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Abstract

Magnetostratigrapic and biostratigraphic data across the Anisian/Ladinian (Middle Triassic) boundary were obtained
from the Frotschbach /Seceda section from the Dolomites region of northern Italy, and the Vlichos section from the Greek
island of Hydra, where the Aghia Triada published section was also resampled. The Frotschbach/Seceda section includes
two radiometrically dated (U-Pb) wff levels and covers two of the three chief candidates for the position of the base of the
Ladinian, namely at the base of the Secedensis Zone or the subsequent Curionii Zone. The Aghia Triada section yields
biochronological evidence for the base of the Secedensis Zone, whose significance is, however, critically discussed in the
light of the magnetostratigraphic correlation with Frotschbach/Seceda. The Vlichos section can be correlated with Aghia
Triada and Frotschbach /Seceda by means of magnetic polarity stratigraphy and sparse fossil occurrences. The satisfactory
correlation of the magnetozones allows us to construct a composite geomagnetic polarity sequence tied to Tethyan

ammonoid and conodont biostratigraphy for about a 2.4 Myr interval across the Anisian /Ladinian boundary.

Keywords: biostratigraphy; Hellenic Arc; Dolomites; magnetostratigraphy; Anisian; Ladinian

1. Introduction

Triassic magnetostratigraphy and biostratigraphy
in the Tethyan marine domain has received consider-
able attention in recent years (e.g., [1-4]). These
studies are aimed at correlating the widely recog-
nized biozonation in the Tethyan Triassic realm to
the geomagnetic polarity sequence of reversals for
the construction of a standard Tethyan Triassic time
scale.

" Corresponding author. E-mail: gio@lamont.ldeo.columbia.edu

Precise dates have recently become available for
the Anisian/Ladinian (Middle Triassic) boundary
interval at the Frotschbach /Seceda section located in
the Dolomites region of northern Italy [5,6]. This
gave us the opportunity for placing them in a mag-
netic polarity context which can be tested by means
of correlation with the coeval Aghia Triada section
of [2], located on the Greek island of Hydra and
containing one of the best magnetostratigraphic and
biostratigraphic records across the Anisian /Ladinian
boundary. In order to confirm and also extend down-
ward the data from Frotschbach/Seceda, we refined
sampling at Aghia Triada and also studied the Vli-
chos section, located a few kilometres to the south-
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west of Aghia Triada. The final result is a well
constrained composite geomagnetic polarity time
scale tied to ammonoids, conodonts and radiometric
ages across the Anisian/Ladinian boundary, which
is among the most widely studied in the Tethyan
Triassic [2,7-12].

2. Frotschbach / Seceda
2.1. Stratigraphy and age constraints

Exposures along the Frotschbach stream and on
the Seceda peak in the western Dolomites (Fig. la)

provide a classic section of Middle Triassic Tethyan
stratigraphy (e.g., [8,13,14]). The Dolomites are a
portion of the Southern Alps that have experienced
significant tectonic deformation since the Triassic.
The polyphase deformation was not intense enough,
however, to obliterate the original stratigraphic pat-
terns, and the western Dolomites have some of the
best preserved Paleozoic and Mesozoic rocks in the
Southern Alps.

The Frotschbach and Seceda sections are com-
prised of the Buchenstein Beds and are subdivided
into two units: the Lower Plattenkalke and the Knol-
lenkalke (Fig. 2a,b). The Lower Plattenkalke is a
succession of evenly bedded, black siliceous and
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Fig. 1. (a) Simplified geological map of the Frotschbach section area. The section is located southeast of the village of Seis am Schiern, a
half an hour walk from Bad Ratzes, on the trail heading to Seiser Alm. The Seceda section is about 13 km to the northeast on the western
flank of Mount Seceda. (b) Simplified tectonic map of the island of Hydra. The Aghia Triada section is located west of the Aghia Triada
monastery, about 1 hour walk heading southeast from the village of Hydra. The Vlichos section crops out in the first ravine west of the
village of Vlichos, along the western flank of the mountain due south of the village.

Fig. 2. The Anisian/Ladinian boundary Seceda and Frotschbach sections. (a) Age. ammonoid zonation and lithologic subdivision at Seceda;
some fossils of biochronological importance and radiometrically dated levels are indicated. (b) Lithology and biostratigraphy of the
Fristschbach section ([14], simplified). (¢) VGP relative latitudes of the characteristic component plotted as function of stratigraphic
thickness at Frotschbach and (d) corresponding polarity interpretation where magnetic polarity zones are shown by filled bars for normal

polarity and open bars for reversed polarity.
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calcareous mudstones (8-9 m thick) resting with a
sharp basal contact on an Upper Anisian carbonate
platform (Contrin Formation). The Knollenkalke
consist of 30-35 m of calcareous mudstones ar-
ranged in decimeter thick, wavy to nodular beds with
abundant chert nodules in the lower part, which
grades into more evenly bedded, light dolomitic
limestones and dolomites, which have a partly tur-
biditic origin. Carbonate breccias and basaltic layers
of the Wengen Group follow on top. Volcaniclastic
levels (Pietra Verde) occur throughout the Buchen-
stein Beds as silty to sandy layers up to 70 cm thick.

A characteristic set of three volcaniclastic levels
(T,, T, and T,) occurs in the lower part of the
Frotschbach section (Fig. 2b). These layers, in con-
junction with other lithostratigraphic markers, allow
us to correlate with a bed-by-bed resolution the basal
two-thirds of the Fritschbach section with meters
0-35 at Seceda (Fig. 2a,b; see also figure 6 in [8]).
On the basis of the vertical distribution of volcani-
clastic layers and fossils, the Seceda section is, in
turn, closely tied to other well studied
Anisian /Ladinian boundary sections in the Southern
Alps, such as Bagolino and Monte San Giorgio [8].

New high resolution U~Pb radiometric ages were
obtained on zircons from Seceda, Bagolino and
Monte San Giorgio [5,6]. The base of the volcani-
clastic T, layer at Seceda, which was also identified
at Frotschbach (Fig. 2a,b), yielded a mean age of
2412 (+0.8/— 0.6) Ma. A tuff layer located at the
72.5 m level at Bagolino gave a mean age of 238.8
(+0.5/—0.2) Ma; this level can be correlated via
Seceda to the 35-40 m interval of the Frotschbach
section. At Frotschbach the duration of the strati-
graphic interval bracketed by the radiometrically
dated levels can thus be evaluated as a minimum of
1.3 and a maximum of 3.4 Myr, and the mean
duration of 2.4 Myr gives a sedimentation rate of 11
m/Myr.

A few palynomorphs, ammonoids, conodonts and
daonellas of biochronological significance were
found at Frétschbach (Fig. 2b) and are extensively
discussed in [14]. On the basis on these fossil occur-
rences and correlations with Seceda and other locali-
ties in the Southern Alps, the base of the Frotschbach
section is assigned to the Reitzi Zone and the top of
the section to the Gredleri Zone. Frotschbach there-
fore fully covers two of the three chief candidates for

the stratigraphic position of the Anisian/Ladinian
boundary; namely, the base of the ( Nevadites) Sece-
densis or the base of the Curionii Zone. The base of
the Secedensis Zone is placed immediately below the
volcaniclastic layer T,, and is constrained by the first
occurrence of Nevadites at this level in the Giudi-
carie Alps [11,15]. This conclusion is also supported
by the first occurrence of the conodont Gondolella
trammeri at about meter 8 at Frotschbach, a bio-event
that is considered a proxy for the base of the Sece-
densis Zone (e.g., [10,12]). The base of the Curionii
Zone is constrained by the occurrence of the am-
monoid species Chieseiceras chiesense and Eopro-
trachyceras at Seceda. At Frotschbach this boundary
most probably falls in an interval between 4 and 8 m
above the volcaniclastic T, layer.

2.2. Paleomagnetism

Frotschbach was sampled with a sampling interval
of 2-4 samples per meter, yielding a total of 92
samples for statistical analysis. The steep outcrop at
Seceda could not be sampled with a portable drill but
this section may eventually be recovered by scien-
tific drilling.
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Fig. 3. Zijderveld diagrams of thermal demagnetization of NRM
of representative Frotschbach and Vlichos samples. @ =
projections onto the horizontal plane; O = projections onto the
vertical plane. Temperatures are expressed in degrees Celsius. All
diagrams are in geographic coordinates.
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Standard 11 cm® oriented samples were subjected
to progressive thermal demagnetization, and rema-
nence measurements were performed on a 2G 3-axis
cryogenic magnetometer. The median intensity of the
natural remanent magnetization (NRM) at room tem-
perature is 0.11 mA /m, whereas the initial suscepti-
bility has a median value of 2 X 107> SI and it is
stable over the heating procedure. Samples typically
show an initial steeply inclined component which, in
geographic coordinates, is consistent with the pre-
sent-day field direction (Fig. 3). A bipolar NW-down
(SE-up) characteristic component, obtained by least-
squares analysis on vector end point demagne-
tograms [16], was successively unblocked between
about 200°C and 500°C with a maximum of 575°C.
Thermal demagnetization of orthogonal-axes IRM
[17] indicates the presence of a dominant soft com-
ponent with a maximum unblocking temperature of
575°C (e.g., Fig. 4a), interpreted as magnetite, which
is the main carrier of the magnetization.

The characteristic component directions do not
appreciably change in orientation after correction for
bedding tilt (Fig. 5a; Table 1) because bedding planes
are gently inclined to the southeast; no fold test is
therefore available at Frotschbach. The mean normal
and reversed characteristic directions, calculated by
standard Fisher statistics, depart from antipodality by
20° + 19° (tilt-corrected coordinates), which may be
attributed to contamination of the characteristic mag-
netizations by the present-day field component.

A virtual geomagnetic pole (VGP) has been calcu-
lated for each of the characteristic component direc-
tions (Fig. 2c). Assuming that the Dolomites were
north of the equator during the Middle Triassic and
that the characteristic component was acquired be-
fore deformation, northerly and down directions cor-
respond to normal polarity. The latitude of the sam-
ple VGP relative to the north pole of the paleomag-
netic axis was used for interpreting the polarity
stratigraphy. Relative VGP latitudes that are positive
and ideally approach +90° are interpreted as record-
ing normal polarity, and those that are negative and
ideally approach —90° as recording reversed polarity
(Fig. 2¢). For identification of polarity magnetozones
which are defined by at least two samples, we adapt
the nomenclature used for the Late Triassic/earliest
Jurassic Newark geomagnetic polarity sequence [18].
The data from Frotschbach define four main magne-
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Fig. 4. Thermal demagnetization curves of orthogonal-axes IRM
for representative samples from grey limestone at: (a) Frotschbach;
(b) lower pink to grey limestone at Vlichos (i.e., unit (1)); and (c)
overlying mostly grey limestone at Vlichos (i.e., unit (ii)).

tozones, namely Fln, Flr, F2n and F2r, with two
short polarity intervals within Fin and F1r (Fig. 2d).
This sequence of eight magnetozones is considered
to represent a ca. 2.4 Myr record of Middle Triassic
geomagnetic field reversals, biochronologically
bracketed between the upper part of the Reitzi Zone
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Table 1

Paleomagnetic directions from Frotschbach, Aghia Triada and Vlichos

Site Comp. N,/N, In situ Tilt corrected Lat. /Long. dp/dm Plat.
Dec. Inc. k a95 Dec. Inc. k 295 (°N/°E) © (°N)
) ©) ey ©) ) )

1 Frotschbach C 102/092 3433 29.3 g 55 3508 380 8 57 639/211.0 4.0/67 213

2a  Aghia Triada B 165/113 2264 —20.7 11 42 2256 193 11 41

2b  Aghia Triada C 165/105 1578 —185 I 44 1558 260 11 43 -342/0521 25/46 13.8

3a  Vlichos (i), i) B 136 /110 2276 —202 i3 38 2298 238 13 38

3b Vlichos (ii)—(v) B 052,/046 2230 —19.0 16 54 2290 356 16 54

3¢ Vlichos (),(i) C 136/102 1552 —60.5 7 56 1637 108 7 5.6 —447/0465 29/57 05.5

3d  Vlichos (iii)~(v) C 052/034 1825 -—24.1 6 107 1809 391 6 107 -309/0223 76/128 221

Overall sites 2a, 3a, 3b B 3 2257 =200 1131 37 2281 262 88 132 41.0/1345 20/38 10.3

Overall sites 2b, 3¢, 3d C 3 166.8 —34.8 10 415 1660 257 20 280 —37.6/040.5 16.3/30.2 135

Comp. = component designation; N; = number of 11 cm* specimens thermally demagnetized; N, = number of 11 cm® specimens used for
statistical analysis; Dec., Inc. = declination and inclination; k = precision parameter; a95 = radius of cone of 95% confidence about the
mean direction; Lat., Long. = latitude and longitude of north paleomagnetic pole: dm /dm = semi-axes of the a95 confidence oval about the

paleomagnetic pole; Plat. = paleolatitude.

and the Gredleri Zone and with an estimated fre-
quency of about three reversals per million years.

3. Vlichos and Aghia Triada
3.1. Geology and stratigraphy

The Vlichos and Aghia Triada sections are lo-
cated on the island of Hydra, which lies off the coast
of the Argolis peninsula in Greece (Fig. 1b). As
described in more detail elsewhere ([2,19] and refer-
ences therein), Hydra is part of the Subpelagonian
zone of mainland Greece and exhibits a Permian to
Jurassic passive continental margin succession de-
posited on the western part of the Pelagonian terrane.
The Pelagonian terrane is though to have separated
from the northern margin of Africa sometime in the
Triassic. The Argolis peninsula was affected by nappe
emplacement during the Late Jurassic and Late
Eocene /Early Oligocene but on Hydra it is difficult
to separate the contribution of the Late Jurassic and
Cenozoic deformation phases.

The 60 m thick Vlichos section (Fig. 6a) approxi-
mately corresponds to the Han-Bulog Limestone and
the basal Pantokrator Limestone of litho-biostrati-
graphic section ‘‘B”’ of Angiolini et al. [19] ! and

' The correct thickness of section ““B” is approximately double
that reported in [19], due to typographic error.

can be subdivided into five units: (i) 11.5 m of pink
nodular limestone with red marls; (i) 29.5 m of
decimeter thick grey limestone beds rich in pelagic
bivalves, associated with less abundant red marls;
(iii) 3.5 m of centimetre thick beds of red limestone
with abundant red chert nodules, this unit is tectoni-
cally dismembered and shows lateral variations in
thickness; (iv) 2 m of grey nodular limestone beds
with red marls; (v) 8.5 m of decimeter thick resedi-
mented grey limestone beds of the Pantokrator Lime-
stone, which continues on top but becomes difficult
to access. We now suspect, contrary to earlier studies
[19], that the tectonic disturbance in unit (iii) is such
that the upper part of the section (unit (iv) and
above) is not in stratigraphic continuity with the
lower part.

Two distinct levels containing ammonoids were
observed in the Vlichos section, although the hard-
ness of the rock did not allow us to assemble a
satisfactory collection of fossils from this locality.
The base of unit (i) contains Fe—-Mn oxide-coated
Arcestidae and Ceratitidae, whereas the base of unit
(iv) yielded badly preserved ammonoids with no
Fe—Mn coatings. Renz ([20] and references therein)
reported an ammonoid fauna from the Han-Bulog
Limestone cropping out some 300 m to the west at
Aghia Irene. This fauna was restudied by Balini [21],
who recognized that it represents two distinct strati-
graphic levels. We suggest that Fe—Mn oxide-coated
specimens of Asseretoceras camunum, Megacer-
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atites aff. fallax, Ronconites sp. n. A and ‘Kel-
Inerites’ sp. ind., described by [21] from Rentz’s
collection can be referred to an older stratigraphic
level at Aghia Irene, which can most probably be
correlated with the level found at the base of unit (i)
at Vlichos, whereas a single specimen of Nevadites
sp. ind. with no Fe—Mn coating can be attributed to a
younger level at Aghia Irene, which can be projected
to the base of unit (iv) at Vlichos. The base of unit
(i) at Vlichos would thus correspond to the late

115

Anisian Trinodosus to Reitzi Zone, whereas the base
of unit (iv) may be attributed to the Secedensis Zone
(Fig. 6b). The conodont biostratigraphy at Vlichos
[19] shows that the middle Anisian fauna was found
at the very base of the section, and precisely in the
uppermost portion of the green tuffs (sample HI1,
Fig. 6a,b), whereas conodonts of late Anisian age
were collected in the overlying unit (i) (samples H3,
H4 and GL29), in agreement with the inferred am-
monoid biostratigraphy.
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The lithostratigraphy, biostratigraphy and paleo-
magnetism of the 24.4 m thick Aghia Triada section
(Fig. 7a) have been described previously [2]. For
placement of new paleomagnetic and biostratigraphic
samples the section was remeasured, but thickness
differences with the earlier study are generally within
10 cm. The base of the Ladinian was placed at the
first occurrence of the conodont Gondolella tram-
meri, which we now have found about 4 m below
the occurrence proposed previously [2]; that is, at the
4.3 m level in sample GM3 (Fig. 7ab). The first
occurrence of G. trammeri approximates the base of
the Secedensis ammonoid zone (e.g., [10,12]). Con-
odonts from meter 13.2 (sample ATC3) indicate a
late Ladinian age [2]. The section should thus repre-
sent a time interval comprised between the latest
Anisian and the late Ladinian [2]. Note that the
position for the base of the Ladinian at Aghia Triada
(i.e., at the approximated base of the Secedensis
Zone) differs from that proposed by Brack and Rieber
[8,9] for the Frotschbach/Seceda section (i.e., at the
base of the Curionii Zone). Some specimens of
Arcestidae, a pelagic ammonoid of little biochrono-
logical value, have also now been observed at the
base of unit (i) (Fig. 7a,b).

3.2. Paleomagnetism

For the Vlichos and Aghia Triada sections we
used paleomagnetic techniques similar to those de-
scribed for Frotschbach. At both sections, 3 or 4
samples were taken per stratigraphic meter. Vlichos
yielded a total of 136 standard 11 cm® specimens for
paleomagnetic analysis and Aghia Triada 105 (56 of
them are from [2]). Vector end-point demagne-
tograms for the Vlichos section (Fig. 3) show a
similar component structure to that described for
Aghia Trada [2]. There is an initial component which
coincides with the present-day field direction, a
southwest directed ‘‘B’’ component of single polar-
ity unblocked between about 200°C and 420-450°C,
and a bipolar SE /NW characteristic component un-
blocked from about 450°C to 575°C in the grey
limestone or 685°C in the pink limestone.

The initial NRM intensity at Vlichos is weak
(median value of 0.26 mA/m) and the magnetic
susceptibility is also very low, near the sensitivity
limit of the measuring instrument, even after heating

procedures. Thermal demagnetization of orthogonal-
axes IRM for samples collected at Vlichos in the
basal pink and grey nodular limestone [unit (i)]
shows the co-existence of soft and hard components,
with a maximum unblocking temperature compatible
with magnetite (575°C) and hematite (685°C), re-
spectively (Fig. 4b). In the overlying, mostly grey,
limestone [unit (ii)], the soft 575°C component domi-
nates (Fig. 4¢). The reported rock magnetic proper-
ties of the Han-Bulog Limestone at Aghia Triada 2]
are consistent with data for similar lithologies at
Vlichos. For example, the initial NRM (median value
of 0.17 mA/m) and susceptibility are of a similar
magnitude at both sections. The pink and grey nodu-
lar limestone at Aghia Triada [units () to (ii)]
yielded evidence for the co-existence of hematite and
magnetite, whereas the overlying grey limestone [unit
(iv)] was found to contain predominantly magnetite
[2].

The presence at Vlichos of a tectonic discontinu-
ity within unit (iii) and a related variation in bedding
attitude from 354°/72° to 14°/64° (azimuth of the
dip/dip) suggested to us that the paleomagnetic
directions from units (i)-(ii) and (iii)~(v) should be
calculated separately. The single-polarity ‘B’ com-
ponent overprint from the two Vlichos subsections
and from Aghia Triada (Fig. 5b) yield well defined
site-mean directions which are undistinguishable in
geographic coordinates (at the 99% level of confi-
dence, [22]) but diverge significantly when correc-
tions for bedding tilt are applied (Fig. Sc; Table 1).
We can now more confidently conclude that the
“B’’ component was acquired after deformation,
even though it is still difficult to date because of the
poor age constraint on the tectonic evolution of
Hydra. In the previous study of Aghia Triada [2], this
overprint was tentatively associated with nappe em-
placement that affected Hydra and the Argolis penin-
sula in the Late Jurassic.

The dual polarity characteristic component (Fig.
5a) gives site-mean directions which show some
degree of convergence after correction for bedding
tilt (Fig. 5c; Table 1). This suggests that the charac-
teristic remanence was acquired before the main
phase of deformation. However, the limited differ-
ence in bedding attitudes makes the fold test statisti-
cally inconclusive in this case; that is, the precision
parameter progressively increases to only a factor of
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2 with full (100%) tilt correction. The mean normal
and reversed directions are not very antipodal, be-
cause they are offset by 18° + 11° and 39° + 17.5° at
Vlichos units (i)-(ii) and (iii)—(v), respectively, and
13.5° + 8° at Aghia Triada.

The general departure from antipodality may be
due to residual contamination of the characteristic
magnetizations by the ‘‘B’’ component. We assume

that the contamination influences both the normal
and reversed directions, whose averaging by invert-
ing to common polarity should minimize the biassing
effect in determining an overall mean direction.
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polarity option chosen for the characteristic rema-
nence (i.e., tilt-corrected southerly and down direc-
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Fig. 8. Comparison of magnetic polarity sequences from the Vlichos, Aghia Triada and Frotschbach /Seceda sections and, on the left, a
geochronologically calibrated composite magnetostratigraphic and biostratigraphic sequence across the Anisian/Ladinian boundary interval.
The two alternative (younger) options for the position of the base of the Ladinian are indicated (2 = base of the Secedensis Zone, 3 = base
of the Curionii Zone). The magnetozones are reported in thicknesses.
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was located north of the equator during the Middle
Triassic; this implies that large-magnitude rotations
affected the thrust sheets of Hydra in post-Middle
Triassic times, as previously suggested [2]. A se-
quence of six main magnetozones are recognized at
Vlichos: Vir, V2n, V2r, V3n, V3r and V4n, in
which four short intervals are embedded (Fig. 6¢,d).
The presence of a tectonic discontinuity within unit
(iii), however, suggests that the sequence of reversals
from here upwards may be in part repeated. At
Aghia Triada, five main magnetozones are recog-
nized (ATIn to AT3n) interrupted by one short
reversed interval within AT2n (Fig. 7c,d). These
magnetozones were renamed from the earlier study
because the polarity identification originally adopted
(e.g., ‘Hydra A +’ [2]) is considered less descriptive
than that used here (e.g., AT1n). The resulting polar-
ity stratigraphy essentially confirms the pattern pub-
lished earlier [2], the main difference being a better
definition of the magnetozones AT1n and AT2n.Ir
(‘Hydra A +’ and unnamed, respectively, in [2]), but
also that the top of the section is now characterized
by an interval of normal polarity, interrupted by a
single sample-based reversal (named ‘Hydra F —’
by [2]). There is no obvious correlation between
magnetic mineralogy variations and polarity stratig-
raphy in the Hydra sections (Fig. 6cFig. 7¢).

4. Correlation of Anisian/Ladinian boundary
sections

We have constructed a composite magnetostratig-
raphy and biostratigraphy across the
Anisian /Ladinian boundary based on a proposed
correlation of magnetozones from the
Frotschbach /Seceda, Aghia and Vlichos sections
(Fig. 8). The key magnetozones that are common to
the three sections consist of a predominantly normal
polarity (FIn, ATln and V3n), reversed polarity
(Fl1r, AT1r and V3r) and normal polarity (F2n, AT2n
and V4n) magnetozone sequence. The Vlichos and
Aghia Triada sections extend this key sequence
around the Anisian/Ladinian boundary to older and
younger intervals, respectively.

Three alternative positions for the base of the
Ladinian using Western Tethys ammonoid zones have
been proposed [7,10,23]: (1) at the base of the Reitzi
Zone sensu [9,11]; (2) at the base of the Secedensis

Zone sensu [9,11]; and (3) at the base of the Curionii
Zone. The base of the Reitzi Zone is not well defined
in any of the sections we have studied. The
Frotschbach /Seceda section contains evidence for
the base of both the Secedensis and Curionii Zones,
the former being placed at around magnetozone
Fln.Ir and the latter in the lower part of Flr (Fig. 8).
At Aghia Triada, the base of the Secedensis Zone
was approximated by the first occurrence of Gondo-
lella trammeri, which was found towards the base of
polarity zone AT2n. The base of the Secedensis
Zone at Frotschbach/Seceda and Aghia Triada
therefore do not fall at the same position with respect
to magnetic polarity stratigraphy. This is interpreted
as due to discontinuous recovery of fossils at Aghia
Triada, which would make the first occurrence of G.
trammeri a poor proxy of its first appearance. This
limitation becomes less disturbing up-section, where
the richer conodont fauna of late Ladinian age found
at the very top of magnetozone AT2n (Hydra C + in
[2]) is in general agreement with a fauna of similar
age found at Frotschbach /Seceda at the base of F2r.

The correlation of the Vlichos section with re-
spect to Frotschbach/Seceda and Aghia Triada
largely relies on magnetic stratigraphy as constrained
by only sparse occurrences of fossils of biochrono-
logical significance. The uppermost portion of the
green tuffs at the base of the Vlichos section con-
tains a middle Anisian conodont fauna, whereas the
immediately overlying unit (i) yields a late Anisian
conodont and ammonoid fauna (within V1r and the
top of V2r). A hiatus may therefore be present
between the green tuffs and the base of unit (i),
which is nevertheless regarded as being older as a
whole than the base of the Frotschbach/Seceda and
Aghia Triada sections. The age of the top of the
Vlichos section is less well constrained. Further re-
search is required to verify whether Nevadites sp.
ind. collected at Aghia Irene by Renz [20,21] does in
fact come from the upper ammonoid-bearing level,
which, at Vlichos, is most probably located towards
the base of magnetozone V3r (i.e., the base of unit
(iv)). If so, the upper part of the Vlichos section
would match better the lower parts of the
Frotschbach /Seceda and Aghia Triada sections,
which belong to the Secedensis Zone, and would
thus imply that the tectonic discontinuity within unit
(iii) at Vlichos acted as a reverse fault (Fig. 8).
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5. Conclusions

The satisfactory correlation of the magnetozones
across the Anisian/Ladinian boundary interval im-
plies that the characteristic remanence was acquired
when these sections were all located in the same
hemisphere. The reported successful magnetostrati-
graphic correlations between the Lower Triassic
Werfen Formation from the Dolomites [24] and the
composite polarity sequence of the Canadian Arctic
[25] suggest that the Dolomites (and hence Hydra)
were most probably in the northern hemisphere in
the Middle Triassic, in agreement with the most
recent paleogeographic reconstructions of Pangea
(e.g., [26]). A northern hemisphere location since the
Middle Triassic would also imply that the post-fold-
ing *‘B’" component overprint in the Aghia Triada
and Vlichos sections was acquired during a period of
reversed polarity.

The north paleomagnetic pole corresponding to
the characteristic component from Frotschbach (Ta-
ble 1) falls near Middle Triassic paleopoles from
other regions in the Southern Alps which have West
Gondwana affinity [26]. Indeed, data from the South-
ern Alps, and particularly the Frotschbach pole, were
used [26] to refine the APWP of West Gondwana
[27]. On the other hand, the characteristic compo-
nents from the Vlichos and Aghia Triada sections
give north paleopoles that fall near South Africa,
well removed from both the West Gondwana and
Europe APWPs [27] (Fig. 9). If the paleopoles from
Hydra were instead regarded as south poles, this
would imply that Hydra was in the southern hemi-
sphere and the polarity correlations with Frotschbach
would no longer match. However, the large rotations
required by our preferred interpretation as north pa-
leopoles are suggested by other results from the
eastern Mediterranean. For example, the Triassic
paleopoles from Chios [3] and Kgira [4] fall in a
similar co-latitude band as those from Hydra and are
all rotated with respect to the Frotschbach pole.
Within this pattern falls also the post-folding “‘B™
component paleopole from Hydra and a syn-folding
**B’" component paleopole from Chios [3]. These
data, however sparse, suggest that large-magnitude
vertical-axis rotations in opposite senses have oc-
curred since the Triassic in the eastern Mediter-
ranean, to the east of the parautochthonous regions
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Fig. 9. The paleomagnetic poles from Frotschbach and Hydra
(Table 1) and from other regions in the Mediterranean (Chios,
Greece, and Kgira, Albania) compared with the West Gondwana
(WG, in northwest Africa coordinates) and Europe ( EU} apparent
polar wander paths [27]. The suffix attached to the pole designa-
tion refers to the magnetization component used for pole calcula-
tion: C = the characteristic component, B = a secondary compo-
nent (note that Hydrap is the mean of Vlichosy and Aghia
Triadag). The solid line is a small circle centered on the eastern
Mediterranean (28°E, 36°N) whose radius of 78° is approximately
the average paleoco-latitude of the Frotschbach and Hydra charac-
teristic and ancient overprint magnetizations, illustrating that verti-
cal axis rotations can account for the dispersion of these pale-
opoles.

of Adria (e.g., the Southern Alps). Part of these
rotations, which are larger than those generally ob-
served in Neogene rocks from the Aegean region
(e.g., [28]), occurred before the acquisition of the
““B’’ component overprint, whose age is most proba-
bly pre-Cenozoic, because the directions tend to be
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shallower than predicted from Cenozoic reference
poles for West Gondwana or Europe (Fig. 9).

Acknowledgements

We thank Bill Lowrie and an anonymous re-
viewer for constructive reviews of the manuscript.
This is Lamont-Doherty Earth Observatory contribu-
tion #5565. [RV]

References

[1] Y. Gallet, L. Krystyn and J. Marcoux, Triassic Magne-
tostratigraphy, J. Geophys. Res., in press, 1996.

[2] G. Muttoni, J.E.T. Channell, A. Nicora and R. Rettori,
Magnetostratigraphy and biostratigraphy of an Anisian—
Ladinian (Middle Triassic) boundary section from Hydra
(Greece), Palaecogeogr. Palaeoclimatol. Palaeoecol. 111,
249-262, 1994.

[3] G. Muttoni, D.V. Kent and M. Gactani, Magnetostratigraphy
of a Lower/Middle Triassic boundary section from Chios
(Greece), Phys. Earth Planet. Inter. 92, 245-261, 1995.

[4] G. Muttoni, D.V. Kent, S. Mego, A. Nicora, M. Gaetani, M.
Balini, D. Germani and R. Rettori, Magneto-biostratigraphy
of the Spathian to Anisian (Lower to Middle Triassic) Kgira
Section, Albania, Geophys. I. Int., in press, 1996.

[5] P. Brack, R. Mundil, F. Oberli, M. Meier and H. Rieber,
Biostratigraphic and radiometric age data question the Mi-
lankovitch characteristics of the Latemar cycles (Southern
Alps, Italy), Geology 24(3), 371-375, 1996.

[6] R. Mundil, P. Brack, M. Meier, H. Rieber and F. Oberli,
High resolution U-Pb dating of Middle Triassic volcaniclas-
tics: Time-scale calibration and verification of tuning param-
eters for carbonate sedimentation, Earth Planet. Sci. Lett.
141, 137-151, 1996.

[71 M. Gaetani, Anisian/Ladinian boundary field workshop,

Southern Alps—Balaton Highlands, 27 June—4 July 1993,

Albertiana 12, 5-9, 1993.

P. Brack and H. Rieber, Towards a better definition of the

Anisian /Ladinian boundary: New biostratigraphic data and

correlations of boundary sections from the Southern Alps,

Eclogae Geol. Helv. 86(2), 415-527, 1993.

P. Brack and H. Rieber, The Anisian/Ladinian boundary:

retrospective and new constraints, Albertiana 13, 25-36,

1994.

[10] S. Kovics, Conodonts of stratigraphic importance from the
Anisian /Ladinian boundary interval of the Balaton High-
land, Hungary, Riv. Ital. Paleontol. Stratigr. 99(4), 473-514,
1994,

[11] P. Brack, H. Rieber and R. Mundil, The Anisian/Ladinian
boundary interval at Bagolino (Southern Alps, Italy): I. Sum-
mary and new results on ammonoid horizons and radiometric
age dating, Albertiana 15, 45-56, 1995.

(8

—

{9

—

[12] A. Nicora and P. Brack, The Anisian/Ladinian boundary at
Bagolino (Southern Alps, Italy): 11, The distribution of con-
odonts, Albertiana 15, 57-71, 1995.

[13] R. Brandner, Mittel- und Ober Trias in Frotschbach und
Seiser Alm; Excursion 2, in: Exkursionsfuehrer zur 4. H.
Mostler, ed., pp. 80-97, Jahrestagung Osterr. Geol. Ges.,
Seis am Schlern, 1982.

[14] G. Muttoni, D.V. Kent, A. Nicora, H. Rieber and P. Brack,
Magneto-biostratigraphy of the ‘‘Buchenstein Beds’’ at
Frotschbach (Western Dolomites, Italy), Albertiana 17, 1996.

{15] P. Brack and H. Rieber, Stratigraphy and ammonoids of the
lower Buchenstein Beds of the Brescian Prealps and Giudi-
carie and their significance for the Anisian/Ladinian bound-
ary, Eclogae Geol. Helv. 79(1), 181-225, 1986.

[16] J.L. Kirschvink, The least-squares line and plane and the
analysis of palacomagnetic data, Geophys. J.R. Astron. Soc.
62, 699-718, 1980.

[17] W. Lowrie, Identification of ferromagnetic minerals in a rock
by coercivity and unblocking temperature properties, Geo-
phys. Res. Lett. 17, 159-162, 1990.

[18] D.V. Kent, P.E. Olsen and W.K. Witte, Late Triassic—earliest
Jurassic geomagnetic polarity sequence and paleolatitudes
from drill cores in the Newark rift basin, eastern North
America, J. Geophys. Res. 100, 14,965-14,998, 1995.

{19] L. Angiolini, L. Dragonetti, G. Muttoni and A. Nicora,
Triassic stratigraphy in the island of Hydra (Greece), Riv.
Ital. Paleontol. Stratigr. 98(2), 137-180, 1992.

[20} C. Renz, Die Bulogkalke der Insel Hydra (Ostpeloponnes),
Eclogae Geol. Helv. 24(1), 53-60, 1931.

[21] M. Balini, Middle Triassic ceratitids (Ammonoidea) col-
lected by C. Renz from Hydra (Greece), Riv. Ital. Paleontol.
Stratigr. 100(3), 51-364, 1994.

[22] P.L. McFadden and D.L. Jones, The fold test in palacomag-
netism, Geophys. 1.R. Astron. Soc. 67, 53-58, 1981.

[23] H. Kozur, K. Krainer and H. Mostler, Middle Triassic con-
odonts from the Southern Karawanken Mountains (Southern
Alps) and their stratigraphic importance, Geol. Palaontol.
Mitt. Innsbruck 19, 165-200, 1994.

[24] S. Graziano and J.G. Ogg, Lower Triassic magnetostratigra-
phy in the Dolomites region (Italy) and correlation to Arctic
ammonite zones, in: AGU 1994 Fall Meeting 75, AGU, San
Francisco, CA, 1994,

[25] J.G. Ogg and M.B. Steiner, Early Triassic magnetic polarity
time scale — integration of magnetostratigraphy, ammonite
zonation and sequence stratigraphy from stratotype sections
(Canadian Arctic Archipelago), Earth Planet. Sci. Lett. 107,
69-89, 1991.

[26] G. Muttoni, D.V. Kent and J.E.T. Channell, Evolution of
Pangea: Paleomagnetic constraints from the Southern Alps,
Italy, Earth Planet. Sci. Lett. 140, 97-112, 1996.

[27] R. Van der Voo, Paleomagnetism of the Atlantic, Tethys and
Tapetus Oceans, 411 pp., Cambridge Univ. Press, Cambridge,
1993.

[28] A. Morris and M. Anderson, First palacomagnetic results
from the Cycladic Massif, Greece, and their implications for
Miocene extension directions and tectonic models in the
Aegean, Earth Planet. Sci. Lett. 142, 397-408, 1996.



