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ABSTRACT

A combination of thermal history, numerical basin-reverse and sequence-stratigraphic for-
ward modelling is applied to the Mesozoic outcrop analogue of the Rosengarten carbonate
platform area in the Dolomites of northern Italy. This integrated multidisciplinary approach
of numerical simulation quantifies the thermal, subsidence, geometrical and subsequent
facies evolution of the area. Calibration data during modelling were vitrinite reflectance
(VR) and apatite fission-track (FT) analyses as well as detailed outcrop studies. Vitrinite
reflectance values in strata underlying the carbonate platform vary between 0.5 and 0.8%
VR;; apatites from these formations reveal cooling ages of around 165.6 Ma and track lengths
of approximately 9.8 pm. This low thermal maturity combined with the FT data in apatites
indicates a relatively cool (<110°C), protracted (between 250 and 30 Ma) and shallow burial
(thickness of eroded strata overlying present-day topography is <1100m), as well as a fast
exhumation from the Middle Miocene onward. Maximum temperatures are reached during
the Middle/Late Triassic, when the basal heat flow was elevated owing to regional volcanic
and hydrothermal activity. Local anomalies in vitrinite reflectance of up to 1.1% VR; in
the immediate surroundings of the Predazzo/Monzoni volcanic centre show that its ther-
mal influence decreased rapidly with increasing distance. The geometrical evolution of the
Middle Triassic (Anisian/Ladinian) Rosengarten platform is twofold: the first stage reveals
aggradation, the second progradation of the platform margin. Basin-reverse modelling results
indicate that these two intervals originate from a temporal change in tectonic subsidence.
Spatial variations in flexural and tectonic subsidence along the 6 km transect are insignificant
due to therigidity of the basement (up to 2500 m of Late Permian ignimbrites). During the first
stage of platform evolution, high pulse-like total subsidence rates of up to 820 m Myr—! led to
aggradation, whereas the subsequent drop to 100 mMyr~! initiated platform progradation.
The short-spanned subsidence peak was linked to block movements in a strike-slip tectonic
setting (Cima Bocche Anticline-Stava Line approximately 10 km southeast of the study area).
Stratigraphic forward modelling quantifies the sediment volumes involved in the geometri-
cal evolution of the platform. In order to replicate platform architecture, constant carbonate
accumulation rates between 900 and 1000 m Myr~! — increasing from periplatform environ-
ments to the slope —have to be assumed throughout the existence (approximately 5.8 Myr) of
the Rosengarten. As the carbonate factory successfully keeps up with the modelled accom-
modation rates, it must have completely recovered from the Permian—Triassic biotic crisis
during the onset of platform growth in latest Anisian times despite the low biotic diversity of
the platform succession seen elsewhere in the Dolomites. Our forward modelling confirms
that the main carbonate factory was situated on the slope at water depths from shallow sub-
tidal to 300m (‘slope-shedding’) and that it therefore switched on during all possible stages
of accommodation change.

Keywords Basin analysis, numerical simulation, subsidence, thermal maturity, ther-
mochronology, carbonate platform, aggradation, progradation, sedimentation rates, Triassic,
Southern Alps, Dolomites.
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INTRODUCTION

The Dolomites of northern Italy (Fig. 1) have
long been a study area for carbonate platforms
and their reef communities. Since Mojsisovics
termed the word ‘Uberguss-Schichtung’ back in
1879 (i.e., clinostratification), many authors have
worked on platform-to-basin transitions of car-
bonate build-ups in the Dolomites (Hummel,
1928, 1932; Pia, 1937; Leonardi, 1962, 1967;
Bosellini, 1984, 1988). In particular, the Rosen-
garten has served as a reference model for progra-
dational geometries (Bosellini & Stefani, 1991;
Bosellini et al., 1996). However, assessing the
evolution of carbonate platforms and their clino-
forms has been mainly of a qualitative nature.
Quantitative approaches of subsidence and car-
bonate accumulation of Middle Triassic plat-
forms in the Dolomites have so far been scarce
(Schlager, 1981; Doglioni & Goldhammer, 1988;
Schlager et al., 1991; Maurer, 1999, 2000; Keim
& Schlager, 2001) and lack unbiased numerical
modelling techniques. The age of these platforms
is usually constrained by coeval basinal sedi-
ments containing abundant biostratigraphic infor-
mation (Buchenstein Fm; Brack & Rieber, 1993,
1994). Recently, age-diagnostic airborne tuff lay-
ers in basinal and lagoonal strata were used to
synchronize bio-, cyclo- and chronostratigraphy
(basinal Buchenstein Fm at Seceda/Geisler Group,
western Dolomites: Mundil et al., 1996; lagoonal
Schlern Dolomite Fm 1 at Latemar, western
Dolomites: Mundil et al., 2003; for locations see
Fig. 2) providing a high-resolution database for
numerical simulation. The particular feature of the
Rosengarten platform is that some of these dated
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Fig. 1. Schematic tectonic map of the Alps. The white rect-
angle marks the location of the study area. Abbreviations:
TW, Tauern window; PAL, Periadriatic lineament.

tuff layers can be physically correlated to coeval
slope deposits (Maurer, 1999, 2000).

The aim of this paper is the quantification
of the development of the Rosengarten platform
and the assessment of its primary controlling
factors during platform growth. This is realized
by an integrated approach of basin-reverse and
stratigraphic-forward modelling combined with
thermal basin modelling. Datasets for all mod-
elling procedures are derived from existing studies
and from new detailed analyses on allo-/sequence
stratigraphy and facies architecture, thermal matu-
rity and apatite fission tracks in strata underlying
the platform body.

BASIN AND CARBONATE-PLATFORM
DEVELOPMENT

The southwestern Dolomites (for location within
the Alps, Fig. 1) are located on the Adriatic
Plate between former Laurussia and Gondwana
(Dercourt et al., 2000). Throughout the Trias-
sic, this area represents the eastern margin of a
highly differentiated passive continental margin
with mixed siliciclastic—carbonate sedimentation
(Blendinger, 1985; Doglioni, 1987). First, car-
bonate ramps (early Anisian/Aegean) and small
reef mounds (early in the late Anisian/Pelsonian)
developed in the Dolomites (Fois & Gaetani, 1984;
Senowbari-Daryan et al., 1993) after the carbonate
factory had eventually recovered from the severe
faunal crisis at the close of the Permian. From
the late Anisian into the late Ladinian, a con-
siderable submarine relief with local subaerial
highs prevailed in the western Dolomites. Mid-
dle Anisian transpressive—transtensive tectonics
dismembered the continental shelf and created
strong regional differences in facies (the so-called
‘Facies Heteropie’ sensu Bechstddt & Brandner,
1970; see also Ziihlke, 2000). Deep marine, stag-
nant basins with fine-grained chert- and organic-
matter-rich sediments (Anisian: Moena Fm and
Anisian/Ladinian: Buchenstein Fm; Figs 2 and 3)
existed alongside shallow marine subtidal carbon-
ate ramps and platforms (Anisian: Contrin Fm
and Anisian/Ladinian: Schlern Dolomite Fm 1;
Figs 2 and 3). Structural highs of the dismem-
bered carbonate ramp (Contrin Fm) represent
the nuclei of the Schlern Dolomite Fm 1 plat-
forms in the Late Anisian (Masetti & Neri, 1980;
Gaetani et al., 1981; Bosellini, 1989). Evolu-
tion of the Ladinian carbonate platforms such
as the Rosengarten/Schlern, Monte Agnello and
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Fig. 3. Detailed Anisian—Ladinian lithostratigraphic succession of the study area (Schlern—Rosengarten and Latemar). The
stratigraphic range of the carbonate platforms is illustrated on the right. Chronostratigraphy according to Lehrmann et al.
(2002) and Mundil et al. (1996, 2003). Biozones and position of Anisian—Ladinian boundary according to Brack & Rieber
(1993, 1994). Correlation of age-diagnostic tuff layers from basin to slope according to Maurer (1999, 2000). Hollow arrows
in the radiometry column indicate ages from tuff layers in the basinal Buchenstein Fm at Seceda (Geisler Group, western
Dolomites; see Fig. 2; Mundil et al., 1996) whereas light grey indicates ages from tuff layers in the lagoonal Schlern Fm at
Latemar (western Dolomites; see Fig. 2; Mundil et al., 2003).
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possibly also the Latemar was terminated by the
extrusion of the Longobardian Wengen Group vol-
canics (Mojsisovics, 1879; Viel, 1979a, 1979b; De
Zanche et al., 1995; Fig. 3). The volcanic centre
at Predazzo/Monzoni was nourished by a source
linked to a deep-reaching fracture zone (Cima
Bocche Anticline/Stava Line; Fig. 4; Blendinger,
1985). Tectonics also played a crucial role in plat-
form development in the southwestern Dolomites
as regional subsidence and accommodation devel-
opment were controlled by downward movements
along faults and upward movements through mag-
matic updoming (Doglioni, 1983, 1984, 1987).

Owing to its excellent, laterally continuous seis-
mic and sub-seismic scale outcrop (Fig. 5a and b),
the Rosengarten part of the Rosengarten/Schlern
platform is ideally suited for a study on the
geometric development of a carbonate platform
and its accumulation rates. The platform top
of the Rosengarten passes laterally into a plat-
form slope interfingering with basinal sediments.
The maximum north to south progradation of the
Rosengarten slope was approximately 6km.
Lagoon, reef and slope facies of the build-up
are all part of the Schlern Dolomite Formation
1, whereas coeval basinal sediments belong to
the Buchenstein Formation. Bio- and chronostrati-
graphic data (Brack & Rieber, 1993, 1994; Mundil
et al., 1996, 2003; Maurer, 1999, 2000; Fig. 4)
indicate the onset of platform growth in the upper
Reitzi-biozone (Anisian; Middle Triassic stages
after Brack & Rieber, 1993, 1994). According to
Maurer (1999, 2000), the slope of the Rosen-
garten records five ammonite biozones (Fig. 5b).
During the first two — Reitzi and Secedensis — bio-
zones of platform existence, aggradation occurred.
This first stage of platform evolution was followed
by a second stage of progradational clinoforms.
The preserved record of carbonate sedimentation
lasted at least until the basal Archelaus-zone (mid-
dle/late Ladinian; Maurer, 1999, 2000; Fig. 5b).
The maximum thickness of the Rosengarten —
and therefore also its growth mode — can be
inferred only by projecting stratigraphical infor-
mation from the Schlern platform (Bosellini & Ste-
fani, 1991; Fig. 6). At Schlern, 850 m of cyclically
arranged platform carbonates are partially covered
by Wengen Group volcanics (Fig. 4) preserving
the maximum thickness of the Schlern Dolomite
Fm 1 (Fig. 3). Using all available biostratigraphic
data, Maurer (1999, 2000) estimated compacted
carbonate accumulation rates for the first aggrada-
tional phase of 200 m Myr~! increasing during the
second progradational phase.

As the oldest rocks in the study area that
have been preserved belong to the uppermost
Ladinian, the geological evolution from Late Tri-
assic times onward can be derived only by study-
ing younger successions in other parts of the
Dolomites (e.g. Sella platform, Fig. 2) and the
Southern Alps (e.g. Trento platform). Late Trias-
sic volcaniclastics and carbonates (Wengen Group;
Mastandrea et al., 1997) filled the basins. An
extensive carbonate platform developed with the
onset of a period of tectonic quiescence. The so-
called Trento platform comprises the entire central
segment of the Southern Alps on the Adriatic
Plate (Dolomia Principale Fm and Calcari Grigi
Fm; Leonardi, 1967; Bosellini & Broglio Loriga,
1971; Bosellini & Hardie, 1985; Trevisani, 1991;
Boomer et al., 2001). From Middle Jurassic times
onward, the Trento platform started to subside
and eventually drowned. A phase of deep marine
sedimentation began (Ammonitico Rosso Fm;
Winterer & Bosellini, 1981; Martire, 1996;
Winterer, 1998) and lasted until Late Creta-
ceous times (Marne del Puez Fm; Claps et al,
1991; Antruilles Fm; Stock, 1996). Water depths
decreased when the tectonic regime switched from
extensional to compressional and the collision
of the Adriatic plate with Europe began with
Late Cretaceous subduction of oceanic crust (Hsti,
1971; Smith, 1971; Trimpy, 1982; Laubscher
& Bernoulli, 1982; ‘eoalpine’ sensu Doglioni &
Bosellini, 1987; Hsii, 1989). Towards the east,
the Southern Alps were strongly involved in the
Dinaric orogeny during the Late Eocene, but the
compression front is thought to have extended
even into the Dolomites (Doglioni & Bosellini,
1987). This interval of convergence was shortly
interrupted by an Oligocene extensional phase
recorded along the Periadriatic Line by plutonic
intrusions (e.g. Adamello pluton) and dykes as
well as by effusive basalts at the southwest termi-
nation of the Trento Plateau (Zattin et al., 2006).
Upper Oligocene shallow-marine conglomerates
(Monte Parei Fm) record uplifted source areas
during ongoing or renewed continent collision in
the eastern Dolomites (Cros, 1966; Mair et al.,
1996). Although steady state or episodic exhuma-
tion of parts of the Alps remains debated (Bernet
et al., 2001; Carrapa et al., 2003; Kuhlemann
et al., 2006), there seems to be increasing con-
sensus on the timing of exhumation. At least
three stages of exhumation are observed: rapid
exhumation before approximately 35Ma, slower
exhumation until ~15 Ma and very rapid exhuma-
tion to present-day positions from then onward
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(Carrapa et al., 2003; Zattin et al., 2003; Bertotti
et al., 2006).

METHODS AND DATABASE

Sedimentological analyses

Detailed sedimentological analyses (logging, facies
mapping, lateral tracing of physical surfaces, thin
sections) have been carried out on the underlying
strata of the Rosengarten platform (Fig. 6). Ten
sections/sedimentological logs cover the entire
basin fill from basement (Atesina Volcanic Com-
plex, AVC) to the basal Schlern Dolomite Fm 1.
Additional data on the upper Anisian succession
and the Buchenstein Fm were taken from the lit-
erature (Bosellini & Stefani, 1991; Maurer, 1999;
Ziihlke, 2000). These analyses are necessary to
obtain datasets on thicknesses, lithologies and
palaesowater depths. The latter is based on the
integration of all sedimentological evidence from
the outcrops (channels, ripples, exposure surfaces,
bioturbation, etc.) combined with microfacies
analyses of the 283 thin-sections.

Stratigraphy and timescale

Within the past years, there has been some contro-
versy about the duration of Schlern Dolomite Fm 1,
informally known as the ‘Latemar controversy’
(Brack et al., 1997; Hardie & Hinnov, 1997). Sev-
eral studies (Goldhammer & Harris, 1989; Hinnov
& Goldhammer, 1991; Preto et al., 2001) proposed
a specific type of orbital forcing for the cyclically
arranged lagoonal interior of the Schlern Dolomite
Fm 1. Subsequent studies (Brack & Rieber, 1993;
Brack et al., 1996; Mundil et al., 1996) questioned
this Milankovitch model because of its incom-
patibility with bio- and chronostratigraphic data.
Radiometric age dating on detrital zircons in air-
borne tuff layers intercalated within the lagoonal
sediments of the Latemar helped to solve the con-
troversy (Mundil et al., 2003). Subsequent time-
series analyses and numerical simulation based
upon in situ bio- and chronostratigraphic data
indicate a much higher frequency of the cycles and
thus a much shorter duration of the entire cyclic
succession (Zihlke et al.,, 2003; Ziihlke, 2004;
Emmerich et al., 2005a). This study follows the
stratigraphic concept laid down in Emmerich et al.
(2005a).

Upper Triassic formations were evaluated and
thicknesses projected from the western and central

Dolomites (Schlern, Sella and Gardenaccia plat-
form), Jurassic strata from the Trento platform,
and Cretaceous and Tertiary formations from the
eastern Dolomites (Table 1). Lithology information
was combined with published data on chronos-
tratigraphy and palaeobathymetry. Initial Jurassic
palaesowater depths were calculated with a subsi-
dence curve for the Trento platform proposed by
Winterer & Bosellini (1981) and Winterer (1998). If
necessary, thickness of eroded stratigraphic units
and palaesowater depth were adapted within a
range of values provided by studies on the regional
geology (Table 1) in order to fit the simulated
time—temperature evolution.

The timescale applied during modelling
(Table 1) was determined by subdividing known
chronostratigraphic intervals by biostratigraphi-
cal information (for details on this method see
Bosence et al., 1994; Aurell et al., 1998). This
means that existing studies on the temporal evo-
lution of the Upper Permian (basement: Barth &
Mohr, 1994; Barth et al., 1993, 1994; sedimen-
tary cover: Massari & Neri, 1997), Lower Triassic
(Broglio Loriga et al., 1983) and Middle Triassic
(Brack & Rieber, 1993; Brack et al., 1996; Mau-
rer, 2000; Ziihlke, 2000; Ziihlke et al., 2003) in
the study area were recalibrated to latest radio-
metric age measurements (Permian: Yugan et al.,
1997; Permian—Triassic boundary: Mundil et al.,
2001; Lower Triassic: Lehrmann et al., 2002; Mid-
dle Triassic: Mundil et al.,, 1996, 2003). The
relative duration of the bio-, sequence- and lithos-
tratigraphic timesteps of the existing studies was
left unchanged. Younger chronostratigraphic ages
were derived from the Geological Time Scale 2004
(Gradstein et al., 2004).

Vitrinite reflectance and apatite fission-tracks

Vitrinite reflectance (VR) is the most frequently
used parameter in assessing regional thermal
maturity and is furthermore widely used as a cal-
ibration parameter for numerical simulation of
thermal basin development. Vitrinite reflectance
data on seven sample locations were previously
published (Buggisch, 1978; Schulz & Fuchs, 1991;
Bielefeld, 1998; Table 2). One location was
included where Tp.x data were available that
complemented the published dataset on thermal
maturity (Zattin et al., 2006; Table 2). In addition
to this dataset, 11 samples from Upper Permian
sandstones (Groden Fm) to Middle Triassic basinal
shaly limestones (Buchenstein Fm) were analysed
in this study. Vitrinite reflectance was determined
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12 A. Emmerich et al.

by microscopic analysis of percentages of light
reflected from polished organic particles and cal-
ibrated against isotropic standards. The results
are given as mean random reflectance (% VR,
for details on methodology and measurement see
Stach et al., 1982; Taylor et al., 1998). Only four
of our samples — mostly Permian sandstones of
the Groden Fm — contained measurable ‘vitrinite-
like’ organic matter (locations are shown in Fig. 4
and data are documented in Table 2). Several VR,
values had to be excluded as calibration param-
eters in thermal history modelling because of
altered organic matter and/or statistically insignif-
icant measurements (see also Table 2). As the time
component is lacking in vitrinites, apatite fission-
track (FT) thermochronology is commonly used to
determine the magnitude and timing of cooling,
exhumation and rock uplift from shallow crustal
levels (Fitzgerald et al., 1995; Tippett & Kamp,
1995). An extensive study on the surroundings of
the Rosengarten has already been carried out by
Emmerich ef al. (2005a). Time—temperature paths
from this study were used to calibrate the thermal
history of the basin (Table 2).

Workflow of the integrated numerical modelling
approach

The challenge during numerical simulation of
present-day subaerially exposed areas is the deter-
mination of the amount and lithology of eroded
overburden. Usually this is realized by extrapo-
lating known successions to the study area but
this dataset has to be verified iteratively dur-
ing thermal modelling calibrated with data on
thermal maturity and thermochronology. Hence,
numerical simulation in this project started with
modelling the burial and thermal history of
the Rosengarten transect and the reconstruction
of its overburden thickness with PetroMod
(IES GmbH, Aachen, Germany). Essential input
parameters were lithology, sediment—water inter-
face temperatures (SWI, Fig. 8a), palaeowater
depths (PWD, Fig. 8b) and heat-flow develop-
ment (Fig. 8c). Results on the eroded rock column
were obtained by fitting calculated and measured
vitrinite reflectance data (Fig. 9) as well as by
forward modelling t—T paths, fission-track distri-
butions and cooling ages in apatites (Fig. 10). The
eroded thickness derived from numerical simula-
tion was entered with all other necessary input
parameters (Fig. 7) into the inverse modelling

routine of PHIL™ (Petrodynamics Inc., Houston,
USA) in order to determine tectonic-, flexural- and

compaction-induced subsidence rates for forward
simulation of sedimentation. The stratigraphic

forward modelling module of PHIL"" was used
to calculate best-fit stratal patterns and sedi-
mentation rates. At the end of this workflow,
simulated minimum—maximum models were ulti-
mately checked against the real-world/outcrop
data. Calibration of the simulated sedimentation
rates and stratal patterns was hereby performed by
visual comparison with observed geometries along
the Rosengarten transect and by measurement of
stratal thicknesses.

Thermal modelling

Thermal modelling (in addition to petroleum sys-
tems or basin modelling) is now routinely used
in petroleum exploration (Welte et al., 1997;
Makhous & Galushkin, 2004). Numerical simu-
lation software usually incorporates geological,
petrophysical, geophysical and geochemical data
into integrated four-dimensional (4D) frameworks
that allow testing of burial and basin-fill concepts.
The geohistory of basins is subsequently recreated
by these 4D simulations in three spatial dimen-
sions through geological time. The accuracy of
numerical simulations is limited by restricted
knowledge of or uncertainty about the values of
the input parameters used to constrain the basin
history (Peters et al., 2006).

The detailed analysis of the regional ther-
mal maturity (coalification) pattern was combined
with fission-track analyses in apatites in order
to narrow down these uncertainties of thermal
boundary conditions (heat-flow history). The tim-
ing and magnitude of intervals characterized
by subaerial exposure and erosion were deter-
mined (i.e., burial history or geohistory of the
basin). Input parameters for the numerical models
were thicknesses of stratigraphic units, litholo-
gies (Table 1), petrophysical parameters (e.g. ther-
mal conductivities; see Biiker (1996) and Hertle
& Littke (2000) for a more detailed descrip-
tion of the calculation of physical properties of
stratified sediment bodies), temperature at the
sediment—water interface (Fig. 8a), palaeowater
depths (Fig. 8b) and heat flow at the base of the
succession (Fig. 8c). Subsidence history and tem-
perature field through time were subsequently
calculated. Burial and heat-flow histories were
continuously calibrated using measured vitrinite
reflectance values (Fig. 9) and fission-track data
derived from apatites (Fig. 10b). The model was

ANFMS: “ANFMS_C001” — 2008/8/29 — 16:48 — PAGE 12 — #12



Syn- to post-depositional history of a prograding carbonate platform 13

Input

« Lithologies

* Petrophysics

 Palaeo bathymetry

* Burial history

* Kinetics (e.g. EASY Rp)

Calibration

» Organic geochemistry
(vitrinite reflectance)

* Thermochronology
(apatite fission tracks)

PetroMod™
I
Output
« Coalification pattern Input )
* t-T paths * Initial basin topography

» Overburden
* Porosity evolution

« Lithologies/initial porosities
* Palaeo bathymetry
* Depths/thicknesses

“Reverse”

| * Tectonic parameters
PHIL™ <«

Output Input
» Subsidence rates
» Sediment flux

« Initial basin topography

* Tectonic parameters

» Sedimentation parameters
l « Erosion parameters

PHIL™ <«
“Forward”
T Calibration
* Visual comparison with reality
Output (pseudo wells, stratal patterns)

+ Sedimentation rates
« Stratal patterns

Fig. 7. Sketch illustrating the workflow during mod-
elling; workflow starts at the top and ends at the
bottom. Input data are arrows towards a simula-

tor (PetroModTM or PHILTM); output data used for
calibration are lines away from simulators.

then fine-tuned by modifying all input parame-
ters until a satisfactory fit between measured and
calculated calibration data was achieved. Vitri-
nite reflectance was calculated using the EASY%
Rp-algorithm of Sweeney & Burnham (1990;
Sachsenhofer & Littke, 1993; Littke et al., 1994;
Leischner, 1994; Sachsenhofer et al., 2002; Fig. 9).
Fission-track data in apatites (age and track length
distribution) were forward modelled with the
algorithm of the AFTSolve® routine (Ketcham
et al., 2000) now incorporated in the latest version

of the basin simulator PetroMod (version 9.x;

www.ies.de).

Reverse-basin modelling

Inverse modelling or reverse-basin modelling in
this study followed the sequence-stratigraphy con-
cept, which considers the creation/destruction
of accommodation space and its infill as the
two main controls on sedimentary systems and
basins. Reverse-basin modelling was carried out to

* Facies patterns

Result
* Min—Max Model

determine (1) all components of total subsidence
(termed ‘subsidence’ in the following text) which
are flexural, tectonic and compaction-induced
subsidence (Fig. 11) and (2) decompacted sedi-
ment flux rates in time. These two datasets are
essential input parameters for the subsequent for-
ward modelling of the sedimentary system where
sedimentation rates are fine-tuned.

Input parameters for the inverse modelling are
lithology (initial porosity; after Bowman & Vail,
1999), geometries (measured and projected bed
thicknesses), palaeowater depth (derived from
facies analysis) and crustal parameters (e.g. effec-
tive elastic thickness T, plate-end-boundary
distance and density of the mantle). Sea-level
oscillations were initially applied during the
inverse modelling (second-order sea-level curve
after Hardenbol et al. (1998) recalibrated to
the timescale used in this study) but this fre-
quency proved to be too low especially for the
studied interval of platform growth at Rosengarten
(5.8 Myr; Fig. 3 and Table 1) and was subsequently
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14 A. Emmerich et al.
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Fig. 8. Input data for thermal mod-
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neglected during further modelling runs. Third-
order sea-level oscillations have not been con-
sidered because their timing and amplitude in
the latest Anisian/earliest Ladinian is controver-
sially discussed in the literature (Riiffer & Ziihlke,
1995; Gianolla & Jacquin, 1998). Hence, even-
tual accommodation changes related to sea-level
oscillations are incorporated within the calcu-
lated subsidence rates. Owing to the shortness
of the transect (approximately 6km) and the

history as applied during modelling with
PetroMod ' .

rigidity of the underlying rheological basement
(2000-2500 m thick Permian AVC), crustal param-
eters and flexural subsidence play a minor role.
Nevertheless, recent data on the effective elastic
thickness (T, of approximately 20 km) of the litho-
sphere of the Venetian basin (Barbieri et al., 2004)
were applied (Table 3).

Subsidence component, accommodation and
sediment-flux histories were calculated for each
of the timesteps identified in the Permian to
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Fig. 9. Calibration of the subsidence and thermal history
at Rosengarten with measured VR, values. x-axis, vitrinite
reflectance in EASY%_VRy; y-axis, depth in metres (neg-
ative values indicate an elevation above present-day sea
level). Formations are indicated at the right-hand side. The
asterisks reflect measured values, the numbers correspond
to sample locations (see Fig. 4 and Table 2). The curve
illustrates the calculated maturity values of the present-day
situation at Rosengarten. The maturity vs. depth curve was
extracted from the southern part of the transect, i.e., the
part where the density of calibration parameters is at a
maximum.

Late Triassic basin fill (Table 1). Basin reverse
modelling runs in the opposite direction of sed-
imentation: the process starts at time ¢, and runs
backwards in time to {y when all sediment layers
have subsequently been removed (‘backstripped’).
Each timestep (fo, t1, t2) is characterized by a dis-
tinct vector of tectonic subsidence (TSg to TS3),
flexural and compaction-induced subsidence as
well as a change in palaeowater depth (PWDy to
PWD,). During each step of removal, the hypothet-
ical depth of the basin floor is calculated without
being loaded and the current depositional sur-
face is adjusted to predefined palaeobathymetry
(Fig. 11). Rates are calculated for each time
layer after the removal of flexural loading effects,
changes in palaeobathymetry, changes in sea level
and compaction. The flexural backstripping pro-
cedure applied in the reverse-basin modelling of
this study is based on the equations introduced by
Turcotte & Schubert (1982, 2002) and Dickinson
et al. (1987). The backstripping procedure with

Temperature development
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Fig. 10. Calibration of the subsidence and thermal history
at Rosengarten with measured apatite-fission-track data.
(a) Calculated time—temperature path at Rosengarten as

derived from PetroMod . x-axis, age in million years; y-
axis, temperature in degrees Celsius. (b) Comparison of
calculated with measured apatite fission tracks. Data values
in grey, calculated values in black.

the applied software — PHIL"" (Marco Polo Soft-
ware Inc., Houston, USA) — is also described by
Bowman & Vail (1999).

Sequence-stratigraphic forward modelling

Stratigraphic forward modelling in this project
was mainly used to quantify carbonate accumu-
lation rates. The simulation of facies patterns
and the identification of processes operating on
the platform slope were a minor goal, as well
as the determination of siliciclastic sedimenta-
tion rates in the Wuchiapingian to Anisian for-
mations. Therefore this chapter — as well as the
entire study — focuses on the methodology of
simulating carbonate sediments. Input parameters
for sequence-stratigraphic forward modelling were
tectonic subsidence, sediment parameters (Fig. 12
and Table 4) and depth-dependant carbonate-
accumulation rates (‘carbonate-production curve’;
Fig. 13). As published by Bowman & Vail (1999),

PHIL™ ‘represents the carbonate production

ANFMS: “ANFMS_C001” — 2008/8/29 — 16:48 — PAGE 15 — #15



16 A. Emmerich et al.

Numerical reverse basin modelling
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Fig. 11. Sketch illustrating the basin reverse modelling process (‘backstripping’). x-axis, time; y-axis, burial depth; strati-
graphic units are marked by letters A to C and different greyscales; arrows below the stratigraphic columns illustrate vectors
of tectonic and flexural subsidence (thick arrow, high subsidence; thin arrow, low subsidence). The principle of devel-
opment of accommodation space is illustrated on the right. Numerical values used for the flexural modelling process are

shown in Table 3.

system with four water-depth-dependant func-
tions’ (Fig. 13) ‘including (1) coarse-grained
traction-load production composed of a laterally
unrestricted factory and a laterally restricted shelf-
margin factory, and (2) fine-grained suspension-
load production composed of an unrestricted
fine-grained factory and a pelagic factory’. How-
ever, as redeposition is included in the ‘produc-
tion’ sensu Bowman & Vail (1999), the modelled
rates reflect accumulation rates, not production
rates. We therefore prefer to use the term accumu-
lation rate sensu Bosscher & Schlager (1993). The

carbonate accumulation functions used in PHIL"
(Bowman & Vail, 1999: ‘productivity functions’)
are normal distribution curves with a specified
width and a maximum accumulation at a spec-
ified bathymetry (Fig. 13). Unrestricted traction
and fine-grained accumulation will occur on any
surface below sea level. Shelf-margin accumu-
lation is centred about an optimal location for
accumulation with respect to the open basin and
exponentially reduced as a function of distance
from that location by a specified factor:

Adepth =M - t - R - e B=Dm)*/ W)

where Agept, is the accumulation for a cell during
the time increment (sensu Bosscher & Schlager,

1993), M is the maximum accumulation rate
(in m Myr—1), t is time (in Myr), R is a siliciclastic
reduction factor, B is the bathymetry (in m), Dpa
is the maximum accumulation bathymetry and W
the width of the productivity function (in m; after
Bowman & Vail, 1999).

Sediment parameters and sedimentation/
accumulation rates were adjusted in an iterative
process within a geologically reasonable range and
in accordance with measured data (Table 4) until a
match with present-day geometries was achieved.
During this iterative course of forward modelling,
a sensitivity analysis was carried out in order to
determine the influence of different carbonate-
specific sedimentation parameters. Bowman &
Vail (1999) have described in further detail
the stratigraphic forward modelling process with

PHIL™.

RESULTS

Thermal modelling

The combination of vitrinite reflectance recording
the maximum temperatures during basin evolu-
tion and fission-track data in apatites recording
the temporal development of heating and cooling
enabled a highly fine-tuned thermal model of the
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Table 3. Input parameters for flexural inverse modelling.

Syn- to post-depositional history of a prograding carbonate platform

Sediment type

Sedimentary parameters

Ranges in
Bowman & Vail
(1999)

This
study

Siliciclastics

Carbonates

Gravity flow

Fluvial plain gradient

Coastal plain gradient
Shoreface gradient
Depositional front gradient
Coastal plain width

Rollover width

Depth of offlap break

Barrier island height

Barrier island width

Depth of fairweather wave base
Prodelta suspension distance
Suspension mixing depth limit
Traction fraction

Coarse sand fraction

Sabkha gradient

Tidal flat gradient

Tidal range

Lagoon gradient

Back-reef gradient

Depth of reef crest

Width of margin production

Rollover width

Slope gradient

Suspension distance of lagoonal
fine-grained carbonates

Maximum suspension depth of
fine-grained carbonates

Siliciclastic damping limit

Production time increment

Minimum bathymetric relief
Slope-fan threshold depth
Basin-floor fan gradient
Slope-fan gradient

Relative water-level trigger factor
Turbidite volume factor

0.001-0.00001
0.0-0.00001
0.01-0.001
0.1-0.01
0-200 km
1-5km
10-20m
0-10m
0-15 km
5—-20m
5-100 km
1-200m
0-100%
0-100%

0.0-0.00001
0.0001-0.0006
0-15m

0.1-0.001
1-20m
0.1-5.0km
0.5-3.0km
0.01-1.1
1-50km

3—40m

1-150 m Myr~?
0.001-0.025 Myr

100-400m
0-30m
0.001-0.0001
0.03-0.001

0 to =30 m Myr~?
0-1

0.001
0.00001
0.008
0.08
20km
3km
10m
0.1m
2km
10m
15 km
5m
100%
10%

0.000001
0.001
1m

0.01

0.02
10m
0.2km
1.55 km
0.7 (35°)
0.1km

3m
1mMyr~?
0.001 Myr

8m
30m
0.001
0.001
—-10m

17

0 km 10 km
Table 4. Input parameters for sequence-stratigraphic
I Mean sea level h
High tide Reef crest depth forward modelling.
om Sabkha [ Tidal flat ™o— ]ga/l;\;véa*ﬂ{er Flexural parameters This study
wave base 1 I N h (k)
Flexural wavelengt 55.0
Slope

100 m- Back reef P Effective elastic thickness (km) 20.2

Mantle density (kgm~2) 3340.0

Vertical exaggeration = 50x Rol_lé)t\llqer Water density (kg m~2) 1030.0

wi Left taper limit (km) 50.0

Right taper limit (km) 500.0

Fig. 12. Sketch illustrating the depositional environments
and parameters used during the forward-modelling pro-
cedure of PHIL™ (modified after Bowman & Vail, 1999).
Numerical values of the input parameters in Table 4.
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Fig. 13. Carbonate-production rates as a function of water depth during simulation with PHIL". x-axis, carbonate-

production rates in m Myr—!

; y-axis, water depth in metres. Legend to functions to the bottom right. The most important

variables (depth, maximum and width of production) used in the carbonate-productivity functions of PHIL™ (Bowman
& Vail, 1999) are indicated for the slope function (dashed black line). In order to reproduce present-day geometries, the
production of the carbonate factory had to be set to values between 900 and 1000 m Myr~!. Production increases from
periplatform environments (900 m Myr~!) across the margin (950 m Myr—!) to the slope (1000 m Myr—'). Pelagic production

(i.e., Buchenstein Fm) was limited to 50 m Myr~1.

southwest Dolomites. Modelling was stopped at
a deviation of less than 5% with respect to the
calibration data. In other words, the difference
between iterative changes of input parameters
such as: (1) the magnitude and timing of heating or
cooling; (2) changes in sediment—water-interface
temperatures; and (3) overall stratigraphic thick-
ness was less than 0.3%.

Time-temperature history

A constant heat flow of around 60 mWm™2 is a

typical value for continental crust (Allen & Allen,
1990) and hence it also was the starting point of
this numerical simulation. However, after numer-
ous runs of iteratively calibrated geohistory simu-
lation it turned out that two intervals of elevated
basal heat flow (Fig. 8c) are required in this part
of the southwest Dolomites in order to match mea-
sured apatite fission-track data (Fig. 10). The first

interval between 285 and 253 Ma corresponds to
the generation, extrusion and cooling of the Per-
mian Atesina Volcanic Complex (AVC); the second
interval between 233 and 225 Ma corresponds to
a time when strong hydrothermal activities are
recorded in the Val di Fassa area. This modelling
result is in accordance with suggestions by Greber
et al. (1997), who proposed that heat flow reached
its peak (90 mW m~2) at 236 Ma when an intru-
sion of pegmatites and an appearance of tuffs and
localized lava flows are observed across the cen-
tral Southalpine domain. This is also backed up by
Bertotti et al. (1997, 1999) but with different esti-
mates for time and extent of the elevated basal heat
flow. All aforementioned authors concluded that
the heat flow decreased to values of approximately
70mWm~2 by 220Ma. In contrast, Zattin et al.
(2006) suggested that heat flow remained at high
values until the end of Jurassic rifting. We believe
that the observations of Barth et al. (1993, 1994) —a
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hydrothermal event in the Val di Fassa area reset-
ting isotopic clocks at around 230-225 Ma — much
better reflects the thermal evolution in our study
area. The time interval between ~100Ma until
today is characterized by a slowly decreasing basal
heat flow down to values of 45 mWm~2, as for
example measured in wells in the Belluno basin
(Sedico-1; Zattin et al., 2006).

Thermal modelling indicates that maximum
thermal maturity is reached during the Late Tri-
assic (at the beginning of stage 4 in Fig. 14a and
in Fig. 15b) shortly after the temperature anomaly
during the extrusion of the Wengen Group vol-
canics (around 230Ma; Fig. 14b) rather than
during maximum burial (Fig. 15¢). Formation tem-
peratures return to background levels ~220Ma
and even seem to display a slightly negative
anomaly (Fig. 14b). Thermal maturity remains
unchanged up to the present day as the strata
remain in the same temperature regime (Figs 14a
and 15c¢ and d); in other words, formation tem-
peratures are constant despite increasing burial
to deep-sea settings at the end of the Cretaceous
(stage 4, Fig. 14b). Formation temperatures do
not decrease during continent—continent collision
(stage 5, Fig. 14b) and drop only as the Dolomites
are exhumed to a subtle foreland-basin setting
(stage 6, Fig. 14b). Fast exhumation to present-day
settings decreases formation temperatures rapidly
(stage 7, Fig. 14b).

Basin geohistory

Sedimentation on the exposed basement starts
at around 260Ma (Table 1 and Fig. 14), lead-
ing to a continuous subsidence to depths at the
top basement of about 800m (stage 1 in Fig. 14).
Uplift in the southwest Dolomites triggers sub-
aerial erosion during stage 2 and the subse-
quent development of the Anisian unconformity
(Fig. 14). The third stage (Fig. 14) is characterized
by rapid subsidence until Middle/Late Triassic
times; this episode corresponds to the accumula-
tion of the Schlern Dolomite Fm 1 carbonate plat-
form. The top of the youngest strata preserved at
Rosengarten is indicated by the dashed line in
Fig. 14. The thick sedimentary package deposited
directly afterwards represents the airborne and
submarine volcaniclastics of the Wengen Fm.

In order to keep platform tops and basin floors
horizontal and to maintain a common gradient
of slope deposits throughout all growth stages
(Fig. 16), water-depth maps of more than 800 m
in the deepest settings had to be applied. These

palaeobathymetric values are in accordance with
assumptions from Bosellini & Stefani (1991) and
Brack & Rieber (1993). Compaction of strata under-
neath the Rosengarten platform moves basin-
ward together with its prograding carbonate slope,
reducing porosity by its overburden (Fig. 16a—f;
cf. Hunt & Fitchen, 1999; Permian Delaware and
Midlands basins, USA). Highest porosities are pre-
served where the overlying sediments are at a
minimum until the extrusion of the Wengen Group
fills the basins (Fig. 16g). This interval is followed
by a long period of steady subsidence (formation of
the Trento platform, stage 4 in Fig. 14). Maximum
thermal maturity of the transect is reached dur-
ing Late Triassic times when basal heat flow is at
a maximum (Figs 14a and 15a,b). The subsequent
burial and subsidence of the Trento platform to
deep-marine environments does not increase the
thermal maturity significantly as heat flow dimin-
ishes during this period (Figs 8c and 15b,c). Max-
imum burial of the succession is reached dur-
ing Late Cretaceous time (80Ma; Fig. 14) when
the polarity of the tectonic regime changes from
extension to compression (Hsii, 1989; Dercourt
et al., 2000). Continuous uplift until about 32 Ma
(stage 5 in Fig. 14, corresponding temperatures in
Fig. 10a) followed by subaerial exposure and ero-
sion of the youngest strata of the succession allows
for a cooling of the basal strata below 80°C as
required by the FT data (stage 6 in Fig. 14). Deposi-
tion of late Oligocene conglomerates (Monte Parei
Fm, stage 6 in Fig. 14) leads to short-lived subsi-
dence until major uplift occurs from 12 Ma onward
(stage 7 in Fig. 14).

Another important result of thermal modelling
is the quantification of eroded thicknesses above
the present-day stratigraphy. The integrated mod-
elling approach constrains the overburden to less
than 1100 m (see bed thicknesses in Table 1). Both
thermal maturity and apatite fission-track data
clearly rule out a thick Mesozoic and Cenozoic sed-
imentary cover, which is also supported by recent
studies on the burial history of the Trento platform
(Zattin et al., 2006). This furthermore confirms that
there is no extensive Miocene cover during a flysch
or foreland basin stadium as postulated by stud-
ies from other basins in the Alps (Venetian basin;
Massari et al., 1986; Eastern Alps: Winkler, 1988).
The VR, values from Permian sandstones in our
study area are too low (Table 2) and the forward-
modelled fission-track ages and t—T development
(Fig. 10) indicate temperatures of around 80°C
from 220 to 40 Ma and <80°C in the Permian suc-
cession since 40Ma. The latter feature points to
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Fig. 15. Basin evolution at Rosengarten (PetroMod ). x-axis, distance along the transect in metres; y-axis, depth/elevation
in metres; formations are indicated at the right-hand side; name and age of timestep in the upper right corner. Vertically
exaggerated. Overlay: calculated maturity values (% VR;), legend to the lower left. Increasing temperature during burial and
rising basal heat flow create higher thermal maturity preserved until today. Fig. (d) shows the present-day situation where
maximum thermal maturity is recorded by organic matter in coarse- to medium-grained sandstones of the Permian Groden
Fm (see Table 1). (a) Timestep after Archelaus biozone (Middle Triassic), i.e., after the last stage of platform progradation.
(b) Timestep after deposition of the Wengen Fm (Middle Triassic), i.e., after maximum heating. (c) Timestep after deposition
of the Antruilles Fm (Upper Cretaceous), i.e., after maximum burial. (d) Present-day situation.

Fig. 14. (Opposite page) Burial history of a pseudo well through the Rosengarten transect as calculated by PetroMod " ;
same location as the calibration plot in Fig. 9. x-axis, age in Ma (abbreviations: P, Permian; Tr, Triassic; K, Cretaceous; Pg,
Paleogene; Ng, Neogene); y-axis, burial depth in metres; black lines are boundaries of formations and their subdivisions.
Bar at the top (numbers 1-7) indicates the main stages of basin evolution with their corresponding ages. The top of the
preserved stratigraphy at Rosengarten is indicated by a dashed line. (a) Overlay: calculated vitrinite reflectance (% VR})
indicating the thermal history (legend/colour code to the lower left) of the basin. (b) Overlay: calculated temperature (°C)
indicating the thermal history (legend/colour code to the lower left) of the section at Rosengarten.
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a rapid uplift and exhumation of the succession
as observed in other areas of the Alps and their
surroundings — whether steady state or episodic
(Bernet et al., 2001; Carrapa et al., 2003; Zattin
et al., 2003; Bertotti et al., 2006).

Basin reverse modelling

The basin reverse modelling routine of PHIL™
(Fig. 11) calculates subsidence rates for every grid
point along the transect. Two sets of subsidence
rates are presented in Fig. 17, one set is derived
from a proximal location within the platform inte-
rior (transect metre 30) and another one from a
distal location in the basin (transect metre 5970).
Owing to the rigidity of the underlying Permian
AVC (>2000m thickness) and the shortness of
the transect (<10 km length), there are no distinct
differences in flexural subsidence between a prox-
imal and a distal setting. Differences in subsidence
in the beginning of basin evolution — during late
Wuchiapingian (uppermost part of the Gréden Fm
and Fiamazza Member of the Bellerophon Fm) and
late Scythian (Seis Mbr of the Werfen Fm) times —
are attributed to lateral changes in bed thickness
owing to relative movements along small faults.
The differences in subsidence between a distal
and proximal setting on the transect during late
Anisian/early Ladinian times (Schlern Dolomite
Fm 1, Reitzi and Secedensis biozone) originate
mainly from differences in compaction-induced
subsidence as larger amounts of carbonate sedi-
ment are accommodated in a proximal, lagoonal
realm. As this paper focuses on the Anisian—
Ladinian platform evolution, a detailed descrip-
tion of the pre-Anisian subsidence history is omit-
ted for clarity.

Anisian to Late Triassic subsidence rates

Subsidence commenced with the deposition of
the Richthofen Fm (conglomerates and evaporites)
and increased during Morbiac Fm sedimentation
(bituminous limestones and marls). The shallow
marine carbonate ramp of the Contrin Fm repre-
sents an interval of decreasing subsidence. On top

of the Contrin Fm, a basinwide correlatable uncon-
formity developed due to a subsidence peak with
rates of up to 820 m Myr—!. These values decrease
significantly to 200300 m Myr~—! during the Sece-
densis biozone, before subsidence drops down
to values around 130 m Myr~! (Curionii biozone)
or less (50-60m Myr~!; Gredleri and Archelaus
biozone) and eventually Wengen volcanics ter-
minated platform growth. These high subsidence
rates during the upper Reitzi and entire Seceden-
sis biozone are responsible for the aggradational
behaviour of the Rosengarten platform. As subsi-
dence drops to 100m Myr~!, progradational pat-
terns develop. As mentioned earlier and discussed
by several authors (Blendinger, 1985; Doglioni,
1987), the study area was located near an active
strike-slip fault system during most of the Meso-
zoic. Hence it seems likely that movements along
the Cima Bocche Line/Stava Anticline triggered
these temporal changes in subsidence (Emmerich
et al., 2005a).

Stratigraphic forward modelling

In order to adequately simulate the Rosengarten
platform with a larger platform interior to the north
and a larger basin to the south, the transect had to
be extended by 2 km on each side. Essential results
from previous modelling steps — such as tectonic
subsidence rates and sediment flux (Fig. 7) — were
incorporated in the input for the stratigraphic
forward simulator of PHIL . Sediment param-
eters and sedimentation rates were adjusted as
explained earlier and discussed in Bowman & Vail
(1999). Subaerial erosion was neglected during
the forward simulation but carbonate redistribu-
tion to slope and basin was accounted for. Hence,
the rates presented in this study correspond to
best-fit accumulation rates (in the sense of calibra-
tion with the present-day outcrop). Real (i.e., fos-
sil) accumulation rates would be higher because
subaerial erosion and bioerosion have to be com-
pensated for by carbonate production and sedi-
mentation. However, the Anisian and Ladinian
sea-level oscillations — indicated by the record
in the neighbouring Latemar platform (Ziihlke,

Fig. 16. (Opposite page) Modelled porosity evolution during progradation at Rosengarten (PetroMod ). x-axis, distance
along the transect; y-axis, depth/elevation; overlay, porosity (%); legends bottom right. The progradation of the carbonate
platform reduces porosity in the underlying strata. For further explanation refer to the text. (a) After deposition of the
Contrin Fm (242.87 Ma). (b) After the Reitzi biozone (242.29 Ma). (c) After the Secedensis biozone (240.97 Ma). (d) After
the Curionii biozone (238.80 Ma). (e) After the Gredleri biozone (238.00 Ma). (f) After the Archelaus biozone (237.10 Ma).

(g) After deposition of the Wengen Fm (232.00 Ma).

ANFMS: “ANFMS_C001” — 2008/8/29 — 16:48 — PAGE 23 — #23



24  A. Emmerich et al.

Late Permian - Late Triassic Subsidence Development

Age (Myr)
260 255 250 245 240 235 230
PERMIAN T R 1 A S S 1 Cc
Cp.‘ Wuchiapingian ‘Chg. Scythian Anisian Ladinian Carnian
2
= . %) ® o
g e 8 § 58
£ 5 S¢ £ 23 £
N = o 2 5 £ 3 E
= © o o = = ©
S .= £ g N 9 S S ¢ 2 >
s = * S =) 3 8 S g8 € e
N o 2 <3 £ x o S G < L2 £
© < © N S 5 6 g 5 S Do ' - 8 ..g
B‘Y £ & % 5 O = 5 8_ s S - - — - = 5
.l © .l © 8 o NS o = s} g E £ £ E o 2
@ 5 o) [y m 5 © = o c b ow w o w = S
: 2 & [ L 2wen £ 2 g e 2 g2 S =
3 = 5 £ Ef&80 8 & e EE| E E|E 2 &
E £ E 5 5 E£gcfE ¢ 2 “ece 3 8 3 o E :
& e & 2 2 EEEEE < gfa 8 & 48 8 i 3
c c & 8§ 8 cccc c > ogce € £ ¢ € & >
5 5% % T & L£L22e 2 2 EXCEE o E§o 2 2
2 e 2 T T £ 8598 O 8 8656 & S § 6 o iz
o o o m m === =2 T X=0n o a H D = T 100
l 0
I } 'I 100
200
T
5
300
£
[
(%)
400 §
T
‘@
o
=5
500 2
s
o
-
600
700
800
=== |_agoonal interior, transect m30

=== Basinal section, transect m5970

Fig. 17. Calculated total-subsidence development at the study area until the extrusion of Wengen Group volcanics (basin-
reverse modelling module of PHIL™). x-axis, age in Ma; y-axis, subsidence rates in m Myr~'. Subsidence was calculated at
a proximal (transect metre 30; grey line) and a distal point (transect metre 5970; black line). Differences in total subsidence
at proximal and distal settings are mainly attributed to differences in compaction-induced subsidence (thicker succession
in distal parts). Timescale after Lehrmann et al. (2002), Mundil et al. (1996, 2001, 2003) and Yugan et al. (1997). Permian

stages after Yugan et al. (1997), Triassic stages after Brack & Rieber (1993, 1994). *The backstripping process of PHIL™
is not capable of calculating subsidence values of nowadays eroded formations. Therefore, the timespan of the Anisian
Unconformity pictured in this figure comprises also the interval of deposition of the Val Badia and Cencenighe Members

of the Werfen Fm (Table 1).

2004) — are of extraordinary high frequency and
low amplitude. Therefore, the exposure time, as
shown at the Latemar by dolomitic caps on top of
shallowing-upward cycles (Goldhammer & Harris,
1989), of the platform top is short, and the influ-
ence of subaerial erosion can be neglected. This
also implies that the carbonate factory of the plat-
form margin and slope remains switched on dur-
ing all stages of accommodation change, as seen
in studies on the composition of calciturbidites

derived from Middle Triassic platforms in the
Dolomites (Reijmer et al.,, 1991; Reijmer, 1998;
Maurer & Schlager, 2003; Maurer et al., 2003).
The influence of bioerosion is, however, difficult
to quantify because it depends on many factors
which are impossible to derive from the geologi-
cal record. As mentioned earlier, accommodation
changes are included in total subsidence rates
and thus also constitute a small proportion of the
forward modelled carbonate accumulation rates.
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During the course of forward modelling, the entire
carbonate system was set very sensitive to sili-
ciclastic poisoning (i.e., its lower limit; Table 4)
and accumulation time increments of the output
files were 1 kyr (smaller time increments were lim-
ited by computing power) such that the temporal
platform development could be simulated in great
detail (approximately 5800 timesteps for the entire
Rosengarten history).

Sensitivity analysis

A sensitivity analysis was carried out in order
to quantify the influence of all input param-

eters (Table 4) of the PHIL™ simulator. The
main results of this analysis are summarized in
Fig. 18a—d. More than 1200 different runs with
different numerical values of the input parame-
ters were calculated in order to achieve a best-fit
model. Among the 13 carbonate-specific ones,
two parameters emerged as the most important:
(1) suspension width of fine-grained carbonates
and (2) rollover width (influencing the distribution
of boundstone facies on the slope; for parame-
ter definition see Fig. 12; for numerical values
see Table 4). The challenge of the forward model
was to match slope inclination, growth mode and
distribution of boundstones on the slope. The
correct pattern of aggradation followed by progra-
dation, the extent of boundstones on the slope
and the observed geometry of steep, straight to
exponentially curved clinoforms was successfully
modelled. This required the unique combination
of rollover width set to 1.55km and a very short
suspension distance of lagoonal fine-grained car-
bonates of 0.1 km.

The reason why the suspension distance of
fine-grained material from the platform top was
set to such low values (Table 4) is the incorrect
deposition of carbonate on the upper slope with
higher values of the suspension distance (cf. bulge
of the upper slope in Fig. 18a). This peculiar
behaviour of the modelled slope system is related
to the ‘carbonate productivity function’ of PHIL™
(Fig. 13) which already includes redeposition
(Bowman & Vail, 1999). If the suspension distance
was larger than the extent of the platform slope
and all material was exported to basinal settings,
progradation could not be modelled (Fig. 18b).

As discussed in the literature (Reijmer et al.,
1991; Blendinger, 1994; Reijmer, 1998; Ken-
ter et al., 2002, 2005; della Porta et al., 2004;
Seeling et al., 2005), the main carbonate fac-
tory is located on the upper slope and within

water depths between 0 and 300m. This spe-
cific, slope—productivity-driven growth character-
istic is especially true for prograding carbonate
platforms (Bosellini, 1989; Boni et al., 1994;
Seeling et al., 2005). Similarly, Kenter et al.
(2005) and della Porta et al. (2004) attribute the
progradation of Carboniferous carbonate platforms
in the Cantabrian Mountains of Spain mainly
to an increased productivity of the cement-rich
boundstone belt. The only possibility to simulate
restricted in situ carbonate accumulation on the
upper slope with PHIL"" is to model the shelf-
margin factory, i.e., the lithology ‘boundstone’
(Bowman & Vail, 1999, p. 129). All other carbon-

ate sediments on the slope are modelled by PHIL™
with a significant amount of allochthonous mate-
rial such as lithoclastic rud- to wackestones (cf.
Bowman & Vail, 1999; refer also to Section on
‘Sequence stratigraphic forward modelling’).

Best-fit model

The best-fit model is presented in Fig. 19a and b,
where Fig. 19a shows the modelled transect after
the last timestep of platform growth (Archelaus
biozone, 237.10 Ma) with an overlay of lithofacies,
and Fig. 19b shows the same model with an over-
lay of palaeobathymetry. The formations above the
Permian basement and underneath the carbonate
platform such as Gréden Fm (siliciclastics above
the basement), Bellerophon Fm (evaporites and
carbonates underneath the thin light blue line
marking grainstones of the Tesero-Oolite Mem-
ber at the P/T boundary), Werfen Fm (carbonates
and clastics underneath the thin red line marking
coarse-grained siliciclastics of the Richthofen Fm)
and all other Anisian strata (fine-grained carbon-
ates above the Richthofen Fm) are easy to discern
in Fig. 19a. Formation of the Rosengarten platform
post-date these Anisian strata. Platform nucleation
on top of the Contrin Fm carbonate ramp occurs
in response to various input parameters/boundary
conditions: (1) a narrow margin combined with
a restricted rollover width (Table 4); (2) higher
accumulation rates on the upper slope than on the
platform top (Fig. 13); and (3) subtle differences in
basal topography owing to fault movement and/or
lateral differences in subsidence (Fig. 19a). Minor
back and forth adjustments of the margin dur-
ing the first stage of platform development are
attributed to difficulties of the carbonate system
in establishing slope and keeping up with the
rapid accommodation increase during the Reitzi
biozone (sediment input in time is nearly outpaced
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Fig. 18. Sensitivity analysis of the forward model (pictured platform development after the Archelaus biozone, 237.10 Ma).
(a) Rollover width 1.55 km (wide boundstone belt) and suspension width 0.5 km (bulge-like deposition of fine-grained mate-
rial in an intermediate position and steep proximal clinoforms) resulting in weak, late-stage progradation. (b) Rollover width
1.55km (wide boundstone belt) and suspension width 5.0 km (deposition of fine-grained material in a distal position and
steep proximal clinoforms) resulting in aggradation, late-stage progradation. (c) Rollover width 0.15 km (narrow boundstone
belt) and suspension width 0.1 km (deposition of fine-grained material within the bounds of the slope and exponentially
curved clinoforms) resulting in weak retrogradation. (d) Rollover width 3.1 km (wide back-reef belt and narrow boundstone
belt) and suspension width 0.1km (deposition of fine-grained material within the bounds of the slope and exponentially
curved to nearly straight clinoforms) resulting in progradation. For legend see Fig. 19.
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by accommodation change, i.e., A’ — §’; sensu
Seeling et al., 2005). Nevertheless, the aggrada-
tion trend is clearly identifiable. The palaeowater
depth overlay facilitates the recognition of this first
phase and especially highlights the transgressive
surface in basinal settings developed on top of the
Contrin Fm (Fig. 19b).

The resulting trajectories of the margin are illus-
trated in Fig. 20a and b. The first stage, charac-
terized by a steep, nearly vertical trajectory (1in
Fig. 20; the present-day situation is shown in
Fig. 20c for comparison), is followed by an inter-
val of progradation (2 in Fig. 20). The second
stage — i.e., the Curionii biozone — is typified by
a shallow to intermediate trajectory of the margin
until fast progradation with very shallow trajec-
tories occurs during the last stages (3 in Fig. 20).
A comparison with the growth mode of the Rosen-
garten platform according to Maurer (1999, 2000)
reveals almost the same arrangement of trajectories

(@)

Fig. 20. Simplified comparison of the simulated transect
with reality. x-axis, distance along transect; y-axis, eleva-
tion/depth; no vertical exaggeration. (a) and (b) Details from
Fig. 19a (lithology) and 19b (palaeobathymetry). The three
different growth stages are marked with arrows and num-
bers (1: aggradation during Reitzi and Secedensis biozone;
2: progradation during Curionii biozone; 3: rapid progra-
dation during Gredleri and Archelaus biozone). (c) Detail
from reconstructed transect after Bosellini & Stefani (1991)
and Maurer (1999, 2000; Fig. 6). The three different growth
stages are marked in the same way as in (a) and (b). The
last stage of the platform development appears to be dip-
ping to the right (south) owing to the post-sedimentary,
fault-related dip of the underlying strata.

(Fig. 20c). In the model, the initial phase (stage 1)
is a bit shorter whereas the growth stage of the
Curionii biozone (stage 2) seems a bit longer. This
indicates that the duration of the Curionii biozone
may in reality have been shorter than modelled
in this study (i.e., <2.2Myr as derived from the
chronostratigraphic data of Mundil et al., 1996,
2003).

Decompacted carbonate accumulation rates
without subaerial erosion and bioerosion rates but
including redeposition in some facies (‘production
rates’; Fig. 13) increase from lagoon (‘periplat-
form production’) to slope (‘platform slope pro-
duction’). The growth mode of the Rosengarten
platform is matched with constant accumula-
tion rates throughout all biozones of platform
growth: 900 m Myr—! was applied for periplatform
accumulation, 980 mMyr~! for platform margin
accumulation, 1000mMyr~?! for platform slope
accumulation and 50mMyr~! for pelagic accu-
mulation. The width of the carbonate functions
applied in the forward model corresponds to the
following facts: (1) the main carbonate factory
is found on the slope (Blendinger, 1994); and
(2) boundstone carbonate production on the slope
takes place until ~300m water depth (della Porta
et al., 2004).

DISCUSSION

Burial and thermal history

Low vitrinite reflectance values together with
short apatite fission tracks indicate a long, shal-
low burial of the Rosengarten succession until
the Oligocene, followed by fast uplift/cooling
(Figs 10 and 14). Values of vitrinite reflectance
between 0.5% VR, and 0.8% VR, indicate max-
imum temperatures during burial of the order of
110°C. As illustrated by the burial history plot in
Fig. 10b, maximum temperatures were reached by
Late Triassic time when a high basal heat flow of
110 mW m~?2 was reached for a short while around
230 Ma. This was necessary in order to reproduce
(1) the observed thermal maturity; and (2) the
measured ages of the apatites. This elevated basal
heat flow during the Late Triassic is associated
with violent magmatic events in the vicinity of
the Predazzo—Monzoni area. Many studies con-
firm this observation by either reset isotopic clocks
from the Fassa Valley (Barth et al., 1993, 1994) or
thermal modelling of sedimentary successions in
the Southern Alps (Greber et al., 1997). However,
our integrated 4D basin simulation contradicts the
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thermal history postulated by Zattin et al. (2006)
for the Dolomites. The raw data presented in this
study as well as the modelling results show no
indications for an elevated Jurassic heat-flow due
to rifting as reported by Zattin et al. (2006).

The Late Jurassic to Cretaceous subsidence trend
calculated by Winterer (1998) for the Trento plat-
form had to be lowered by ~15%. Otherwise, the
Rosengarten would have been buried too deeply
and the forward modelled time—temperature his-
tory would not have matched the measured fission-
track data. Uplift occurred when the polarity
of plate movement was reversed (approximately
80Ma), fast uplift prevailed from 32Ma onward
and the succession eventually moved above the
80°C isotherm. This rapid exhumation—cooling
rate is confirmed by recent fission-track data of the
Southern and Western Alps (Carrapa et al., 2003),
as well as by provenance analyses (Dunkl et al.,
2001; Zattin et al., 2003) and apatite (U-Th)/He
thermochronology (Bertotti et al., 2006).

Porosity evolution

The porosity evolution of the strata underlying
the carbonate platform reflects the growth mode of
the Rosengarten. During the last, progradational
stage of platform evolution, maximum porosities
in the Permian Groden Fm are preserved in dis-
tal, basinal areas (Fig. 15e and f). The decrease in
porosity underneath the slope sediments mimics
their progradation — i.e., an area of low porosity
is moving basinwards propagated by compacting
slope deposits. This has implications for (1) early
diagenetic fluid-flow dynamics and (2) shallow
siliciclastic hydrocarbon reservoirs below pro-
grading (carbonate) slopes. Concerning (1), the
migration of fluids during the earliest stages of
diagenesis might thus be rather basinward than
directed towards the platform owing to the pres-
sure differences exerted by the different timing
of sedimentary loading. With respect to model 2,
better reservoir characteristics are subsequently
preserved underneath basinal strata, not under-
neath carbonate platforms. However, basin infill
and diagenesis during deeper burial will most
probably level lateral differences in the underlying
strata (Fig. 15g).

Carbonate accumulation rates

Previous studies on reef communities and carbon-
ate platforms in the Dolomites (Fois & Gaetani,
1984; Senowbari-Daryan et al., 1993) have stressed

the Anisian recovery of reef builders from the
end-Permian faunal crisis when 62% of marine
invertebrate families (McKinney, 1985) and up to
96% of species (Raup, 1979) were extinguished.
New investigations on trace-fossil abundance in
the Lower Triassic Werfen Fm (Fig. 3) demonstrate
a gradual reappearance of taxa throughout the
Lower Triassic of the Dolomites (Werfen Fm) and
a complete recovery in the Uppermost Scythian
(represented by the top of the Werfen Fm; Twitch-
ett, 1999). In addition, palaeontological studies
from other Triassic carbonate platforms around the
world also indicate a fast recovery of the calcimi-
crobial carbonate factory (for complete discussion
and references see Fliigel, 2002).

These different observations are confirmed by
the modelled sedimentation rates: accumulation
of up to 1000m Myr~! of carbonate sediment is
necessary in order to: (1) keep-up the platform dur-
ing the rising A’/S’ conditions at the beginning;
and (2) to simulate the fast progradation during
the decreasing A’/S’ conditions in the second stage
of platform development (sensu Seeling et al.,
2005). The best fit with present-day geometries
was achieved using a constant rate of carbonate
accumulation from 900 to 1000 m Myr~!, increas-
ing from platform top to upper slope. Hence,
the main in situ carbonate factory is located on
the margin and upper slope ranging from shal-
low subtidal to 200300 m water depth. This is
in accordance with studies on carbonate platforms
from the Upper Carboniferous of the Asturian
and Cantabrian mountains in Spain (Kenter et al.,
2002, 2005; della Porta et al.,, 2004) and con-
firmed at platforms where A’ > 0 and A’/S" — 0
(i.e., ‘pathologically prograding’ Bosellini, 1989;
Seeling et al., 2005). In the Dolomites, the studies
of Keim & Schlager (2001) and Maurer et al. (2003)
highlight the importance of the automicrite factory
on the slope for the growth of Middle Triassic
carbonate platforms. The boundstone facies with
laterally restricted and hence in situ accumulation,
modelled in this project, is the driving mechanism
behind (1) initial platform growth and (2) late-stage
progradation.

Previous studies have calculated/estimated
compacted accumulation rates of 200~500 m Myr~—?!
(Diirrenstein: Schlager, 1981; Schlager et al.,
1991), 600mMyr~! (Sella: Keim & Schlager,
2001) and 800mMyr~! (the Anisian part of the
Latemar succession: Egenhoff et al., 1999) for Mid-
dle to Late Triassic carbonate platforms in the
Dolomites. The rates simulated during this study
are higher because they represent decompacted
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accumulation (up to 1000m Myr~! of accumula-
tion in order to keep up with up to 820 m Myr—!
of subsidence). However, these values are within
the range of the slope-shedding model of Ken-
ter et al. (2005), who postulated ~1000 m Myr—?!
of in situ boundstone growth for prograding plat-
forms in the Carboniferous (Asturias, Spain and
North Caspian Basin, Kazakhstan). This adds fur-
ther evidence to observations of a rapid recovery
of the carbonate factory some 10 Myr after the fau-
nal crisis at the end of the Permian (following
the timescale in Table 1). Hence, the results of
our study question the hypothesis of mounded
geometries owing to low carbonate productivity
at the coeval but drowned Monte Cernera car-
bonate platform (Blendinger et al., 2004). It is
much more likely that the drowning is related to
upwelling of cold water masses into the western
Tethys as proposed by Preto et al. (2005) than to
low productivity of a not fully recovered carbonate
factory.

The difference of 80-180 m Myr~! between sub-
sidence rates as determined by the basin-reverse
modelling and the minimum carbonate accumula-
tion rates as required in the stratigraphic forward
modelling results for two reasons: (1) timesteps
in basin-reverse modelling are much longer than
in forward modelling and they thus reflect longer
intermediate values (10-10% vs. 103-10? years);
(2) carbonate sediments are redistributed out of the
transect (debris flows, calciturbidites) and subject
to bioerosion and dissolution. These effects have
subsequently to be added on top of the subsidence
rates.

Controls on platform evolution at Rosengarten

The slope of the Rosengarten is characterized by
two stages of platform evolution as recognized by
Bosellini (1984), Bosellini & Stefani (1991) and
Maurer (1999, 2000). The initial aggradational
phase is followed by a progradational period
towards the end of platform development. This
study shows that a significant increase in carbon-
ate accumulation rates during the development of
the Rosengarten platform as postulated by Maurer
(1999, 2000) is not necessary for the explanation of
this behaviour and can most likely be ruled out as
a possible explanation for the fast progradation.

(1) The onset of platform formation occurs in
the late Anisian. By this time, the carbonate
factory in the Dolomites is fully recovered
from the faunal crisis at the Permian—Triassic

boundary as evidenced by early Anisian
reef communities (Fois & Gaetani, 1984;
Senowbari-Daryan et al., 1993).

(2) The existence of the Rosengarten platform cov-
ers less than five biozones (i.e., 5.77 Myr) — an
interval during which changes in intrinsic fea-
tures (sensu Schlager, 2000; i.e., changes of
the biotic and abiotic carbonate factory) are
not observed on coeval platforms in the vicin-
ity (Emmerich et al., 2005b, and references
therein).

(3) According to Schlager (1999), the accumula-
tion rate of carbonate platforms is much more
likely to decrease in the million-year range
due to changing environmental factors — a fact
which would contradict increasing accumula-
tion rates.

(4) The palaeogeographical configuration of the
southwest termination of the Tethys is more
or less stable during the Anisian and Ladinian,
there are no indications for climate changes
(Dercourt et al., 2000).

Therefore, temporal changes in tectonic subsi-
dence have to be assumed as the driving force for
this two-phased growth. A short-lived, pulse-like
peak of up to 820m Myr—! subsidence during the
Reitzi biozone decreased to 200—300 m Myr~! dur-
ing the Secedensis biozone, resulting in an aggrad-
ing platform. As soon as the Curionii biozone
was reached, subsidence dropped to 100 m Myr—!
resulting in strong progradation of the platform
lasting until the termination of platform develop-
ment via the extrusion of Wengen Group volcanics.
Changes in wind or wave direction as the driv-
ing mechanisms behind platform progradation are
considered less likely for two reasons.

(1) This extrinsic factor must have first hin-
dered (during the aggradational phase) and
then promoted progradation of the slope. This
means that environmental factors must have
changed by 180° during the growth of the
Rosengarten platform. This radical change is
not supported by any other observations from
the Dolomites (Egenhoff et al., 1999).

(2) The main carbonate factory is located on the
upper slope and is especially active during
progradational phases (Blendinger, 1994; Rei-
jmer, 1998; Della Porta et al., 2004; Seel-
ing et al., 2005). This behaviour was coined
‘slope-shedding’ by Kenter et al. (2005).
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The subsidence peak of the late Reitzi to early
Curionii biozone can be observed throughout the
western Dolomites (Bechstadt & Brandner, 1970;
Bechstidt et al., 1978; Riiffer & Ziihlke, 1995) and
is most probably connected with strike-slip tecton-
ics at the transpressive—transtensive passive con-
tinental margin (Doglioni, 1983, 1984; Blendinger,
1985). As the southeast side of the Rosengarten is
located very close to the Stava Line/Cima Bocche
Anticline (approximately 10 km), this two-phased
growth is most probably caused by tectonic move-
ments and stillstands along this line. Sudden,
in the order of 1Myr or less, movements cause
peaks in tectonic subsidence (intervals with aggra-
dational clinoforms) whereas during times of tec-
tonic inactivity and/or updoming of the Predazzo
magmatic chambers subsidence stopped (intervals
with progradational clinoforms).

CONCLUSIONS

The chosen methods of an integrated basin simu-
lation are a prerequisite for modelling subaerially
exposed sedimentary systems. The quantification
of sedimentary hiatuses, erosion and burial by
thermal subsidence modelling corrects for com-
paction and stratigraphic bias before sequence-
stratigraphic modelling is realized. Integrated
basin simulation must include the reconstruction
of burial history. Calibration of thermal modelling
with vitrinite reflectance and FT measurements
revealed that Neogene flysch or molasse-type
sediments above the present-day topography, as
inferred for other Alpine basins (Massari et al.,
1986; Winkler, 1988), did not affect tempera-
ture and burial history. In other words, these
foreland-basin sediments were either very thin or
not present at all. The thinness of eroded stratig-
raphy above the Rosengarten transect contrasts
with the regional coalification pattern of the east-
ern Dolomites (Zattin et al., 2006). The higher
thermal maturity in that area requires either a sig-
nificantly higher heat flow or greater thicknesses
of the now eroded Cretaceous to Cenozoic over-
burden. Whereas the latest cooling phase of the
eastern Dolomites seems to be similar to that of
the Rosengarten area, higher thermal maturity in
the eastern and central Dolomites further high-
lights the importance of the Trento platform for
the thermal evolution of the western Dolomites.
Owing to numerous and high-quality chrono-,
bio- and cyclostratigraphic data, the Middle Trias-
sic Rosengarten carbonate platform is an ideal area

for assessing carbonate accumulation rates after
the Permian—Triassic crisis and the response of
platforms to temporal changes in subsidence. An
integrated approach of thermal and stratigraphic
modelling reveals that the Rosengarten platform
keeps up successfully with subsidence rates of up
to 820m Myr—!. Both stages of platform growth —
first aggradation and later progradation — originate
in temporal variations in total subsidence. In the
case of the Rosengarten, tectonic subsidence and
its variations have been discussed as the major
extrinsic (sensu Schlager, 2000) factors for plat-
form and slope evolution. Other parameters such
as sea-level oscillations and palaeowind or -wave
directions were significantly less important and/or
heavily overprinted by variations in subsidence.
High-frequency sea-level oscillations as recorded
by the accommodation history of the lagoonal
interior at Torri del Vajolet (Fig. 5a) have not
been preserved or recorded in the development of
the platform slope (Harris, 1994; Reijmer, 1998;
Emmerich et al.,, 2005b). The best-fit carbonate
accumulation rates of 900~1000 m Myr~! reach the
values of subrecent carbonate platforms (Enos,
1991). Additionally, sequence-stratigraphic for-
ward modelling allowed further constraints on
the palaeowater depths of the Buchenstein Fm.
Best-fit simulation indicates water depths of up
to 800m at the sediment—water interface of the
distal succession. The key considerations of this
study are: (1) the locus of the carbonate factory
on the upper slope; (2) its high productivity after
the Permian—Triassic faunal crisis; and (3) the
independence of production from sea-level and
ultimately accommodation change.
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