
horizontal conductivity of about 1-2 Om? We have built
geologically reasonable models for a 100 m thick gross
lithologic column with variable amount of graphite and
other common lithologies, such as shale, silt, sandstone and

MODEL 1 MODEL 2

SHALE SHALE

SILT SILT

SANDSTONE

limestone (Figure 6). The 100 m thickness has been chosen
asitis a vertical interval which is still resolvable by both MT
sounding and conventional industry reflection seismic data
at the depth of 4-8 km. Whereas the typical resistivities for
the non-graphitic lithologies in these lithologic columns
(Figure 6) were selected based on published literature (e.g.
KELLER 1987), we have actually measured the resistivity of
a graphite rock sample from the active Kaisersberg graphite
mine (Table I).

We chose to have various amounts of net graphite em-
placed within the 100 m lithologic column, i.e. 1,2, 5 and 10 m
thick layers (Figure 6). The calculations for the average hor-
izontal resistivity then produced 3.01, 1.52, 0.62 and 0.31 Qm
for these cases, respectively (Figure 6). Therefore the modell-
ing showed that just a few metres thick graphite layer could
cause the typically observed 1-2 Qm resistivity of the
Transdanubian Conductivity Anomaly (TCA) of the Hun-
garian part of the NW Pannonian Basin.

Correlation of the high-conductivity zone with
prominent seismic reflectors

Many seismic examples compiled by NEMETH (2014)
show that the TCA does correspond in many instances to a
distinct reflector package on seismic reflection profiles. For
brevity, here only two of these seismic lines will be

3.01 Om

LIMESTONE

GRAPHITE

LIMESTONE

LIMESTONE

GRAPHITE

LIMESTONE

1.52 Om

MODEL 3 MODEL 4
SHALE SHALE
siLT siLr
SANDSTONE
SANDSTONE
LIMESTONE
LIMESTONE
GRAFHITE
GRAPHITE
LIMESTONE LIMESTONE

0.62 Om

0.31 Qm

Figure 6. For modelling the impact of graphite thickness on the MT anomaly, we chose to have various amount of net graphite within a 100 m lithologic column,
i.e. 1,2, 5 and 10 m thick layers. The calculations for the average horizontal resistivity then produced 3.01, 1.52, 0.62 and 0.31 Qm for these cases, respectively.
Assuming a 100 m gross lithologic interval resolvable by conventional industry reflection seismic data at the depth of 5-10 km, we found that just a few metres of
net graphite lithology could reproduce the observed average horizontal conductivity of about (i.e. 1-2 Qm) of the Transdanubian Conductivity Anomaly (TCA)
in the NW Pannonian Basin

6. dbra. Kiilonbozo vastagsdagu grafitrétegek alacsony ellendllds anomdliat okozo hatdsanak modellezése. A rendelkezésiinkre dllo kaisersbergi mintdkbdl a grafit
ellendlldsa ismert (I. tabldzat), a kiilonbizé litologidkra pedig becsiilhetd, igy egy 100 m vastagsdgii rétegsor dtlagos ellendlldsértéke meghatdrozhato. A rétegsor felépitése
szintén megadhato ipari reflexios szeizmikus adatok segitségevel 5- 10 km mélységben. A modellezés alapjan mdr néhdany m vastagsdgu grafitréteg is okozhat hasonloan
alacsony horizontdlis irdnyii vezetokeépesség anomdliat (1-2 £ m), mint amilyen a Dundntiili Vezetoképesség Anomalia (TCA) esetében is megfigyelheté a Pannon-
medence ENy-i részén
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Figure 7. Interpretation of a vintage industry 2D reflection seismic line (Vpa-10) adapted from HORVATH & RUMPLER (1984). The prominent strong package of

as the seismic expression of a Alpine (Cretaceous) nappe boundary

for the first time

reflectors beneath within the pre-Cenozoic basement was interpreted here,

(for location see Figure 4)

7.

10) értelmezése HORVATH & RUMPLER (1984) szerint, amelyen eldszor kitotték a prekainozoos aljzatban jelentkezd erds
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Figure 8. The same seismic section (Vpa-10) as shown in Figure 7, but here the MT inversion results were plotted on the line, modified from NEMETH (2014). Low
resistivity values are highlighted in red. Note the coincidence of the prominent package of reflectors inferred to be an Alpine detachment surface by HORVATH &

RUMPLER (1984) with two very low resistivity measurements (i.e. 0.86 and 1.97 Qm) corresponding to the TCA (for location see Figure 4)

8

[, médositva NEMETH (2014) utdn. Az alacsony ellendlldsokat a piros értékek jelolik. Meg-

ényeive.

bra. A Vpd- 10 szeizmikus szelvény, rajta az MT inverzio eredméi

. d

figyelhet6, hogy a HORVATH & RUMPLER (1984) dltal alpi lenyirddasi feliiletként értelmezett reflexio jol egybeesik két alacsony ellendlldsii zondval (0.86 és 1.97 Qm),

melyek megfeleltethetdk a vezetoképesség anomalidnak (TCA, a szelvény nyomvonaldt lasd a 4. dbrdn)
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reproduced and discussed. In particular, we chose a vintage
industry 2D reflection seismic line (Vpa—10) which turned
out to be crucially important for HORVATH & RUMPLER
(1984) to suggest for the first time that the prominent strong
package of reflectors beneath within the pre-Cenozoic
basement is the seismic expression of a Cretaceous Alpine
nappe boundary (Figure 7). Along this seismic section, the
lithology of the pre-Cenozoic basement is constrained by
hydrocarbon exploration wells. Moreover, the well (Tét-3)
on the NW end of the section was drilled specifically to
penetrate the inferred Alpine overthrust interpreted to be
located between Palaeozoic units on top and Mesozoic units

below (HORVATH & RUMPLER 1984). According to HORVATH
& RUMPLER (1984), this well did not reach the expected
overthrust plane because the drilling operations became
difficult and the well was terminated some 400 m short of
the original total depth. The well encountered about 400 m
slightly metamorphosed Palaeozoic units in the pre-Ceno-
zoic basement before reaching the TD.

The same seismic section (Vpa—10) was re-examined by
NEMETH (2014). The nearby MT inversion results were pro-
jected and plotted on the line which is displayed in two-way
travel time, using the regional time-depth conversion based on
nearby well check shots (Figure 8). Low resistivity values (i.e.

Tét-3 (projected from 400 m S
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Figure 9. Well-logs of the Tét-3 well displayed between 2800-3200 m. Note the marked character change on the resistivity log at 2882 m depth, subdividing the
Palaeozoic sequence into two parts. The core descriptions reproduced from the final geologic report without any changes also support the topmost 50 m of this
sequence being low-grade (epimetamorphic) metamorphosed phyllites as opposed to the underlying anchimetamorhic sandy slates. A zoomed-in part of the Vpa-
10 migrated time seismic section (Figure §) is displayed assuming a 3000 m/s average seismic velocity in the vicinity of the overthrust plane. Note that this
assumption has been made due to the lack of a proper synthetic seismic tie. Red and blue wiggles stand for seismic peaks and troughs, respectively. The seismic
traces diplayed are about 60 m apart and the well has been projected into the plane of the seismic section by about 400 m from the SW

9. d@bra. Karotdzs szelvény a Tét-3 fiirdasbol 2800-3200 m kozotti mélységben. Kiilonosen az ellendllds szelvényen 2882 m mélységben figyelhetdé meg egy markdns
vdltozds, amely a paleozoos rétegsort két részre bontja. A magleirds szintén aldtdmasztja ezt, a rétegsor legfelsé 50 méterét alacsony metamorf fokii (epimetamorf) fillitek
alkotjak, szemben az alatta [évé anchimetamorf homokos paldkkal. Az dbra jobb oldaldn a Vpd- 10 (8. dbra) migrdlt iddszelvény egy kinagyitott része ldthatd, 3000 m/s
dtlagos szeizmikus sebesseget feltételezve az dttoloddsi sik kornyezetében. Megfeleld szintetikus szeizmogramm hidnydban a sebesség értéke csak egy becsiilt érték. A piros
és kék amplitudok a szeizmikus csiicsokat és volgyeket jelolik. Az egyes szeizmikus csatorndk tdavolsaga kb. 60 m, mig a kiit kb. 400 m tavolsdgbdl vetiil a szeizmikus
szelvényre DNy-i iranybol
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less than 5 Qm) are shown in red. Note the coincidence of the
prominent package of intra-basement strong reflectors infer-
red to be an Alpine detachment surface by HORVATH & Rump-
LER (1984), with two very low resistivity measurements (i.e.
0.86 and 1.97 Qm) corresponding to the TCA (NEMETH 2014).

The final geological well report on this particular well
was finished in November 1985, obviously not available to
HORVATH & RUMPLER (1984) at the time of writing their
paper. However, in the report we have found evidence for the
presence of a) an Eoalpine overthrust plane penetrated in the
well and b) possibly graphite based on the conventional cores
taken in the poorly dated Palacozoic sequence in this well
(Figure 9). Between 2822-3260 m, the Palacozoic sequence
was described as being dominated by very low-grade (anchi-
metamorphic) metamorphosed slates. However, the topmost
50 m of this sequence was described as low-grade (epimeta-
morphic) metamorphosed phyllites and being different from
the underlying anchimetamorphic sandy slates. This macro-
scopic observation was also supported by thin section
descriptions and a marked character change on the resistivity
log at 2882 m depth (Figure 9). The thin section descriptions
of the cores taken in deeper part of the Palaeozoic sequence
(cores #8,9 and 10), done by Endre BALAZS, also mention the
presence of opaque grains responsible for the dark grey
colour of the rock. Some of these opaque grains display even
fibrous fabric indicating their organic origin. Therefore the
report classified these grains as anthracite, or even graphite,
with a question mark (Figure 9).

In our assessment, the detailed post-drill analysis of the
well and reflection seismic data (Figure 9) proved the pre-
drill interpretation of HORVATH & RUMPLER (1984) assu-
ming the presence of a major Alpine overthrust plane. The
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2882 m depth picked for the overthrust plane in the Tét—3
well using the well logs corresponds reasonably to the top of
the prominent reflector package (Figure 9) in lieau of a
proper synthetic seismic tie.

The sub-thrust hydrocarbon exploration play of the Tét—
3 well failed as it did not penetrate the expected Mesozoic
reservoir sequence beneath the detachment surface, but it
has rather found non-reservoir, low grade Palacozoic meta-
morphics (Figure 9).

The KH-2 seismic profile is another illustration for the
frequent coincidence of strong intra-basement reflector
packages with the high conductivity layer (Figure 10). This
seismic profile was also utilised by NEMETH (2014) and she
projected 17 of the 1D MT inversion results from the nearby
KA-3 MT transect. Compared to the seismic example dis-
cussed above (Figure 8), there are two prominent reflector
bundles on this profile which appear to correlate very well
with the very low resistivity rock units (i.e. 0.36 and
4.67 QOm) defining the TCA along this transect. Note that
there are at least two of these MT anomalies on top of each
other, a shallower one and a deeper one, corresponding to
two interpreted Eoalpine detachment levels (Figure 5).

Interpretation of the data in terms of an Alpine
graphite-bearing detachment level

In the overall framework of the Eastern Alps, the
outcropping Greywacke Zone at the base of the Northern
Calcareous Alps (Figure 1) is a very good analogue for the
subsurface structural fabric beneath the Hungarian NW
Pannonian Basin (Figure 3). In particular, historically

KA-3-22 KA-3-24
0m—0 O O

Figure 10. Vintage industry 2D reflection seismic data (Line KH-2) in north-western Hungary showing the presence of Cretaceous Alpine nappe contacts as sub-
horizontal bright reflector packages in the pre-Cenozoic basement of the Pannonian Basin. Resistivity values based on MT soundings are shown to illustrate the
good match of the high-conductivity MT anomaly (TCA) with the inferred Alpine overthrust plane (for location see Figure 4)

10. dbra. Az Eszaknyugat-Magyarorszag teriiletén taldlhato 2D szeizmikus reflexids szelvényeken a kréta korii, alpi takardhatdrok kizel vizszintes helyzetii erds reflek-
torokkent jelentkeznek a prekainozoos aljzatban. Az MT szonddzdson alapulo ellendlldsértékek jo egyezést mutatnak a magas vezetoképessegii MT anomdlia (TCA) és
az alpi takaréhatdrok helyzete kozitt (a szelvény nyomvonaldt lasd a 4. dbrdn)
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GEOLOGIC MAP OF THE EASTERN GREYWACKE ZONE IN STYRIA
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Figure 11. Geologic map of the eastern Greywacke Zone in Styria (GASSER et al. 2009) with the location of our own samples (listed in Table I) and those of
RANTITSCH et al. (2004). For location of this area within the Eastern Alps, see Figure 1

11. dbra. A stajerorszagi keleti Grauwacke-zona geologiai térképe (GASSER et al. 2009). A RANTITSCH et al. (2004) dltal megvizsgdlt pontokat aldhuzdssal jeleztiik. A mi

mintdinkat illetoen a kibiivds (13. dbra, a) helyét a térképen piros csillag, a kaiserbergi teriiletet (13. dbra, b) pedig a piros négyzet jeloli. A Grauwacke-zona elhelyezkedése
a Keleti-Alpokon beliil az I. dbrdn lathato

numerous graphite occurrences were described in the
TIRC{);L(;&}JNIT WERFEN FM Eastern Greywacke Zone (Figure 11) and many of these
PRABICHL FM were mined in Styria (e.g. METZ 1938, SCHARFE 1981,
A EISENERZ FM AIGNER et al. 1990, RANTITSCH et al. 2004). We acknowledge
CARBONATIC DEVELOPMENT the presence of graphite in the Gurktal Nappe complex (e.g.
::gZHBEERg’uF&?'SM'ONS FLUGEL & NEUBAUER 1984, KOROKNAI et al. 1999) and in the
:E:Fl'i SILICICLASTIC DEVELOPMENT ~ Drauzug—Gailtal area as well (e.g. ADAM et al. 1990).
WITH INTERCALATED ALKALINE  However, for our physical measurements of the conductivity
VOLCANICS (MAINLY IN THE W.) . . . .
we needed a reference area with massive graphite (Figure 11
BEATIENECICPOREIIVAY and Table I) and that is why we chose the eastern Greywacke
GERICHTSGRABEN FM Zone as the best analogue area in the Eastern Alps.
(i i | The Greywacke Zone has a very complex internal
g KALWANG CONGLOMERATE str}lct'ur'e (Figures 11 and 12), as it has several anlplne nappe
N KAINTALECK unitsinit (e.g. NEUBAUER et al. 1994). These four major Alpine
E NAPPE c“g”:';té:“ METAMORPHIC thrust sheets were subdivided by their basement lithologies,
5 U their Late Palaeozoic to Triassic cover sequences, and the
g ALPINE VERRUCANO . .
SILBERSBERG degree of pre-Alpine metamorphism. These are, from footwall
E SILBERGSBERG CONGLOMERATE
(74 QUARTZPHYLLITES Figure 12. In the Greywacke Zone of the Austroalpine nappe stack there are
QO | = several nappe units (e.g. NEUBAUER et al. 1994). In particular, the Carboni-
GRASCHNITZ FM ferous Sunk-formation (up to 150 m thick) of the Veitsch nappe unit is
interpreted as a deposit formed in a delta environment with coal seams in it,
5 LI presently exposed on the surface in a greenschist metamorphosed facies. The
VEITSCH NAPPE age of Alpine greenschist facies metamorphic overprint: 100-80 Ma (Eoalpine,
TRIEBENSTEIN FM i.e. Late Cretaceous). Due to this metamorphic imprint, the coals turned to
graphite at many locations along the Greywacke Zone in Styria. We adopted
STEILBACHGRABEN FM the figure from GASSER et al. (2009)
P & 12. dbra. A Grauwacke-zona szamos takards egységbdl épiil fel (pl. NEUBAUER et al.
1994). A Veitsch takaros egységen beliil taldlhato karbon kori Sunk Formdcio
PERMO-MESOZOIC , P . . . .
SILVRETTA- METASEDIMENTS (akdr 150 m vastagsagii) egy deltakirnyezetben lerakddott iiledékes rétegsor,
SECKAU (RANNACH FM) benne szénrétegekkel. A formdcio zoldpala ficiesként bukkan a felszinre, amely
NAPPE SYSTEM HIGH-GRADE egy 80-100 millio évvel (eoalpi, késo-kréta) ezeldtti metamorfozis nyomait 6rzi. A
METAMORPHICS metamorfozis hatdsdra a szenes rétegek szdmos helyen grafittd alakultak a
Grauwacke-zondban, Stdjerorszdagban. Az abrdt készitette GASSER et al. (2009)
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to hangingwall: the Veitsch, Silbersberg, Kaintaleck and Noric
nappes. Among these nappes, it is the Veitsch nappe
(RATSCHBACHER 1984, 1987), which has the graphite-bearing
Carboniferous (Westphalian?) Sunk Formation (up to 150 m
thick). This formation was interpreted as a molasse-like
deposit formed in a delta environment with coal seams in it
(KRAINER 1992). However, it is presently exposed on the
surface in a greenschist metamorphosed facies.

The very well studied age of the Alpine metamorphic
overprint for the Sunk Formation ranges between 100—80
Ma (i.e. Late Cretaceous, see RANTITSCH et al. 2004, for a
detailed summary). Due to this metamorphism, the coals
turned to graphite at many locations along the Greywacke
Zone in Styria (Figure 11).

The amount of graphite within the Sunk Formation
varies considerably both horizontally and vertically (e.g.
RATSCHBACHER 1984, 1987). A typical outcrop of the black
schists in this formation may not have more than 5% graphite
init (Figure 13, a).

Besides the many historic and abandoned graphite mines
in Styria, one of the still active mines is located near Kaisers-
berg (Figure 11). Whereas the earlier graphite mining oc-
curred mostly on the surface, the current mine is a subsurface
one, producing very high quality graphite (Figure 13, b). The
thickness of the pure graphite deposits is rapidly changing in
the area but, based on observations in the active mine,
individual graphite seams could reach the 5 m thickness. Note
that just a few metres thick graphite layer could produce the
subsurface MT anomaly of the TCA (Figure 6). The true
stratigraphic thickness of the entire Sunk Formation is
estimated at Kaiserbergs as 200 m, but the apparent thickness
is at least twice as thick due to Alpine thrusting.

NEUBAUER et al. (1994) made the critical observation in
the Greywacke Zone that in the northern segments of the
nappes in the Northern Calcareous Alps the basal, i.e. most-
ly Palaeozoic stratigraphic portions are missing, suggesting
preservation within the other three nappes. This could be
explained by the gradual ramping up along the overall NW

WNW

NORTHERN CALCAREOUS ALPS

Figure 13. a) Typical outcrop expression of black schists with some graphite
content just north of Kalwang, Eastern Alps, Styria, Austria. Location:
latitude: 47°26°2.43”N, longitude: 14°45°16.35”E. b) Pure graphite sample
from the Kaisersberg mine, Styria, Austria, courtesy of Prof. RANTITSCH,
Leoben University

13. dbra. a) Fillitek jellegzetes felszini kibukkandsa kevés grafittartalommal a
Keleti-Alpokban, Kalwangtol északra (Stdjerorszdg, Ausztria). A kibukkands
koordindtdi: szélesség 47°26°2.43” E, hossziisdg 14°45°16.35” K. b) Grafitminta a
kaisersbergi bdnydbol (Stdjerorszag, Ausztria), prof. RANTITSCH (Leobeni
Egyetem) jovoltdabol

oriented overthrust surfaces (Figure 14). Thus the pre-
thrusting arrangement of the Permian and Triassic se-
quences from present NW to SE is as follows: Middle
Austroalpine unit, Veitsch nappe, Silbersberg nappe, Kain-
taleck nappe and Noric nappe as well as other nappes of the
Northern Calcareous Alps. Note the presence of coals in a
Carboniferous graben which were caught up and meta-
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| MIDDLE TRIASSIC TO CRETACEOUS CARBONATES

CLASTICS-DOMINATED PERMO-SCYTHIAN AND CARBONIFEROUS (WITH COAL)

- PHYLLITIC PRE-LATE CARBONIFEROUS BASEMENT

g PRE-LATE CARBONIFEROUS BASEMENT (AMPHIBOLITE FACIES)

Figure 14. Cartoonish depiction of the pre-thrusting geometry of the Greywacke nappes (NEUBAUER et al. 1994). Note the presence of coals in a Carboniferous
graben which were caught up and metamorphosed in the Veitsch nappe during the Cretaceous nappe stacking

4. dbra. NEUBAUER et al. (1994) modellje a Keleti-Alpokban taldlhato Grauwacke-zona kiilonbozo egységeinek takaroképzidés elotti geometridjdrol. A vastag, tormelékes
kozetek dltal domindlt karbon-permoszkita medencekitoltésbol (sdrga szinnel) alakult ki a kréta folyamdn a Veitsch takaro egység
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morphosed in the Veitsch nappe during the Cretaceous
nappe stacking (NEUBAUER et al. 1994). The corollary of this
model that if graphite is indeed the cause of the TCA then it
provides clues for the large-scale Carboniferous palaeo-
geography of the Eastern Alps and the Transdanubian Range
(Figure I). More specifically, using the model of LINZER &
TARI (2010), the nappe systems of the Greywacke Zone and
the Transdanubian Range were much closer during the
Cretaceous nappe stacking than today. Therefore, the TCA
is probably caused by graphite, as metamorphosed Carboni-
ferous coals, beneath the NW Pannonian Basin in a poorly
understood and mapped subsurface nappe unit which may be
a lateral equivalent of the Veitsch nappe (Figure 12).

Discussion and planned future work

Graphite is a well-known “fault lubricant” (e.g. ZULAUF et
al. 1990). Rocks rich in graphite have been reported from
several major fault zones worldwide (OOHASHI et al. 2011,
2013). Typically, these fault zones are characterised by
blackish fault gouge, composed of finely crushed quartzo-
feldspathic fragments, highly crystallised graphite, and minor
accessory clay minerals. Although the amount of graphite
fraction varies with the fault zone, most blackish fault gouges
contain about 2—12 wt% of graphite in the bulk fault gouge
(e.g. MANATSCHAL 1999). Furthermore, it has been experi-
mentally proven that even a small fraction of graphite can have
a disproportionally large effect on frictional strength where
graphite is concentrated by smearing into interlinked layers
(e.g. RUTTER et al. 2013).

Whereas we believe that the presence of graphite is the
best possible explanation for the TCA, we do not necessarily
claim that the graphite is exclusively distributed along the
Alpine overthrust planes.

Rather, graphite being present in tectonically thinned
nappe units is supported by two observations.

Firstly, the seismic signature of the MT anomaly associ-
ated with the TCA is typically not a singular reflector but
rather a package of reflectors, corresponding to a few hundred
metres thick layer, not to a single interface. Secondly, in many
cases the TCA does not have any seismic expression which
could mean that the graphite is present in a nappe unit but is not
associated with the physical plane of overthrusting.

In order to further refine the model suggested here, we plan
to build synthetic 2D seismic reflections sections using the
well-constrained Greywacke Zone nappe stack as an input. We
also intend to interpret a modern 3D reflection seismic data set
in the vicinity of the critical Tét-3 well (Figure 9).

Also, since we believe that the Greywacke Zone is a closer
and more appropriate analogue for the TCA than the Drauzug—
Gailtal area (Figure I) studied by ApAMetal. (1990), the area
around Kaisersberg should be targeted by MT soundings. As
the graphite-bearing (Figure 11) Veitsch nappe projects
beneath the Northern Calcareous Alps to the north (Figure I),
and certainly ends up in a few kilometres depth, it should
provide a very similar MT signal to that of the TCA.

Conclusions

The exceptionally low resistivity (i.e. 1-2 {dm) Trans-
danubian Conductivity Anomaly (TCA) of the Hungarian
part of the NW Pannonian Basin has a very large areal extent
(on the order a few thousand square km) and it is a sub-
surface anomaly with no outcrop.

Our results show a very strong spatial correlation
between the TCA and the inferred subsurface extent of the
Palaeozoic base of the Upper Austroalpine—Transdanubian
Range nappe system. Moreover, we found good correlation
between the spatial position of the TCA and pronounced
seismic reflector packages interpreted to be sub-horizontal
Cretaceous Alpine nappe surfaces. Moreover, for the first
time, we obtained a reasonable match between an Alpine
overthrust plane, marked by a prominent reflector package,
a graphite bearing Palaeozoic unit penetrated in a hydro-
carbon exploration well and a corresponding MT anomaly.
This finding, after 35 years, confirms the pioneering inter-
pretation of HORVATH & RUMPLER (1984).

The best explanation for the observed extent and
geometry of the TCA is the presence of Carboniferous
graphite in sub-horizontal, tectonically thinned (on the
order of hundreds of metres) nappe units at the base of the
Upper Austroalpine nappe edifice of NW Hungary. Based
on our measurements and modelling results, the graphite in
the Veitsch Nappe of the Greywacke Zone in the Eastern
Alps is considered as the best outcropping analogue for the
exceptionally high conductivity rock type responsible for
the TCA.
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