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Abstract

In Central Germany, the about 1 km thick mainly clastic Germanic Lower Triassic (Buntsandstein) consists of about 60
sedimentary cycles, which are considered to reflect variability in precipitation within the epicontinental Central European Basin,
most probably due to solar-induced short eccentricity cycles. They provide a high-resolution cyclostratigraphic framework that
constitutes the base for creating a composite geomagnetic polarity record, in which this paper presents a Middle Buntsandstein to
lowermost Muschelkalk magnetostratigraphy obtained from 6 outcrops and 2 wells where a total of 471 samples was collected.
Combined with recently established records, a well-documented magnetostratigraphy for the upper Zechstein to lowermost
Muschelkalk (latest Permian to Middle Triassic) of Central Germany has been constructed, encompassing an overall stratigraphic
thickness of about 1.3 km and 22 magnetozones derived from about 2050 paleomagnetic samples. Along with available bio-
stratigraphy, this multi-disciplinary study facilitates detailed links to the marine realm, in order to directly refer biostratigraphically
calibrated Triassic stage boundaries as well as radioisotopic ages to the Buntsandstein cyclostratigraphy and, conversely, to
contribute to calibrating the geologic timescale.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The transition from the Paleozoic to the Mesozoic is
indicated by the most severe mass extinction of the
entire Phanerozoic (Erwin, 1993) affecting both marine
and terrestrial biota (e.g. Erwin, 1993; Retallack, 1995).
A precise chronology and a detailed stratigraphic
correlation of strata from different depositional environ-
ments are central to understanding the nature and tempo
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of this end-Permian ecosystem collapse as well as the
timing of the subsequent biotic recovery that has long
been recognized as the longest recovery interval of the
Phanerozoic spanning most of the Early Triassic (e.g.
Erwin, 1993). However, the duration of the Early
Triassic has been poorly constrained, until radioisotopic
ages for the Lower–Middle Triassic boundary interval
recently provided reliable tie points for the Triassic re-
covery (Ovtcharova et al., 2006; Lehrmann et al., 2006).

Using mainly lithological criteria, the Triassic geo-
logical system was originally introduced by von Alberti
(1834), in order to unite the predominantly continental
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Buntsandstein, the marine Muschelkalk, and the mainly
continental Keuper from the epicontinental Central
European Basin (CEB). However, the term Triassic is
used today in a chronostratigraphic sense with the
formal definition of stages and substages being tied to
marine strata from the Tethyan and Boreal realms and
defined by their fossil succession, above all conodonts
and ammonoids (e.g. Gradstein et al., 2004). A sole
biostratigraphic comparison of the Germanic Triassic
with the marine scale is in parts equivocal or impossible,
e.g. due to fossil-free intervals (e.g. Kozur, 1999;
Bachmann and Kozur, 2004). Accordingly, a more
detailed and more reliable global correlation of the
Buntsandstein requires the integration of other methods,
such as magnetostratigraphy.

The global synchronous character of magnetic polarity
reversals has made magnetostratigraphy a powerful tool
for precise facies-independent correlation between differ-
ent depositional environments. In the last two decades,
significant progress has been made in constructing an
integrated biomagnetostratigraphy for the marine Lower
Triassic and, particularly, the Permian-Triassic boundary
(PTB) interval (e.g. Heller et al., 1988; Li andWang, 1989;
Ogg and Steiner, 1991; Muttoni et al., 1996; Scholger
et al., 2000; Gallet et al., 2000; Tong et al., 2004). With
the objective to enable also detailed global correlation
of the Germanic Triassic, a considerable number of stud-
ies focused on Buntsandstein magnetostratigraphy (e.g.
Nawrocki, 1997; Soffel and Wippern, 1998; Nawrocki
and Szulc, 2000; Hounslow andMcIntosh, 2003; Szurlies
et al., 2003; Szurlies, 2004), in which this paper presents a
Middle Buntsandstein to Lower Muschelkalk geomag-
netic polarity record for Central Germany derived from
6 outcrops and 2 continuously cored wells (Fig. 1). It
represents the continuation of a comprehensive Buntsand-
stein study (Szurlies, 2001; Szurlies et al., 2003; Szurlies,
2004), now combined to a magnetostratigraphy for the
upper Zechstein to Lower Muschelkalk (Late Changhsin-
gian to EarlyAnisian) that is tied to an integrated (gamma-
ray) log- and cyclostratigraphy. Along with available
biostratigraphy, this multi-disciplinary approach aims to
facilitating detailed links to the marine Triassic, in order to
directly refer radioisotopic ages to the Buntsandstein
cyclostratigraphy, and hereby, to test its relationship to the
Milankovitch frequency band. Conversely, this cyclos-
tratigraphy can be used to contribute to calibrating the
Early Triassic stages and substages.

2. Geological setting and Buntsandstein stratigraphy

In the CEB (Fig. 1), the transition from the mainly
continental Permian (Rotliegend and Zechstein groups) to
the epicontinental tripartite Germanic Triassic (Buntsand-
stein, Muschelkalk, and Keuper groups), i.e. the upper-
most Zechstein to Lower Buntsandstein, is developed
mainly in red bed facies, in which this interval is assumed
to represent one of the most complete sedimentary suc-
cessions across the PTB world-wide (Menning et al.,
2005). In Central Germany, the uppermost Zechstein is
indicated by hypersaline and sabkha sediments overlain
by the about 1 km thick mainly clastic Buntsandstein
deposited in predominantly fluvio-lacustrine environ-
ments with the fluvial influx mainly originating from the
massifs at the southernmargin of theCEB (Fig. 1).Marine
influences are restricted to parts of the Middle and,
particularly, the Upper Buntsandstein, in which the clas-
tics and carbonates of the latter gradually pass upwards
into the marine Muschelkalk limestones.

Traditionally, the subdivision of the Buntsandstein
relies on lithological criteria (von Alberti, 1834). Using a
combination of geological mapping and wireline logs
(e.g. gamma-ray logs), the first modern Buntsandstein
lithostratigraphy was introduced by Boigk (1959), to-
day consisting of (a) a twofold Lower Buntsandstein
(Calvörde and Bernburg formations), (b) a fourfold Mid-
dle Buntsandstein (Volpriehausen, Detfurth, Hardegsen
and Solling formations), and (c) the Upper Buntsandstein
(Röt Formation). Moreover, the Buntsandstein is indicat-
ed by a striking cyclicity of varying magnitude, prag-
matically subdivided into 10 to 30 m thick small-scale
fining-upward cycles (e.g. Paul and Klarr, 1988; Geluk
and Röhling, 1997; Szurlies, 2001; Roman, 2004), which,
in turn, consist of 3 to 6 cycles of higher order (Szurlies,
2001). Commonly, these cycles begin with fluvial sand-
stones that grade into pelitic sediments, which were
deposited in playas or playa lakes, respectively (e.g. Paul
and Klarr, 1988). Alternatively, the sedimentary pattern
can be interpreted as consisting of almost symmetric base-
level cycles (Szurlies, 2001, 2005), which are considered
to reflect variability in precipitation (so-called wet-dry
cycles) within the lacustrine system of the CEB most
likely due to solar-induced short eccentricity cycles (e.g.
Geluk and Röhling, 1997; Szurlies, 2001; Szurlies, 2005).
For the interior of the CEB, the hitherto postulated
synchronous character of these cycles has recently been
proven by magnetostratigraphic means (Szurlies et al.,
2003; Szurlies, 2004).

The sedimentary cycles can be used for correlation in
cores, outcrops and wireline logs, for instance gamma-
ray logs (GR logs), which in the Buntsandstein strata
basically display the content of 40K that, above all, is
present in clay minerals. Accordingly, the GR logs
roughly reflect the clay content (“shaliness”) with the
lower mainly sandy part of a cycle being indicated by



Fig. 1. (a) Paleogeographical map of the Buntsandstein from the Central European Basin (from Röhling et al., 2002) with location of outcrops and
wells used in this study. Wells: 1 = Dokumenta 6/77, 2 = Beberbeck 1 (BB), 3 = Solling 5, 4 = Dassel VB2, 5 = Brüggen Z1, 6 = Bockenem A100
(BA), 7 = Königslutter Z1, OS = Obernsees; Outcrops: 8 = Bad Karlshafen (BK), 9 = Karsdorf (KD), 10 = Fliegerrutsche (FL), 11 = Steudnitz (ST),
12 = Klingelbachtal (KT), 13 = Wüstenzell (WZ). (b) Lithostratigraphy of the upper Zechstein to Lower Muschelkalk in Central Germany.
V-S = Buntsandstein unconformities; QS = Quickborn Sandstone, which is regarded as the lowermost member of the Volpriehausen Formation
(Bachmann and Kozur, 2004; Menning et al., 2005).
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low GR values, whereas the subsequent dominantly
pelitic interval is characterized by significantly higher
radioactivities (Fig. 2; see also Szurlies et al., 2003;
Szurlies, 2004 and references therein). Hence, field
gamma-ray measurements enable to compare directly
outcrop geology with geophysical borehole logs (e.g.
Szurlies, 2004). Using regional GR log transects, the
cycles can be mapped over large parts of the CEB (e.g.
Geluk and Röhling, 1997; Szurlies, 2001; Roman, 2004;
Geluk, 2005). Additionally, correlation is supported by
numerous well-known litho and GR markers, e.g. the
coarse-grained sandstone intervals at the base of the
Volpriehausen and Detfurth formations (VS, DS), which
are displayed as intervals of distinctive low radiation
(Fig. 2). Based on a comprehensive (GR) log- and
lithostratigraphic analysis, a subdivision into about 60
sedimentary cycles has recently been established
(Szurlies, 2005), providing a high-resolution cyclostra-
tigraphic framework of the Buntsandstein that forms the
base for a reasonable composite magnetic polarity
record (e.g. Szurlies et al., 2003; Szurlies, 2004). This
is of outstanding importance, since the Middle Bunt-
sandstein is indicated by four well-known unconformi-
ties, which either become obvious on swells or even
have a regional to basin-wide extend like the prominent
Hardegsen unconformity (H unconformity) at the base
of the Solling Formation (Fig. 1 and 2).

During the Late Cretaceous, theMesozoic sedimentary
succession of the CEBwas affected by block-faulting and
local thrust faults, due to intraplate compressional
stresses, which were exerted on the European craton in
the early phases of the Alpine plate collision.



Fig. 2. Gamma-ray log correlation of the Middle Buntsandstein in an approx. NNE-SSW transect crossing the paleogeographical elements Hunte
Swell, Hessian Depression and Eichsfeld-Altmark Swell. A-E = high-radiation markers; VS = Volpriehausen Sandstone, DS = Detfurth Sandstone,
“HS” = “Hardegsen Sandstone”, B+GT = basal sandstone+gray claystone interval, RT = red claystone interval, SB = equivalent of the Stammen
Beds, WGG = white-gray-colored interval. See Fig. 1 for key.
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3. Magnetic properties

3.1. Materials and methods

In all, 471 oriented paleomagnetic standard samples
were collected from the Buntsandstein and Muschelkalk
sections with an average spacing of about 3 m using a
portable water-cooled rock drill. The Middle Buntsand-
stein was examined in two continuously cored wells and
one outcrop (Fig. 1) yielding a total of 319 specimens.
From the overlying Upper Buntsandstein to lowermost
Muschelkalk, 152 samples were recovered in five
outcrops. Preferentially, fine-grained sandstones, silt-
stones and claystones (mainly red-brown lithologies)
were collected. Additionally, limestones were sampled
in the uppermost Buntsandstein and Muschelkalk
(exclusively gray lithologies).

Thermal treatment of the red-brown samples was
performed using an ASC Scientific TD48 oven with
measurements of natural remanent magnetization
Fig. 3. (a-d) IRM acquisition curves in fields up to 2700 mT and subsequ
lithofacies types with samples being identified by abbreviation of section na
(NRM) being made with a 2G Enterprises automatic
DC-SQUID 755SRM cryogenic magnetometer (noise
level 1×10-6 A/m). Routinely, the magnetic suscepti-
bility was recorded after each demagnetization step with
a Bartington MS2B sensor in order to monitor
mineralogical alteration of the magnetic fraction due
to heating. Demagnetization of the gray lithologies was
performed using the in-line triaxial alternating field
demagnetizer of the cryogenic magnetometer.

Isothermal remanent magnetizations (IRM) were ap-
plied with a 2G Enterprises 660 pulse magnetizer and
measured with a Molyneux MiniSpin fluxgate magne-
tometer (noise level 0.2×10-3 A/m). Samples were ex-
posed stepwise, to peak fields of 10 to 2700 mT along
the positive z-axis of the specimens in order to record
complete IRM acquisition curves. For a more conclusive
interpretation, IRM experiments were combined with
subsequent thermal demagnetization of IRM, since mag-
netic minerals exhibiting similar coercivities, generally,
are characterized by different unblocking temperatures.
ent stepwise thermal demagnetization of IRM for four representative
me and chronological sampling number. See Fig. 1 for key.
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3.2. Rock magnetism

Routinely, a representative suite of specimens was
selected for IRM experiments (Fig. 3) where the
behavior of the gray and red-brown lithologies revealed
significant differences. Usually, the gray samples are
dominated by a low coercivity fraction, acquiring the
majority of IRM between 50 and 200 mT (Fig. 3a) and
having a corresponding maximum unblocking temper-
ature of about 590 °C, which is ascribed to magnetite.
Commonly, most of IRM is reached in ambient fields of
less than 500 mT.

The red-brown lithologies reflect the presence of a high
coercivity mineral (Fig. 3b-d). It is saturated between 600
and ∼2000 mT revealing an accompanying maximum
unblocking temperature of 680 °C, which is attributed to
hematite. Additionally, in some gray and brown samples
an inflection in the acquisition curves is displayed at about
200 mT indicating the presence of a low coercivity
fraction (Fig. 3b–c). It acquires most of the IRM in fields
Fig. 4. (a–f) Vector end-point diagrams and normalized intensity decay curve
six representative samples with the demagnetization results assigned to type
of less than 150 mT exhibiting a noticeable drop in the
demagnetization curves between 500 and 600 °C, iden-
tified as most probably magnetite. Most of the red-brown
lithologies as well as some gray samples are not entirely
saturated at maximum field of 2700 mT (Fig. 3b-d), often
also revealing a significant drop in the corresponding
thermal demagnetization curves at about 100 °C, which
obviously indicates the presence of goethite.

3.3. Paleomagnetic properties

The intensity of the NRM is on average 2.31 mA/m,
ranging from 0.04 to 14.56 mA/m. Continuing a recently
established nomenclature (Szurlies et al., 2003; Szurlies,
2004), the behavior of the samples during demagnetiza-
tion was divided into two classes, i.e. type I and II
magnetizations.

Usually, the NRM of the red-brown and gray samples
consists of at least two superimposed magnetization
directions (components A and B) related to lower and
s illustrateng thermal and alternating field demagnetization of NRM for
I (a–e) and type II (f) magnetizations, respectively. See Fig. 1 for key.



Fig. 5. Stereographic projection of the ChRM directions, i.e. type I magnetizations, from all 6 studied outcrops. Filled (open) symbols for lower (upper)
hemisphere,with circles (triangles) indicatingChRMdirections carried byhematite (magnetite), asterisk for present-day field direction inCentralGermany.
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higher unblocking temperature ranges (Fig. 4). Compo-
nent A, indicated by a relatively steep downward
directed magnetization along the present-day field
direction (D=0°, I∼66°), is ascribed to a viscous
overprint that is readily removed by either 400 °C or an
alternating field of less than 20 mT. In all, about 18% of
the samples exhibit exclusively this direction (Fig. 4f).
Thus, no identifiable characteristic remanence of
Triassic origin is apparently present in these samples,
which are referred to as type II magnetizations.
Table 1
Mean paleomagnetic directions from all studied outcrops

Section N1, N2 In situ directions

D
(°)

I
(°)

k α95

Klingelbachtal 32,25 25.1 17.0 8.6 11.2
Wüstenzell 48,44 19.3 34.7 20.8 4.5
Karsdorf 19,12 27.9 49.5 30.2 8.4
Fliegerrutsche 24,14 28.3 39.8 4.7 20.7
Steudnitz 29,16 313.2 71.9 6.8 16.5
Bad Karlshafen 24,18 13.4 16.0 9.5 14.2
Overall direction 18.4 39.3 10.1 22.2

N1, number of specimens demagnetized; N2, number of specimens used for s
α95, radius of cone of 95% confidence about the mean direction; Lat., Long.
of the α95 confidence oval about the paleomagnetic pole.
After bedding tilt correction, the remaining component
B yielded two antipodal groups of directions: northeast-
erly (southwesterly) declinations with shallow positive
(negative) inclinations (Fig. 4a–d). About 82% of the
samples are indicated by this direction regarded as the
characteristic remanent magnetization (ChRM), i.e. type I
magnetization, which in the red-brown specimens is
isolated over an unblocking temperature range from 500
to 680 °C, but most commonly above 600 °C, indicating
hematite as carrier of remanence (Fig. 4a-b, d). In the gray
Tilt corrected directions VGP

D
(°)

I
(°)

k α95 Lat., Long.
(°)

dp, dm
(°)

24.9 24.5 14.1 8.5 47.8N, 152.0E 5.3, 3.2
19.8 27.8 28.8 4.0 51.4N, 157.9E 2.4, 4.5
32.1 33.1 68.2 5.6 48.2N, 142.3E 3.6, 6.3
28.2 28.7 12.3 11.8 47.6N, 149.2E 7.1, 13.0
22.0 24.5 27.5 6.7 47.9N, 158.6E 4.4, 8.2
13.9 17.2 9.6 14.1 45.6N, 169.5E 7.6, 14.6
23.3 26.1 106.4 6.5 49.1N, 154.1E 3.8, 7.1

tatistical analysis; D, Declination; I, Inclination; k, precision parameter;
, latitude and longitude of north paleomagnetic pole; dp, dm, semi-axes
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lithologies it is removed either over a temperature range of
500 to 590 °C or by alternating fields of less than 100 mT,
which can be ascribed to magnetite (Fig. 4c, e). For the
gray lithologies, calculations of the ChRMwere typically
based on five demagnetization steps in the interval of
about 500 to 580 °C, whereas estimates for the red-brown
samples were obtained from data between 600 and
680 °C, using least-squares line fits (Kirschvink, 1980).

Previous data indicate that a Triassic dual-polarity
remanence is preserved in type I magnetizations (Szurlies
et al., 2003; Szurlies, 2004)with 389 samples of the present
study revealing this direction, which was used to construct
a composite magnetostratigraphy. The mean normal and
reversedChRMsonly slightly deviate frombeing antipodal
with the normal directions having a tendency to be steeper
and somewhat better grouped than the reversed directions
(Fig. 5). This is most probably due to residual contamina-
tions from overprint magnetizations, which in any case
do not influence interpretation of polarity as well as
determination of paleomagnetic poles since their biasing
effect is minimized by averaging the directions in each
section. The means of type I magnetizations pass the fold
test with the ChRMs being significantly better grouped
after tilt correction (Table 1). Consistent with previous data
from the Buntsandstein (Szurlies et al., 2003; Szurlies,
2004) and close to the expected earliest Middle Triassic
geomagnetic field direction for Central Germany (e.g.
Van der Voo and Torsvik, 2004), the overall mean
paleomagnetic direction from all studied outcrops is
D=23.3°, I=26.1° (α95=6.5°). The virtual geomagnetic
pole (VGP) at 49.1N, 154.1E for the upper Buntsandstein
is statistically the same as the Buntsandstein VGPs
compiled by Van der Voo and Torsvik (2004).

4. Geomagnetic polarity record for Central Germany

The composite magnetostratigraphy of all studied
sections has been constructed using directions from type
I magnetizations with three or more successive samples
of the same polarity defining a magnetozone. Thin
polarity intervals that may occur within a magnetozone
or those being indicated by only one or two horizons are
ranked as submagnetozones. For identification of
magnetozones, a nomenclature similar to the protocol
erected for marine magnetic anomalies has been used
(Cande and Kent, 1992).
Fig. 6. Magnetic record of Bockenem A100 core with NRM intensities
and inclinations versus depth as well as histogram of ChRM
inclinations using also data from Szurlies (2004). ChRMs carried by
hematite (magnetite) are characterized by solid (open) symbols.
Indicated by crosses are type II magnetizations revealing steep positive
inclinations along the present-day field direction (I∼66°). For
identification of magnetozones, the nomenclature established by
Szurlies et al. (2003) is adopted with prefix CG to indicate Central
Germany. See Fig. 1 for key.



Fig. 7. Magnetic record of Beberbeck 1 core with NRM intensities and
inclinations versus depth as well as histogram of ChRM inclinations.
See Figs. 1 and 6 for key.
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Recently, Szurlies (2004) presented a magnetic
record for the lower Middle Buntsandstein, namely the
Volpriehausen and lower Detfurth formations, derived
mainly from the Bockenem A100 core (Figs. 1 and 6).
For the present study, further 111 samples were col-
lected from the overlying upper Detfurth to Solling
formations of this core revealing predominantly normal
polarity (Fig. 6). As already mentioned, the investiga-
tion of the Middle Buntsandstein is somewhat compli-
cated by the presence of the H unconformity, which, for
instance, is indicated by a significant hiatus in the
Bockenem A100 core where the Solling Formation rests
directly upon the lowermost Hardegsen Formation
(Figs. 2 and 6). However, the missing stratigraphic
interval was recovered in the Beberbeck 1 core (Figs. 1
and 7), which is located within the deepest part of the
former Hessian Depression (Figs. 1 and 2). From this
core, 184 samples were collected from the uppermost
Detfurth to Solling formations revealing mainly normal
polarity with three well-defined reversed intervals
(CG8r, CG9n.1r, CG9n.2r) within the middle to upper
Hardegsen Formation (Fig. 6). In both cores, the
overlying lower Solling Formation is indicated by
dominantly normal polarity (CG10n). Most of the
following upper Solling Formation was sampled in the
Bad Karlshafen section (Figs. 1 and 8) yielding in all 24
samples of predominantly reversed polarity (CG10r).

The Upper Buntsandstein to lowermost Muschelkalk
was examined in five outcrops (Figs. 1 and 8) with the
composite magnetic record being based on, in all, 152
samples. This stratigraphic interval reveals dominantly
normal polarity with two thin reversed magnetozones,
one at its base (CG10r) and one in its uppermost part
(CG11r). The topmost normal interval CG12n of the
Buntsandstein extends into the Muschelkalk.

From all sections a total of 10 magnetozones has been
delineated (CG7r to CG12n). Combined with recently
established records (Szurlies et al., 2003; Szurlies,
2004), a well-documented upper Zechstein to lowermost
Muschelkalk magnetostratigraphy has been constructed
(Fig. 9), now encompassing an overall stratigraphic
thickness of about 1.3 km and in all 22 magnetozones,
based on about 2050 samples from 16 outcrops and 6
cores. The polarity intervals have an average thickness of
about 59 m, ranging from 11 to 138 m. Integrated with
(GR) log-, cyclo-, and biostratigraphy, this multi-
disciplinary study enables detailed correlation within
the CEB and, moreover, comparison with records from
the marine Lower Triassic as well.

5. Magnetostratigraphic correlation within the
Central European Basin

In the last decade, a considerable number of
paleomagnetic studies focused on the Buntsandstein in



Fig. 8. Composite magnetic record of uppermost Middle Buntsandstein to lowermost Muschelkalk from Central Germany compiled from 6 outcrops.
See Figs. 1 and 6 for key.
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different parts of the CEB (e.g. Nawrocki, 1997; Soffel
and Wippern, 1998; Nawrocki and Szulc, 2000; Szurlies
et al., 2003; Szurlies, 2004; Dinarès-Turell et al., 2005),
in which Nawrocki (1997) and Soffel and Wippern
(1998) presented magnetic records for the entire
Buntsandstein from Poland and South Germany,
respectively. The correlation of the latter with the
Central German composite reveals close similarities
concerning the number of magnetozones, their relative
thickness as well as the overall polarity pattern (Fig. 9).

Consistent with (GR) log- and lithostratigraphic
comparison (e.g. Roman, 2004; Geluk, 2005), the
detailed magnetostratigraphic correlation with the
Polish record indicates the German Lower Buntsand-
stein to be equivalent to the Baltic Formation (Szurlies
et al., 2003) with the base of the Buntsandstein falling
within the lower part of a relatively thick normal polarity
interval (CG3n, Tbn1). From the mutual agreement of
magnetozones and lithostratigraphic units can be
deduced that the latter seemingly provide synchronous
horizons for correlation, at least, within the interior of
the CEB (compare Szurlies et al., 2003).

The mainly reversed (CG5r to CG7r) Volpriehausen
and Detfurth formations obviously correspond to Tbr3
to Tbr5 from the Pomorska and lowermost Polczyn
formations (compare Szurlies, 2004), and the overly-
ing Hardegsen to lower Solling formations, which are
indicated by a thick interval of predominantly normal
polarity (CG8n to CG10n), are most likely equivalent
to Tbn6 and lower Tbn7, spanning most of the
Polish upper Middle Buntsandstein. The correlation
of the following uppermost Middle Buntsandstein is
less clear mainly because the reversed polarity interval
CG10r is apparently absent in the Polish composite



Fig. 9. Comparison of Buntsandstein litho- and magnetostratigraphies from Poland (Nawrocki, 1997; Nawrocki and Szulc, 2000), Central Germany,
and South Germany (Soffel and Wippern, 1998), in which the lithostratigraphy and the paleomagnetic data of the latter were re-interpreted in this
study (K.-C. Käding, pers. comm.). KC = Kulmbach Conglomerate, TTS = Top Terrigenous Series; BT = Beneckeia tenuis, CC = Costatoria costata,
MV = Myophoria vulgaris, DC = Dadocrinus, BB = Beneckeia buchi. See Fig. 1 for key.
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(Fig. 9). This is most likely due to the low sampling
resolution within this interval in the Polcyzn IG-1 and
Otyn IG-1 cores studied by Nawrocki (1997). From the
latter, Nawrocki (1997) obtained a reversed horizon
(Tbr6) in an interval slightly below the base of the
Upper Buntsandstein that according to Fuglewicz
(1980) is equivalent to the German Solling Formation,
suggesting a correspondence to CG10r. However, based



Fig. 10. Comparison of Central German composite conchostracan biostratigraphy (Kozur, 1999; Bachmann and Kozur, 2004) and
magnetostratigraphy (on the left) with biostratigraphically calibrated magnetic records from the Boreal (Hounslow et al., 2006) and Tethyan
realms (Li and Wang, 1989; Muttoni et al., 1996; Scholger et al., 2000), in which the biostratigraphy of the Southern Alps sections is taken from
Farabegoli and Perri (1998). 1age of 252.6 Ma for the PTB (Mundil et al., 2004) was used to anchor the Buntsandstein cyclostratigraphy (estimated
ages are shown in italics within the Buntsandstein column), 2radioisotopic age from (Ovtcharova et al., 2006), 3radioisotopic age from (Lehrmann
et al., 2006). GB = Gray Beds, SB = Stammen Beds, T = Tesero Oolite, A = Andraz Horizon, AE = Aegean, BITH = Bithynian, PEL = Pelsonian,
M. = Muschelkalk. See Fig. 1 for key.

613M. Szurlies / Earth and Planetary Science Letters 261 (2007) 602–619
on between-site correlation with the Polczyn IG-1
section, Nawrocki (1997) placed Tbr6 in the Polish
composite somewhat deeper within the upper Middle
Buntsandstein (Fig. 9).
The overlying marine influenced German Röt
Formation corresponds to the Polish Upper Buntsand-
stein and the overlying Lower Gogolin Beds (e.g. Kozur,
1999; Geluk, 2005), which in the Polish nomenclature
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already belong to the Muschelkalk. In both records, the
lower Röt Formation is indicated by a fauna with the
ammonoid Beneckeia tenuis and the bivalve Costatoria
costata, whereas the German upper Röt Formation
and the Polish uppermost Buntsandstein to Lower
Gogolin Beds contain the ammonoid B. buchi, the
bivalve Myophoria vulgaris among others (Bachmann
and Kozur, 2004). In accordance with biostratigraphy,
CG11n, CG11r, and CG12n are most probably equiva-
lent to Tbn7, Tbr7 and lower S3n (Fig. 9).

The comparison with the original Obernsees magnet-
ic polarity record from the southern margin of the CEB
(Figs. 1 and 9 Soffel and Wippern, 1998) reveals almost
double the number of magnetozones compared to the
Central German and Polish composites (Fig. 9). Most
probably, that can be put down to the fact that Soffel and
Wippern (1998) defined 11 single-sample polarity
intervals and further 18 magnetozones based on only
two specimens, which are displayed here as one third
or two thirds of a bar, respectively (Fig. 9). Using this re-
interpretation, the main features of the Central German
polarity pattern are readily visible, for instance the mixed
polarity of the Lower Buntsandstein or the predomi-
nantly normal upper half of theMiddle Buntsandstein. In
agreement with the Central German composite, the upper
Solling to lowermost Röt formations are indicated by a
reversed polarity interval (CG10r), providing further
constraints on the presence of a reversed interval across
the base of the Upper Buntsandstein.

In addition, the magnetostratigraphic correlation with
the Obernsees record reveals a diachronous character of
the lithostratigraphic units towards themargin of the CEB,
for instance the base of the Volpriehausen Formation that
falls within a reversed magnetozone (CG5r) in the interior
of the CEB, but in a normal interval at the Obernsees site.
Most probably, the latter corresponds to CG5n implying
most of the Kulmbach Conglomerate at the base of the
Volpriehausen Formation to be actually contemporaneous
with the upper Bernburg Formation of Central Germany.

6. Global correlation of the Buntsandstein and
calibration of the Early Triassic stages and substages

6.1. PTB and Induan stage

For the Lower and Middle Buntsandstein, conchos-
tracans (bivalved crustaceans) and sporomorphs provide
the best presently available biostratigraphic ties to the
ammonoid- and conodont-calibrated Boreal and Teth-
yan Lower Triassic (e.g. Kozur, 1999; Bachmann and
Kozur, 2004 and references therein). According to
Kozur (1999), the Hindeodus parvus (conodont)
calibrated PTB is placed at the base of the Falsisca
verchojanica conchostracan Zone within the “Grau-
bankbereich” (=Gray Beds) of the Lower Buntsandstein
(Figs. 9 and 10). Consequently, the underlying lower-
most Buntsandstein that belongs to the F. postera Zone
is latest Permian in age, what agrees with vertebrate
stratigraphy from the Dalongkou section (NW China)
where F. postera occurs together with Lystrosaurus and
Dicynodon slightly below the PTB (Kozur, 1999). In the
Karoo Basin (South Africa), the LAD of Dicynodon is
in the lower part of a thick normal polarity interval
(Ward et al., 2005), which, in turn, is consistent with
Buntsandstein magnetostratigraphy where the assumed
PTB falls within a remarkable thick normal magneto-
zone (CG3n) as well (Fig. 10, Szurlies et al., 2003).
Obviously, the latter is a distinctive feature visible in
virtually all magnetic records across the PTB (e.g.
Heller et al., 1988; Steiner et al., 1989; Ogg and Steiner,
1991; Nawrocki, 1997; Scholger et al., 2000; Gallet
et al., 2000; Szurlies et al., 2003; Tong et al., 2004;
Szurlies and Kozur, 2004; Ward et al., 2005) including
the Global Stratotype Section and Point (GSSP) of the
PTB in Meishan (S China) (Li and Wang, 1989).

Most probably due to partial remagnetization, there
are substantive differences between the PTB magnetos-
tratigraphies that have been established in China, so that
even studies performed in the same section, partly,
display different magnetic records, for instance in
Shangsi (Heller et al., 1988; Steiner et al., 1989) and
Meishan (Li and Wang, 1989; Zhu and Liu, 1999). At
Meishan, the finding of a brief reversed polarity interval
that straddles the PTB (Zhu and Liu, 1999) has not been
validated by a recent re-sampling (H. Yin, pers. comm.,
in Bachmann and Kozur, 2004). Instead of that, it
largely substantiates the thick normal magnetozone (V)
across the PTB, postdating a thin reversed polarity in-
terval, as originally established by Li and Wang (1989)
(Fig. 10). Referring to the Shangsi magnetostratigraphy
where the PTB predates a further brief reversed interval
(Heller et al., 1988; Steiner et al., 1989), Hounslow et al.
(2006) recently equated the latter with LT1n.1r from
their Boreal composite and CG2r from the Central
German composite implying a position of the PTB
within underlying CG2n (Fig. 10). However, such a
reversed interval, postdating the base of the Triassic, is
absent in practically all other PTB magnetostratigra-
phies (e.g., Li and Wang, 1989; Ogg and Steiner, 1991;
Scholger et al., 2000; Gallet et al., 2000) including the
continental records (Nawrocki, 1997; Szurlies et al.,
2003; Ward et al., 2005) that due to their relatively high
rates of sedimentation originally provided favourable
prerequisites for recording even briefest magnetozones.
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Consequently, it seems to be more conclusive to place
the PTB in a level slightly above LT1n.1r within the
following distinctive normal polarity interval (LT1n,
Hounslow et al., 2006; V1n, Mørk et al., 1999), what
biostratigraphically falls within the Otoceras boreale
ammonoid Zone or at the top of the Lundbladispora
obsoleta-Tympanicysta stoschiana miospore Assem-
blage Zone (Mørk et al., 1999). The latter most probably
corresponds to the latest Permian L. obsoleta-Lunatis-
porites noviaulensisA.Z. from the lowermost Buntsand-
stein and the lowermost Werfen Formation, respectively
(see Kozur, 1999; Bachmann and Kozur, 2004 and
references therein). This alternative correlation is in good
accordance with carbon isotope data from Spitsbergen
(Wignall et al., 1998) and Greenland (Twitchett et al.,
2001) in that a distinctive negative anomaly is intimately
associated with a palynofloral turnover that on Spitsber-
gen occurs at the base of the latest Permian L. obsoleta-T.
stoschiana A.Z. considerably below the FAD of H.
parvus (Twitchett et al., 2001). Such a carbon isotope
excursion predating the PTB is a well-documented
feature in both marine and continental environments
(e.g. (Ward et al., 2005; Yin et al., 2006), including the
CEB (Hiete, 2004; Korte and Kozur, 2006).

Most of the overlying Lower Buntsandstein is
equivalent to the Induan with polarity intervals CG3n
and CG5n corresponding to N2 and N3 from the Southern
Alps composite (Scholger et al., 2000) and most of LT1n
and LT3n from the Boreal composite (Hounslow et al.,
2006) (Fig. 10) among others. In terms of magnetostrati-
graphy, the Calvörde Formation reveals mainly normal
polarity what is a common feature of practically all
Griesbachian magnetic records world-wide (e.g. Li and
Wang, 1989; Steiner et al., 1989; Nawrocki, 1997;
Scholger et al., 2000; Gallet et al., 2000; Ward et al.,
2005; Hounslow et al., 2006). Biostratigraphically, the
base of the Dienerian is located either close to the base
or around the top of the Molinestheria seideli Zone
(Bachmann and Kozur, 2004; Kozur, 2006).

Recently, the base of the Olenekian has been pro-
posed to be marked by either the FAD of the ammonoid
Rohillites rohilla (Bhargava et al., 2004) or alternatively
the FAD of the conodont Neospathodus waageni (Tong
et al., 2004). The latter falls within the uppermost part of
a normal polarity interval (Tong et al., 2004) that most
probably corresponds to CG5n implying a position of the
Induan–Olenekian boundary within the upper Bernburg
Formation (Hauschke and Szurlies, 2006) (Fig. 10), what
is considerably deeper than hitherto assumed (Szurlies
et al., 2003; Szurlies, 2004). Biostratigraphically, this
level is somewhat below a turnover in the conchostracan
faunas, where the spined forms (e.g., Cornia germari)
are replaced by large conchostracans without spines
(e.g., Magniestheria truempyi) (Kozur, 2006). Accord-
ing to Kozur (Kozur, 1999, 2006), the spined C. germari
is known, for instance, from brackish intercalations
within the Late Induan Claraia aurita Zone of the
marine Werfen Formation (Hungary), whereas the large
M. truempyi occurs in the overlying part of this
formation that is indicated by an undoubtedly Early
Olenekian Pachycladina conodont fauna.

6.2. Olenekian stage and Lower–Middle Triassic
boundary

Magnetostratigraphically, the relatively thick magne-
tozone CG8n, spanning the upper Detfurth to lower
Hardegsen formations, most likely corresponds to LT6n
from the Boreal composite implying a Smithian age for
the uppermost Bernburg to lower Hardegsen formations
(Fig. 10). However, this apparently violates with
established biostratigraphic correlation to the Tethyan
scale, in that the Smithian-Spathian boundary is assumed
to be located within the Detfurth Formation (Kozur,
1999) or even close to its base (Bachmann and Kozur,
2004). Relative to magnetostratigraphic correlation with
the Buntsandstein record, there is obviously an offset
in that the Spathian in the Tethyan scale is seemingly
significantly longer than the originally ammonoid-
calibrated Boreal Spathian what has recently been
confirmed by radioisotopic ages obtained from Tethyan
strata, implying a rather long Spathian (Ovtcharova et al.,
2006). However, for this interval the conchostracan-
based correlation is not well constrained.

The overlying mainly marine Upper Buntsandstein to
Lower Muschelkalk already contain an Anisian fauna,
e.g. the ammonoids Beneckeia tenuis, B. buchi, and Ba-
latonites ottonis as well as the conodont Nicoraella
kockeli among others, providing reliable biostratigraphic
ties to the marine Middle Triassic (e.g. Kozur, 1999;
Bachmann and Kozur, 2004). The Lower–Middle
Triassic boundary, i.e. the base of the Anisian is proposed
to be located at the FAD of the conodont Chiosella
timorensis, falling within the uppermost part of a mainly
reversed interval (e.g., Kc1r Muttoni et al., 1996) that
most probably corresponds to CG10r (Fig. 10). Conse-
quently, the overlying predominantly normal Upper
Buntsandstein is Early Anisian in age revealing a good
match with biostratigraphy based on ammonoids,
bivalves, and crinoids among others (compare Bachmann
andKozur, 2004 and references therein). Furthermore, the
sporomorph association of the Upper Buntsandstein is
indicated by the Anisian index species Stellapollenites
thiergartii among others (Visscher et al., 1993). In the
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recent Boreal composite that is mainly derived from
central Spitsbergen (Mørk et al., 1999), the base of the
Anisian is located within a thick normal magnetozone
(LT9n) (Hounslow et al., 2006). However, the magnetos-
tratigraphy fromArctic Canada reveals significantly more
reversed polarity around the Olenekian-Anisian boundary
(Ogg and Steiner, 1991) implying the occurrence of a
hiatus close to the base of the Anisian in the Boreal realm
(e.g. Ogg and Steiner, 1991; Hounslow et al., 2006, M.W.
Hounslow, pers. comm.). Further explanations for this
discrepancy include a low sampling resolution of this
interval on Spitsbergen (Mørk et al., 1999) and the
assumption that this interval experienced partial remag-
netization (Mørk et al., 1999; Hounslow et al., 2006).

Biostratigraphically, the base of the ensuing Bithy-
nian is placed within the uppermost Buntsandstein (e.g.,
Kozur, 1999) falling within a thin reversed polarity
interval (CG11r, Kc2r) that obviously represents a first-
order marker for this substage boundary (Fig. 10).
However, exclusively based on magnetostratigraphic
correlation, Nawrocki and Szulc (2000) previously
placed the base of the Anisian significantly higher
within magnetozone S1r of the Polish uppermost Röt
Formation (Fig. 9). Hence, they derived an Olenekian
age for most of the Upper Buntsandstein what clearly
violates with any biostratigraphic correlation as well as
magnetostratigraphic comparison presented here (Figs. 9
and 10). As mentioned earlier, it appears that an interval
equivalent to CG10r is most probably undetected in the
Polish sections (Nawrocki, 1997), so that the mainly
reversed interval S1r to S2r more likely correlates with
CG11r closely matching with biostratigraphy.

6.3. Calibration of the Early Triassic stages and
substages

Based on an integrated biomagnetostratigraphic com-
parison, radioisotopic ages obtained fromTethyan sections,
can be referred to the Buntsandstein cyclostratigraphy in
order to validate or falsify the hypothesis that the
pronounced small-scale cycles correspond to solar-induced
∼100 ka eccentricity cycles. Assuming that these about 60
cycles represent such short eccentricity cycles, the duration
of the Buntsandstein has recently been calculated to span
some 6 Ma (Szurlies, 2005) or 6.7 Ma (Bachmann and
Kozur, 2004) what is considerably shorter than hitherto
assumed (e.g. 11 Ma Menning, 1995; Geluk and Röhling,
1997, 8 Ma DSK, 2002).

Using an age of 252.6+/–0.2 Ma for the PTB (Mundil
et al., 2004) to anchor the Buntsandstein cyclostratigra-
phy, the Buntsandstein/Muschelkalk boundary was dated
at ∼246.7 and the base of the Anisian at ∼247.5 Ma
(Szurlies, 2005), respectively. This matches closely with
more recent radioisotopic ages obtained from Tethyan ash
beds of South China around the Olenekian-Anisian
boundry (Ovtcharova et al., 2006; Lehrmann et al.,
2006), implying an age of ∼247.2 Ma for the base of the
Anisian (Lehrmann et al., 2006). Thus, it largely substan-
tiates the hypothesis of short eccentricity cycles. Howev-
er, due to probably missing cycles below the prominent H
unconformity, a slightly longer duration of the Olenekian,
i.e. a somewhat younger age for the Olenekian-Anisian
boundary of some ∼100 ka cannot be ruled out entirely.
Based on new radioisotopic ages around the Olenekian-
Anisian boundary, the Early Triassic has been calculated
to span 4.5+/-0.6 Ma (Ovtcharova et al., 2006) or about
5 Ma (Lehrmann et al., 2006), respectively, what is con-
sistent with duration of about 5 Ma (Szurlies, 2005)
previously derived from cyclostratigraphic calibration of
the coeval Buntsandstein strata. For the Buntsandstein, it
reveals rates of sedimentation of∼150 m/Ma as well as a
mean magnetozone duration of ∼0.3 Ma, ranging from
less than 0.1 to ∼0.7 Ma.

Accordingly, the Buntsandstein cyclostratigraphy is
used here to tentatively calibrate the marine stages and
substages, implying duration of about 1.5 Ma for the
Induan with the Griesbachian probably spanning some
0.9 Ma, and the Dienerian lasting ∼0.6 Ma what is in
agreement with data obtained byOvtcharova et al. (2006).
Furthermore, this is almost consistent with duration of
∼1.4 to 1.6 Ma obtained from time-series analysis of the
lower Werfen Formation (Tesero Oolite to Seis Member)
from the Southern Alps (Rampino et al., 2000), which
according to biomagnetostratigraphic correlation is nearly
equivalent to the Lower Buntsandstein (Fig. 10). For the
ensuing Olenekian, duration of 3.3 to 3.5 Ma has been
derived with the Smithian spanning ∼1.6 Ma and the
Spathian lasting about 1.9 Ma. For the following Aegean
substages that already belongs to the Anisian and
corresponds to most of the Upper Buntsandstein, duration
of about 0.8 Ma has been calculated.

In summary, the Buntsandstein cyclostratigraphy
obviously offers good potential to constructing a reliable
astronomically calibrated Early Triassic geomagnetic
polarity timescale. However, further test is needed to
validate the hypothesis that the hierarchy of cycles of the
Buntsandstein falls within the Milankovitch frequency
band, using, above all, time-series analysis.

7. Conclusions

The paleomagnetic signal form the Buntsandstein pre-
serves a dual-polarity magnetization with the consistent
correlation of lithostratigraphic units and magnetozones
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on a scale of some 100 km supporting an early
acquisition of the ChRMs in both, the magnetite-bearing
gray lithologies as well as the hematite-bearing red-
brown samples. In all, 10 magnetozones have been
delineated from type I magnetizations obtained from 6
outcrops and 2 wells. Together with published magne-
tostratigraphies, the inter-section correlation allows the
establishment of a geomagnetic polarity record for the
uppermost Zechstein to lowermost Muschelkalk (latest
Permian to Middle Triassic) encompassing 22 well-
defined magnetozones. The comparison with composites
from the CEB and, moreover, the marine Boreal and
Tethyan realms reveals close similarities concerning the
number of magnetozones and the overall polarity pattern,
for instance the dominance of normal polarity in the
upper Lower Triassic.

Based on an integrated biomagnetostratigraphy, the
PTB is most probably located in the thick normal
polarity interval CG3n, which is a distinctive feature of
magnetic records across the PTB. Furthermore, the
correlation provides evidence that the proposed Induan–
Olenekian boundary is located in the upper Bernburg
Formation within the uppermost CG5n. The base of the
ensuing Anisian is situated in magnetozone CG10r
within the uppermost Solling Formation, i.e slightly
below a reversal to dominantly normal polarity (CG11n-
CG12n), and the Aegean–Bithynian boundary is located
in the uppermost Röt Formation within CG11r.
Obviously, the polarity record provides primary markers
to indicate the position of these boundaries.

Based on a comprehensive log- and lithostratigraphic
study, the Buntsandstein consists of about 60 cycles,
which are assumed to reflect water depth variations in
the lacustrine system of the CEB most likely due to solar-
induced short eccentricity cycles. These cycles have
been mapped successfully by litho- and magnetostrati-
graphic means, obviously, providing synchronous units,
at least, in the interior of the CEB. In terms of cyclo-
stratigraphy, the Buntsandstein is estimated to span
∼6 Ma. Anchored to an age of ∼252.6 Ma for the PTB,
the Early Triassic is calculated to span ∼5 Ma, deriving
an age of ∼247.5 Ma for the base of the Anisian. The
latter is consistent with recent radioisotopic ages avail-
able for the Lower–Middle Triassic boundary implying
an age of ∼247.2 Ma. From the biomagnetostratigraphic
correlation results a short Induan with duration of
∼1.5 Ma and a considerably longer Olenekian lasting
3.3 to 3.5 Ma. Hence, the Buntsandstein is assumed to
offer good potential for calibration of marine stages and
substages as well as for development of an astronom-
ically calibrated Early Triassic geomagnetic polarity
timescale.
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