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Osszefoglalds

Red6k és vetdk az Ordig-orom tiizkoves dolomitjdban

A budai Orddg-orom fels6-tridsz tizkoves dolomitbol 4ll, amely breccsasodott és porlik. Jelen munka elsé részletes
dokumentécidja a szikldn kibukkand intenziv toréses deformdcids jelenségeknek és az enyhén aszimmetrikus red6knek.
Ez utébbiakat a tlizk6rétegek és a rétegzést kovetd tlizk6gumok lefutdsa jelzi. A redSk rideg deforméciés mecha-
nizmussal keletkeztek, de a szerkezeti stilus dtmenetet képez a folytonos deformicié felé. A rétegzésben lecsatold
ratoléddsok legaldbb részben a red6khoz kapcsolddnak. A red6z8dés valdszintileg a kora-kréta sordn tortént. A
tektonikai transzportirdnyok NyDNy és ENy kozt sz6rnak. A dolomitot tobb irdnyban jelentSs toréses deformaci érte,
amely részben felels a breccsdsoddsért is.

Tdrgyszavak: redd, vetd, Dundntiili-kozéphegység, kréta, Budai-hegység, Ordog-orom

Abstract

The cliff of Ordog-orom in the Buda Hills, Hungary, comprises brecciated and powderised cherty dolostones of Late
Triassic age. This aim of the present paper is to document the folds, faults and fractures of the cliff in detail for the first
time. The chert layers and strings of chert nodules indicate that the style of the slightly asymmetric folding was
transitional between brittle and ductile, although the deformation mechanism was brittle. Small scale thrusts, detached in
bedding planes, are at least partly related to fthe olding. Tectonic transport directions scatter between WSW and NW. The
age of this deformation phase is inferred to be Early Cretaceous. The dolostones were affected by intense fracturing and

brecciation in multiple directions.

Keywords: fold, fault, Transdanubian Range, Cretaceous, Buda Hills, Ordb'g-orom

Introduction

Several, often contrasting theories have been proposed
for the structural development and tectonic evolution of the
Transdanubian Range and its easternmost part, the Buda
Hills (e.g. WEIN 1977; FODOR et al. 1994, 1999; MARTON &
Fopor 2003; SAsVARI 2008a, b, 2009).

In order to provide data for regional tectonic inter-
pretations, structural geological field work was undertaken
at Ordog-orom, a well-exposed cliff in Budapest (Figure 1).
Although WEIN (1977) mentioned the folds of Ordég-orom,
(Figure 2) no detailed geological investigations have been
carried out on this cliff because of its inaccessibility due to
the crumbly nature of the dolostone. Combining abseil
techniques at five sections and the approach of the base and

the top of the cliff elsewhere, it was possible to document the
folds and brittle structures. The results of these efforts are
presented in this contribution.

Geological background

The Transdanubian Range forms the uppermost tectonic
unit in the Austroalpine nappe pile (TARI 1994, TARI &
HorvATH 2010). Late Triassic formations of the Trans-
danubian Range are similar to those in the Southern Alps,
and to a certain extent the Northern Calcareous Alps (HAaAs
et al. 1995). While the most common massive carbonates
represent shallow marine conditions, cherty limestones in
the Transdanubian Range were deposited in deeper marine
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Figure 1. a, Location of the Buda Hills within the Pannonian Basin (indicated by an asterisk). TR -
Transdanubian Range. b, Geological map of the southern Buda Hills (modified after FODOR [unpublished]
in Poros et al. [2013] and in MINDSZENTY [2014]). Coordinates are in EOV (Hungarian national reference
system)

1. dbra. a, A Budai-hegység helyzete a Pannon-medencében (csillaggal jelolve); b, A Budai-hegység déli részének
foldtani térképe (Fopor in Poros et al. [2013] és in MINDSZENTY [ 2014] utdn médositva)

slope and basin settings, mainly in intraplatform basins
(HAaAs 2002). Figure 1, b shows the geological map of the
southern part of the Buda Hills, without distinguishing
between various Triassic formations (given that no

relevant modern mapping is
available).
One of the deeper marine

formations — the Norian—Rhaetian
Maityashegy Formation (Kozur &
Mock 1991, Haas 2002, Haas &
Bupal 2014) — is made up of thinly-
bedded or laminated cherty dolo-
stones and limestones. Chert occurs
as layers and lenses within the
carbonates. The dolostones in this
formation are the result of late
dolomitisation of the limestones
(Haas & Bupal 2014). In other parts
of the Buda Hills, however, Middle
Triassic dolostones are characterised
by a higher temperature dolomitisat-
ion overprint of synsedimentary
dolomites (Hips et al. 2015).

The brecciation and powderisat-
ion of Triassic dolostones in the
Transdanubian Range, especially in
the Buda Hills, is a widespread
phenomenon. According to POROS
et al. (2013), it was caused by
repeated freeze-thaw cycles during
the Pleistocene. FODOR et al. (1994)
described brecciation related to the

Cretaceous folding in the Buda Hills.

Triassic carbonates were involved in the Alpine orogeny
and subsequent deformation events, and generally acted as
competent units prone to brittle failure. In some cases,

Figure 2. a, Slightly asymmetric fold train exposed at the roadside part of the outcrop. The antiform in the centre is thickened in the hinge. Thrusts detached in the
dolostone offset chert beds. A small-scale subvertical fault offsets various beds. Insets show the locations of ‘b’ and ‘c’. b, Duplexing of a single chert bed on the limb of
the antiform and the stereographic image of the fault. ¢, M-shaped parasitic folds at the dolostone-chert interface in the fold hinge, and their stereographic image

2. dbra. a, Enyhén aszimmetrikus redok a feltdrds iitmenti részén. A kozépen ldthato antiform a csukloban kivastagszik. A dolomitban lecsatolo dttoloddsok elvetik a
tiizkorétegeket. Egy kozel fiiggdleges vetd kismértékii elvetést okoz. A b és ¢ dbra helyét négyszigek jelzik. b, Egy tiizkdrétegben kialakult duplex az antiform szdrnydn, és
az attolodds sztereogramja. ¢, Dolomit-tiizkd réteghatdron kialakult szimmetrikus parazitareddk a redécsukloban, valamint a parazitaredo sztereogramja
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however, they were folded as well (WEIN 1977, FODOR et al.
1994, PELIKAN 2013). Folding of Triassic carbonates in the
Transdanubian Range occurred in the Early Cretaceous
(SASVARI 2008b, TARI & HORVATH 2010) and the Palacogene
(FoDoR et al. 1994), although even later times have been
suggested (PELIKAN 2013).

The Barremian to Early Albian in the Transdanubian
Range was dominated by NE-SW to N-S compression
(Fopor et al. 1994, 2013; PocsAl & CsoNTOS 2006; PALOTAI
et al. 2006). This event represents a far-field echo of the
subduction of the Vardar—Meliata Ocean (D1 phase) (cf.
Fopor et al. 2013). The D1 phase was followed by a gradual
rotation of the shortening directions into the NW-SE
direction characteristic for the Albian orogeny in the
Transdanubian Range (D2 phase) (TARI 1994, FopOR 2008,
TARI & HORVATH 2010) as a result of Alpine nappe stacking.
The D1 phase was thought to account for all thrusts and
large scale folds of Cretaceous age in the Buda Hills by
FoDOR et al. (1994). The Palacogene — Early Miocene was
characterised by transpression with WNW-ESE to NW-SE
compression and perpendicular extension directions (D3
phase) (FODOR et al. 1994).

The Ordog-orom forms a ca. 150 m long, ca. 40 m high,
north facing cliff in the southern part of the Buda Hills
(47°28°55”N, 18°59°12”E) (Figure 1). The steep cliff is
entirely made up of the Matyashegy Formation. On top of
the cliff, outside the current area of interest, the Triassic is
unconformably overlain by a transgressive Eocene
succession (WEIN 1977, FODOR et al. 1994, MAGYARI, 1996).
On the western side of the cliff, Late Miocene sedimentary
dykes are known within the dolostone (FODOR & KAZMER
1989, MAGYARI 1996).

The stereograms (Figure 3, f-i) were created with
SG2PS software (SASVARI & BAHAREV 2014).

General observations

The dolostone is heavily brecciated throughout the
Ordog-orom. The powderisation of the dolostone resulted in
mosaic breccias sensu POROS et al. (2013), but mosaic
breccia blocks floating in dolostone powder, and crackle
breccias also occur. This indicates an intermediate stage of
cryogenic dolostone disintegration (cf. POROS et al. 2013).
Except for a few well defined fault zones (Figure 3, b, e), no
distinction could be made between tectonic and cryogenic
brecciation.

Bedding planes within the carbonate are completely
obliterated by the advanced powderisation. Bedding can
only be determined where continuous chert layers occur
(unaffected by brecciation), or inferred where chert lenses
are aligned in a string (Figures 2, a; 3, a, d).

Folds

Chevron folds are common, indicating the brittle
rheology of the cherts (Figure 3, c). In some cases, however,

rounded folds were also observed (Figure 3, d). The
wavelength of folds is estimated between 3—10 m, while the
fold amplitude is less than 2-3 m.

A fold train is delineated by several continuous chert
layers in an easily accessible part of the outcrop next to the
road at the bottom of the cliff (Figure 2, a). The folds are
slightly asymmetric, with generally shorter western limbs.
This may indicate a process of generally western tectonic
transport.

In the hinge of the antiform in the centre of Figure 2, a,
the top of a chert layer is smooth, while the base of it forms
small scale M-shaped folds (initial cuspate-lobate
structures?) at the contact with incompetent dolostone
(Figure 2, c). The hinge directions of these folds align well
with fold hinges measured elsewhere (Figure 3, h).

The dolostone layers thicken towards the fold hinge of
the same antiform. This may suggest the weak rheology of
the dolostones relative to the cherts. A duplex within the
chert — in its hinge zone — is most likely detached in the
dolostone immediately below and above the chert layer
(Figure 2, b). This structure resulted in the thickening of the
chertlayers. Thrusting in the inner arc of the fold is therefore
thought to account for the observed fold geometry.

The measured fold hinges dip to the south at low angles
(Figure 3, h). The intersection lines of bedding planes that
were measured close to changes in dip (i.e. around fold
hinges) also scatter around S—SSW (Figure 3, h).

The dataset (containing the measured fold hinges and
the bedding planes) recorded on outcrop scale folds was
rotated with the average of bedding planes that were
measured away from outcrops scale folds; the aim of this
was to achieve a pre-tilt geometry (Figure 3, i). In this case,
both the measured fold hinges and constructed fold axes
scatter between 340° and 45° around north, and between
170° and 200° around south at low angles. Assuming
subsimple shear, the direction of maximum shortening can
therefore be estimated between WSW-ENE and NW-SE.

Faults and fractures

The dolostone is intensely fractured and brecciated
where powderisation has not completely destroyed earlier
structures (Figure 3, a—e). In some cases, the sense and
amount of dip-slip offset along faults could be determined
by offset chert layers (Figure 3, b, g), but often no markers
were found. Steep NE-SW oriented fractures prevail (often
with minor normal offset), but there is a wide scatter of
directions (Figure 3, g). The handful of measured and
proven reverse faults (identified by offset chert beds) dip to
the SW or the NW (Figure 3, g). Only two small scale
striated fault surfaces (Figure 3, g) were identified on
faulted chert nodules.

Atsome cliff sections, a dense set of steep, slope-parallel
fractures was observed close to the envelope of the cliff
(Figure 3, e). This systematic fracture set fades away
towards the interior of the brecciated/powderised rock
volume. Two interpretation alternatives can be put forward.
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« Figure 3. a, Bedding outlined by chert string (dashed line) is cut off by a suspected low angle thrust. b, Small-scale fault with dip-slip offset outlined by the
oriented brecciation of the dolostone and the drag of a chert bed. ¢, Chevron antiform in chert, and its stereographic image. The discrepancy between the measured
fold hinge and the intersection of bedding planes is due to errors in measurement. A shallow angle fold axis dipping approximately to the south is inferred. The chert
bed is displaced by a small scale thrust detached in the bedding of the west-dipping fold limb. Note the fractures in the dolostone. d, Rounded antiform outlined by
a chert layer. This structure could not be accessed directly. e, Damage zone of the normal fault at least partly responsible for the topography of the cliff. f-g,
Stereograms (lower hemisphere stereographic projection, Schmidt net) of structural elements at Ordégorom. Data numbers are indicated in the top left corner of
each diagram. f, Bedding planes, with generally shallow dip to the south and southwest. Bedding planes on limbs of observed folds are not shown. g, Fractures and
faults. Note that some faults without striae classified as normal or reverse might actually be strike-slip faults with some dip-slip component. h-i, Fold hinges and
bedding planes measured in their immediate vicinity. The average of bedding planes measured away from outcrop scale folds is shown as dashed line. h, Present
day geometry. Fold hinges and bedding plane intersections scatter widely around south. i, Corrected by average bedding to reconstruct pre-tilt geometry. The range
of inferred shortening directions is shown in grey, average direction in black

<« 3. dbra. a, A tiizkogumdk dltal kirajzolt rétegzést (szaggatott vonal) dtvdgja egy laposabb feliilet, amely valdsziniileg egy dttolodds. b, A dolomit irdnyitott breccsdsoddsa
és a tiizkoréteg elvonszoloddsa dltal jelzett kisméretii vetd. ¢, Tiizkdrétegben kialakult chevron antiform és sztereogramja. A reddcsuklo és a szdarnyakon mért dolések
metszésvonala kozti kiilonbség a mérés bizonytalansdgdbol ered; egy laposan délre dolo reddtengely valdsziniisithetd. A tiizkiréteget kis mértékben elveti egy dttolodds,
amely lecsatol a nyugatra (W) dol6 reddszdrny rétegzésében. A dolomit toredezett. d, Tiizkoréteg dltal kirajzolt lekerekitett antiform. Ezt a reddt nem sikeriilt megkozeliteni.
e, Az Ordogorom letiréséért legaldbb részben felelds normdlvetd ziizott zéndja. fg, Sztereogramok alsé félgimb vetiiletben, Schmidt-hdlon. Az adatok szdma a bal fels¢
sarokban van feltiintetve. f, Tobbnyire lapos déli és délnyugati rétegddlések (a reddcsukiok kizelében mért dolések kivételével). g, Torések és vetdk. A normdlvetéként
(normal) vagy feltoloddskent (reverse) jelzett karc nélkiili veték egy része lehetséges, hogy valdjaban eltolodds (strike-slip) némi dolésiranyi elmozduldssal. h-i,
Reddcsuklok és az észlelt redékon mért rétegdilések. h, Jelenlegi helyzetiikben a reddcsuklok és a rétegddlések metszésvonalai egy tdg tartomdnyban dél koriil szornak.
Az észlelt redokon mért adatok kizdrdsdval szamolt dtlagos rétegdolést szaggatott vonal jelzi. i, Az dtlagos rétegddléssel korrigdlt, billenés elotti helyzetben a lehetséges

rovidiilési iranyok tartomdnydt sziirke, az dtlagos rovidiilési irdnyt fekete sdv jelzi

(1) The fracture set is related to the late exfoliation of the
dolostone in the vicinity of the topographic break-off of the
cliff. (2) The fracture set forms the 0.5-1 metre wide
damage zone of the fault that created the cliff, or of an
auxiliary fault parallel to that. The majority of these
fractures are oriented sub-parallel to the slope, and might be
interpreted as being related to exfoliation. There are,
however, steeper fractures as well, and the composite pattern
(Figure 3, e) resembles the Riedel shear geometry in normal
fault zones. Therefore, the second alternative is preferred.
Additional support for this interpretation is given by map-
scale faults near Ordog-orom (Figure I, b). An east—west
striking fault runs south of Ordog-orom. Although this fault
is shown to have dextral kinematics, its map view pattern
supports a dip-slip component of offset. The ESE-WNW
striking fault that runs north of Orddg-orom is clearly a dip-
slip fault.

Several steep fault zones were identified by offset, and
occasionally dragged, chert layers (Figures 2, a; 3, c). The
dip-slip offset on these faults is generally 10-20 cm. They
often involve a narrow (i.e. a few cm wide) damage zone in
the dolostone, showing more pronounced brecciation than
in the host rock.

A peculiar feature was identified next to a bunker
entrance that is accessible from the road at the base of the
cliff (47°28°56.02”N, 18°59°13.42”E) (Figure 3, a). Strings
of gently southwest-dipping chert nodules (indicative of
bedding) are truncated by another chert nodule string that
dips in the same direction, but at a lower angle. It was not
possible to trace this relationship far beyond than shown in
Figure 3, a. Consequently, it is difficult to determine
whether this represents part of the internal geometry of a
sedimentary bed form (which would provide evidence for
syn-sedimentary deformation of strata) or an overthrust.
Given the slope and basin setting of these sediments (HAAS
2002), erosional truncation at this scale is thought to be
unlikely, and a tectonic overthrust is preferred.

Small-scale low angle thrusts, offsetting chert layers,
were observed at a few locations (Figure 2, a). They seem to

detach in the bedding planes of the dolostone, although this
is hard to prove in all cases. These thrusts are at least partly
(Figure 2, b) related to folds by accommodating shortening
on fold limbs.

Discussion

The slope and basin deposits of the Matydshegy
Formation were commonly affected by synsedimentary
deformation (Haas 2002). It is therefore possible that the
observed folds are at least partly slump folds. The reason to
prefer their tectonic origin is as follows. Brittle thrusts that
offset chert beds are detached on the fold limbs and
accommodate fold-related shortening (Figure 2, b). This
geometry is uncommon in synsedimentary folds. Although
fold trains could usually not be traced for longer distances
due to outcrop conditions, the folds are not highly
dysharmonic (Figure 2, a). This also suggests their tectonic
origin, although synsedimentary deformation cannot totally
be ruled out either.

Accepting their tectonic origin, the style of folding at
Ordog-orom is in the brittle-ductile transition zone. The
deformation mechanism, however, is brittle as indicated by
chevron folds in the chert layers and small-scale fold-related
thrusts. The observed fold geometries suggest the
contractional origin of these structures. Based on fold
asymmetry, tectonic transport was generally top-to-the-
west.

The scatter of ENE-WSW to NW-SE oriented
shortening directions — derived from the measured folds
(Figure 3, i) — does not clearly align to the previously
known shortening phases in the Transdanubian Range (D1:
NE-SW, D2: NW-SE), but is in between. This can be
explained in three ways.

(1) The accuracy of fold direction measurements in the
cherty dolostones on Ordég-orom was insufficient. Indeed,
directions of measured fold hinges, as well as the inter-
section lines of folded beds as constructed fold axes, scatter



8 PaLoTAI Mdrton: Folding and faulting of cherty dolostones at Ordég-orom, Buda Hills, Hungary

between ENE-WSW and NW-SE, inhibiting a differenti-
ation between the two main phases known in the region.

(2) The folds on Ordog-orom formed during the
transition from D1 to D2, i.e. during the Early Albian. A
similar transitional phase was proposed by SASVARI (2009)
for the Gerecse Hills (further west within the Transdanubian
Range). This model would imply an extremely rapid phase
of folding which, based on the available data, cannot be
ascertained.

(3) The Buda Hills underwent differential rotation
relative to more western parts of the Transdanubian Range
after the formation of folds. The differential rotation of the
western and eastern parts of the Transdanubian Range (the
latter including the Buda Hills) was proposed by MARTON
(1998). As the folding direction at Orddg-orom could only
be determined within a wide range, again no clear con-
clusion can be drawn.

Five of the few proven reverse faults indicate NE-SW
shortening (in accordance with the D1 phase), while there is
a single reverse fault which suggests NW-SE shortening (in
accordance with the D2 phase) (Figure 3, g).

The Palaeogene — Early Miocene of the Buda Hills was
characterised by transpressional deformation (D3 phase)
(Fopor et al. 1994). Some folds with NE-SW oriented axes
in other parts of the Buda Hills were assigned to this phase
(Fopor et al. 1994). Despite the relatively poor 3D
exposure, the observed folds at Orddg-orom do not appear to
be arranged in en échelon manner, but seem purely
contractional. Therefore, they are unlikely to have been
formed during the D3 phase.

Strain perturbations might have played an additional role in
the scatter of folding and thrusting directions in structures that
were most likely formed during a single deformation phase.

The normal faults and the majority of undetermined
steep joints are most likely related to Miocene and Quater-
nary tectonics (cf. FODOR et al. 1999).

Conclusions

The chert layers and strings of chert nodules in the Triassic
dolostones at Ordog-orom indicate slightly asymmetric
folding. Small-scale thrusts, being detached in bedding
planes, are related to folding. These structures indicate a
brittle deformation mechanism. Tectonic transport directions
scatter between WSW and NW. The age of this phase is
inferred to be Early Cretaceous. The dolostones were affected
by intense fracturing and brecciation in multiple directions.
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