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Abstract

Secular variations of the seawater carbon isotopic composition provide evidence for
paleoceanographic and paleoclimatic changes and may serve for chemiostratigraphic correlations.
The present study aimed to improve the current knowledge on the Upper Permian and Triassic
segment of the Phanerozoic marine carbon isotope curve, whose Triassic part was poorly
constrained by previous studies. Profiles of inorganic carbon isotopes are provided for sections
from Himalaya (Salt Range, Kashmir, Spiti and Nepal), Oman and North Dobrogea (Romania) on
the basis of whole-rock carbonate analysis.

The data acquired, together with a literature compilation confirmed that most of the Upper
Permian is characterized by high 813C values (averaging +4%o) but failed to detect a positive
excursion as suggested by recent compilations. In the light of these observations, the large drop in
313C values associated with the end-Permian mass extinction appears to be driven by a sudden
transfer of prev10usly stocked 813C depleted carbon, rather than by the overturn of a Late Permian
stratified ocean.

The Triassic data-set outlines significant secular variations. The best documented is a carbon
isotope positive excursion just across the Lower-Middle Triassic boundary, globally developed
since it was detected in various paleogeographic settings. It is interpreted to reflect variations in
surface ocean chemistry, possibly related to increased primary productivity, at times when the
biotic recovery after the end-Permian mass-extinction began to accelerate significantly and when a
sharp rise in seawater 534S values occurred globally. Strontium isotope data obtained from well
preserved biogenic phosphates allow a refinement of the Middle Triassic segment of the seawater
strontium isotope curve and show a major inflexion point of the seawater strontium isotope curve
also near the Lower Triassic - Middle Triassic boundary. These facts suggest that the transition
from the Early to the Middle Triassic was a time of revolutionary global change which represented
an important step in the evolution of Mesozoic marine environments.

A tentative carbon isotope curve for the Upper Permian to Upper Triassic time interval is
proposed. Its major features are:
high but constant §!3C values during the Late Permian
a sharp drop in 813C values in the latest Permlan
subsequent recovery of 813C values
a short-lived positive excursion across the Early-Middle Triassic boundary
a gradual rise in 813C values starting in the Late Ladinian or in the Early Carnian

It is foreseen that these fluctuations of the carbon isotope curve may serve as
chronostratigraphic markers and further assist in the correlation of Permian and Triassic carbonate
deposits.



Résumé

Les variations séculaires de la proportion relative des isotopes stables de 1’eau de mer
permettent de mettre en évidence des changements paléo-océanographiques et paléoclimatiques et
peuvent également servir pour des corrélations chimiostratigraphiques. La présente étude a pour
but d’apporter des nouvelles données sur le segment Permien supérieur - Trias de la courbe
isotopique du carbone marin relativement mal contraint jusqu’a présent. Des profils isotopiques du
carbone inorganique basés sur les analyses de roche totale des carbonates ont été établis sur des
coupes lithologiques provenant de I’Himalaya (Salt Range, Kashmir, Spiti and Nepal), d'Oman, et
de la Dobrogea du Nord (Roumanie).

Les nouvelles donnés compilées avec celles disponibles dans la litérature confirment que la
majeure partie du Permien supérieur est caractérisé par de hautes valeurs 813C ( en moyenne
+4%o) mais par contre, ne permettent pas de détecter une excursion positive comme suggéré par
de récentes études. A la lumiére de ces observations, I'importante chute du 8!13C associée a
I’extinction en masse de la fin du Permien serait la conséquence d'un transfert massif de carbone
léger antérieurement stocké sous la forme de matieére organique, plutdt que par un phénoméne de
mélange d'un océan stratifié durant le Permien tardif.

Les données provenant de couches marines d’dge triasique mettent en évidence des
fluctuations importantes de la courbe isotopique. Un événement isotopique positif trés bien
document€ et retrouvé dans des coupes €loignées se situe a la limite Trias inférieur - Trias moyen.
Il est interprété comme reflétant des variations de la chimie des eaux de surface, variations
probablement liées & 1’augmentation de la productivité primaire. Ceci intervient au moment ou la
biomasse se diversifie de maniére significative, bien aprés I’extinction en masse de la fin du
Permien. Au méme moment une trés rapide augmentation des valeurs du 834S de ’eau de mer se
marque sur I’ensemble du globe. Les données des isotopes du strontium obtenues sur des
phosphates biogéniques bien préservés permettent un affinement de la courbe isotopique du
strontium marin pour le Trias moyen et montrent aussi un point d’inflexion majeur de celle-ci,
proche de la limite Trias inférieur - Trias moyen. Ces faits suggerent qu'au passage du Trias
inférieur au Trias moyen un changement global radical intervient. Il représente un pas important
dans I’évolution des environnements marins mésozoiques.

Une courbe synthétique des valeurs isotopiques du carbone (8!13C) pour I’intervalle Permien
supérieur - Trias supérieur est présentée.Les points les plus marquants sont:

e des valeurs du 813C élevées et relativement constantes durant le Permien supérieur

e une chute trés marquée des valeurs du 813C i la fin du Permien suivi d’un retour a des
valeurs intermediares

e une excursion positive de courte durée a la limite Trias inférieur - Trias moyen

e une augmentation graduelle du 813C a partir du Ladinien supérieur ou du Carnien
inférieur

Les fluctuations enregistrées sur la courbe isotopique du carbone offrent potentiellement une
aide non négligeable aux corrélations entre les dépdts carbonatés du Permien et du Trias de
régions éloignées.
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CHAPTER 1

INTRODUCTION

The end of the Paleozoic and the beginning of the Mesozoic, that is the Late Permian and the Early
Triassic, was a time of profound biotic crisis in the history of the Earth. Much of the Paleozoic marine
biota was affected by the most devastating mass extinction in the Earth history, the end-Permian mass
extinction (Raup, 1979; Raup and Sepkoski, 1986; Erwin, 1993, 1994). The Late Permian - Early
Triassic is characterized by a series of features that, all together, have never been encountered in the
history of the Earth. Following the end-Permian mass extinction, the full recovery of the marine biota
was delayed with several millions years (Erwin, 1993). No reef communities (corals, green algae,
sphinctozoans) are known in the Early Triassic (Fliigel, 1994; Fliigel and Senowbari-Darian, 1996).
The Early Triassic reef gap was paralleled on land by a coal gap (Faure et al., 1995; Rettalack et al.,
1996). Along with the dramatic reduction of marine biota, the aftermath of the end Permian mass
extinction was a flourishing of disaster forms as microbial communities (Schubert and Bottjer, 1992;
Baud et al, 1997) and fungi (Eshet et al, 1995; Visscher et al, 1996).

The Late Permian - Triassic was also a time of maximum continental aggregation (the supercontinent
Pangea) characterized by a warm, dry climate as suggested by both geological evidence (e.g. Parrish,
1993) and modelling studies (Wilson et al., 1994; Fawcett et al., 1994). In addition, climate models
predict extreme continentality and monsoonal circulation (Crowley et al., 1989).

During the last decades, carbon isotopes became increasingly used in paleoceanographic and
paleoclimatic reconstructions. Secular variations in carbon, sulfur and strontium isotopic composition
of marine sediments were detected and Phanerozoic age curves have been constructed (Fig. 1).
However, the curves available for Phanerozoic delineate only the major trends, numerous short term
variations were documented and superpose on the long term trends (see review by Holser et al., 1995).
As far as the Permian and Triassic periods are concerned, the isotopic composition of seawater carbon,
sulfur and strontium underwent large variations (Holser and Magaritz, 1987). Most of the previous
carbon isotope studies focused on the Upper Permian and the lower part of the Lower Triassic (Baud et
al., 1989; Magaritz and Holser, 1991; and many others); very few considered in detail the remainder of
the Lower Triassic and the Triassic in general. Therefore, the Triassic segment of the frequently cited
Phanerozoic carbon isotope curve (Holser, 1988), or even of the Scholle's (1995) more recent
compilation is poorly constrained.

The number of marine sections with a good chronostratigraphic coverage for this time interval is
relatively small and restricted to some areas. Probably the best sedimentary marine record is found
along the Tethyan margins, presently in the Alpine-Himalayan Belt and in adjacent areas. Other marine
sections across the Permian-Triassic boundary can be found in the Arctic domain (Arctic Canada,
Svalbard Basin). Most of the deep sea sediments have been consumed through subduction processes;
the deep sea record is known only from some accreted terrains in Japan and in British Columbia
(Isozaki, 1994). The existing whole-rock carbonate carbon isotope data-set is based mainly on sections
from the Tethys Ocean, which was the major site for the deposition of carbonate rocks during the
Permian to Triassic time interval.
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Fig. 1 Phanerozoic age curves of sulfur isotopes (6*S) in sulfates, carbon isotopes (8"C) in
carbonates and strontium isotopes (¥St/*Sr) in carbonates and phosphates. After Holser
(1984).

An outline of C, S, and Sr isotopic curves near the Permian-Triassic boundary as well as the basic
problems related to their interpretations are given in a keynote paper by Holser and Magaritz (1987).
The most significant contributions to the knowledge of carbon isotope variations near the
Permian/Triassic boundary are those reported by Baud et al. (1989a) and Magaritz and Holser (1991).
Baud et al. (1989a) provided carbon isotope profiles for the Upper Permian and Lower Triassic time-
interval for numerous sections from the Tethys and proposed a carbon isotope curve for that period (fig.
2). Magaritz and Holser (1991) focused on the Permian-Triassic transition in a core section from the
Southern Alps and provided a high resolution carbon isotope curve.

In two recent reviews (Grossman, 1994; Scholle, 1995), the Carboniferous to Triassic carbonate carbon
and oxygen isotope data set is critically evaluated. Scholle (1995) compiled a large number of Late
Carboniferous to Early Jurassic carbonate carbon isotope data. He processed separately carbon isotope
data from whole-rock micritic limestones, dolomites, marine cements and brachiopods and constructed
isotopic curves by smoothing through the most positive clusters of data points, assuming that in most
situations diagenetic overprint acts toward lower 6“”C values (fig. 3). Given the poor
chronostratigraphic coverage of the existing data set, the general trend outlined by Scholle (1995) may
obscure short term variations.

During the last years further insights have been provided by organic carbon isotope data (e.g. Magaritz
and Holser, 1992). Although the controls on natural variations of carbon isotopes from organic matter
are complex (Popp et al., 1997; Foster et al., 1997), variations consistent with carbonate carbon data
have been found across the Permian/Triassic boundary (Wang et al, 1994).
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Fig. 2 Late Permian and Early Triassic carbon isotope data based on Tethyan carbonates.
After Baud et al. (1989a).

Strontium and sulfur isotope seawater curves for the Upper Permian and Triassic time interval were
proposed by Koepnick et al. (1990), Denison and Koepnick (1995) and Claypool et al. (1980).

Much less attention has been paid to the Triassic seawater curve, although a number of papers
considered various aspects of origin, paleoclimate or diagenesis using carbon and oxygen isotopes from
Triassic carbonates (e.g. Scherer, 1977; Henrich and Zankl, 1986; Frisia-Bruni and Weissert, 1989;
Spétl and Burns, 1991; Litnerova, 1992; Bernasconi, 1993; Bellanca, 1995; Al-Aasm, 1995; Mutti and
Weissert, 1995; Loreau, 1995; Zech et al., 1995; Zeeh et al., 1997).

One of the few studies that present in detail carbon isotope variations along measured Triassic profiles
are presented in Steuber (1991) and Simon and Steuber (1993). The data were obtained on a Middle
Triassic to Lower Jurassic section from the Helicon Mountains, Greece. No well defined fluctuations
were observed in 8°C values of the carbonates, instead, a gradual increase in 8°C values of organic
matter from Ladinian to Norian was found. More recently, Béhm and Gawlick (1997) reported a
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positive  carbon  isotope
excursion in the Upper
Triassic based on data
obtained on a section from
the Northern Calcareous
Alps.

The main goal of the present
study is to ameliorate the
current knowledge on the
Upper Permian and Triassic
segment of the Phanerozoic
marine carbon isotope curve
and to propose an improved
carbon isotope curve. The
interest in establishing a
carbon isotope curve for this
period of time is twofold.
First, it may improve our
understanding of Permian and

Triassic carbon cycling and its partitioning between the major reservoirs, with significant implications
for paleoceanographic and paleoclimatic reconstructions, and secondly it may potentially serve as a

reference for stratigraphic correlations.

Profiles of inorganic carbon isotopes were studied in several sections from the Tethyan Permo-Triassic.
The studied sections are representatives of three main paleogeographic areas within the Tethys: the
Northern Indian margin (presently in the Himalayan belt), the Omanese margin and the North

Dobrogean margin (fig. 4).
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CHAPTER 2

CONTROLS ON THE STABLE ISOTOPE
RECORD
IN CARBONATE SEDIMENTS

The purpose of this chapter is to briefly discuss the factors controlling the carbon, sulfur and strontium
isotope composition in marine environments and in carbonate rocks. There are many papers which
review the applications of stable isotope geochemistry in sedimentary geology. General considerations
can be found in Hoefs (1987, or later editions), Chester (1990) and Bowen (1991) and more specific
applications are reviewed in various papers in Arthur et al. (1983), Schidlowski et al. (1983), Reeder
(1983), Kyser (1987), Gregor et al. (1988) and Clauer and Chaudhuri (1992). Figure 5 represents
schematically the major sources of variations of the isotopes of carbon, sulfur and strontium in the
exogenic cycle. Herein, only some general features are presented, more detailed discussions are
provided for those aspects which are considered significant for the interpretation of the Permian to
Triassic isotope record. Someway, this chapter reflects the author’s view onto the still controversial
field of the stable isotope stratigraphy.
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Fig. 5 The major sources of secular variations of C, S and Sr isotopes in
marine environments (adapted after Holser et al., 1984).
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2.1. Inorganic (carbonate) carbon isotopes

Marine carbonates are sensitive recorders of ancient oceanic and atmospheric chemistry. Carbon
isotopes, for instance are widely used in paleoceanographic and paleoclimatic reconstructions. Reviews
concerning the marine carbonate carbon isotopes can be found in Anderson and Arthur (1983), Veizer
(1983), Holser et al. (1988), Land (1992), Marshall (1992), Grossman (1994) and Holser (1997).

2.1.1. Carbon isotope variations in the modern ocean and in carbonate
sediments

In the modern ocean, the carbon isotopic composition of the Dissolved Inorganic Carbon (DIC) is not
homogeneous, both vertical and horizontal variations being reported (Broecker and Peng, 1982). The
range of variations of 6"°C in the open ocean DIC is relatively small, less than 1%o (Kroopnick, 1980);
however, in carbonate platforms and in more restricted marine basins the §C of the seawater DIC may
be up to 4%o lower relative to the open ocean as a result of evaporation, freshwater input and respiration
of organic matter (Patterson and Walter, 1994).

The most important process affecting carbon isotopic composition of dissolved carbonate in the
seawater is photosynthesis which strongly discriminates against “C, preferentially incorporating C in
organic matter. Thus, changes in phytoplankton productivity, or bacterial oxidation of organic matter in
the water column, will significantly affect surface water 6"°C values (Berger and Vincent, 1986).

In the present day ocean the dissolved bicarbonate in surface seawater is relatively enriched in *C as a
result of the preferential uptake of '“C during photosynthesis. In contrast, deep waters are relatively
depleted in “C due to the respiration and oxidation of the sinking isotopically light organic matter.
Therefore, there is a marked carbon isotopic gradient in dissolved bicarbonate between the surface and
bottom water masses. In the well mixed modern ocean, the surface-to-deep gradient is in the order of 1-
3%o (Kroopnick et al., 1970), but in anoxic basins, such as the Black Sea, it can be as high as 7%o
(Deuser, 1970).

The carbon isotopic composition of carbonate sediments is controlled by the isotopic composition of
the carbonate dissolved in the seawater. Both biological and chemical precipitation of calcium carbonate
are generally associated with a relatively small but constant fractionation of carbon isotopes, virtually
independent of temperature (Emrich, 1970). The magnitude of the fractionation is determined by the
mineralogy of the resulting carbonate (Grossman and Ku, 1986) and by the carbonate ion concentration
(Spero et. al., 1997). The HCO; - calcite and HCO; - aragonite fractionation are 1.0+0.1%o and
2.7+0.2%o, respectively (Romanek et al., 1992). Consequently, §°C values of the calcite will be about
1.7%o lower than 8“C values of the aragonite precipitated from the same waters. However, biological
carbonates often precipitate out of isotopic equilibrium with ambient waters, as a result of either kinetic
or metabolic processes (McConnaughey, 1989), the so-called "vital-effect". The magnitude of the "vital
effect" for both carbon and oxygen isotopes may vary among groups of carbonate secreting organisms
or within one group (see Wefer and Berger, 1991, for a review). Studies on individual components of
recent carbonate sediments also revealed heterogeneity in the carbon isotopic composition (Gonzales
and Lohmann, 1985).

Thus, it appears that in the present day ocean the carbon isotopic composition of the seawater and of the
carbonate sediments is heterogeneous. However, taking into consideration only the open marine
carbonate sediments the variability is greatly reduced.
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2.1.2. The effect of diagenesis on §"C values of carbonates

Previous studies demonstrated that the original isotopic composition of carbonates may be modified
during diagenesis (for reviews see Hudson, 1977; Dickson and Coleman, 1980; Brand and Veizer,
1981; Marshall, 1992; Grossman, 1994 and Kaufman et al., 1995). Diagenetic overprint usually lower
both the §*0 and 8“C values of the original carbonate (there are some exceptions, however) because the
diagenetic fluids are commonly depleted in “C and "O with respect to the seawater (and the marine
carbonates). The amount of oxygen present in diagenetic fluids is considerable and therefore the 60
composition of the carbonate can be easily modified; in turn carbon is only rarely affected by diagenesis
in carbonate rocks because there is much more carbon in carbonates than in diagenetic fluids and thus
the carbon isotopic composition of fluids is buffered by that of the host carbonates (Magaritz, 1983).
Mass balance calculations showed that extremely high water volumes are required to shift §°C values in
carbonate-rich rocks (Banner and Hanson, 1990). In addition, the diagenetic fluids interacting with the
carbonates prior to lithification have a carbon isotopic composition dominated by the seawater.

There are, however, some situations when the 8”C values of the carbonates can be substantially
modified. During the meteoric diagenesis both 6°C and "0 values of the carbonate can be shifted to
lower values (Allan and Mathews, 1977, 1982). When dealing with normal marine sequences meteoric
diagenesis is rather the exception and exposure surfaces can be relatively easily recognized through
sedimentologic and geochemical criteria; the cross-plot of C and 80 values of cements exhibit a
typical inverted “J” trend (Lohmann, 1987). -

The most significant diagenetic processes which can alter the carbon isotopic composition of carbonates
are those involving the breakdown of organic matter (Irwin et al., 1977; Curtis and Coleman, 1986).
During the anoxic early diagenesis, cements with extremely variable §"°C values can be precipitated as
the endproduct of a process comprising bacterial sulfate reduction of organic matter and CO;
production. The 8“C values of organic matter are very low (average values are about -25%.) and
therefore the addition of cements incorporating carbon derived from the decomposition of organic matter
can affect the bulk carbonate §°C values. It should be noted that “C enriched cements can also be
formed during the early anoxic diagenesis, in the methanogenesis zone of Irwin et al. (1977). Carbonate
cements with low 8"°C values can be formed also during burial diagenesis, also in relation with the
breakdown of the organic matter which can be decomposed under increased temperatures (Heydari,
1997). It is questionable, however, if the bulk carbonate 8"°C values will be significantly affected, as
carbonates are usually lithified before attaining burial diagenetic depths and porosity related open
spaces reduced. Burial diagenetic products are laid down mainly along veinlets which are usually
avoided during sampling.

It appears thus that the carbon isotopic composition of organic rich sediments is prone to diagenetic
alteration, more than any other type of normal marine carbonate sediments (e.g. Grant, 1992). A survey
of the published whole-rock 8”C data from organic-rich sediment, show that *C depletion do not always
occur as a simple function of the organic carbon content. The Ccarbonate/Corganic ratio is probably
more meaningful than the organic carbon content alone. This has been demonstrated by Jenkyns and
Clayton (1997) through simple mass balance calculations. However, the Ccarbonate/Corganic ratio
should be estimated for the entire pile of sediments and not only at a hand sample scale, as carbonate-
rich samples are preferentially collected for carbon isotope stratigraphies. “C depleted cements may
derive also from adjacent organic rich sediments. In this context, another parameter somehow difficult
to evaluate, is whether the diagenetic transformations took place in open or close systems (Marshall,
1992).
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The carbon isotopic composition of carbonate rocks can be altered also during metamorphism by
decarbonation reactions in the presence of siliciclastic components (Kaufman and Knoll, 1995). This
process occur only if silicates are present in the rock; pure carbonate rocks may preserve their carbon
isotopic composition even during high-temperature processes (e.g. Sharp et al., 1995).

A number of criteria have been proposed in order to evaluate the preservation of the isotopic
composition, as reviewed by Marshall (1992) and Holser et al. (1995). So far, diagenetic overprints
have been detected using textural evidence, trace element data, cathodoluminiscence studies, strontium
isotope analysis (Renard, 1979; Brand and Veizer, 1981; Popp et al., 1986; Veizer et al., 1986; Adlis et
al., 1988; Veizer et al,, 1997a). Accordingly, best preserved samples should have trace element
concentrations similar to those reported for modern ocean (Mn, Sr, Fe, Mg and the Sr/ Mg, Sr/Mn
ratios are believed to be the most meaningful) and the ®Sr/*Sr ratios should be close to the seawater
ratios for the time period concerned (Burke et al., 1982). Crossplots of trace element data and isotopic
ratios may indicate diagenetic alteration, when patterns of covariance are displayed. Brand and Veizer
(1981) proposed that using such crossplots original isotopic composition may be calculated through
backstripping. So far, few works (if any) have attempted to correct the measured 8°C values through
backstripping for “adjusting” carbon isotope stratigraphic profiles. Widely used are 6°C - 8'*0 cross
plots, the covariance of the two parameters being interpreted as a result of diagenetic alteration;
however, they may also reflect primary variations (Marshall, 1992)

Finally, a critical evaluation of the published carbon isotope stratigraphies leads to the conclusion that
the best way to prove that stratigraphic variations observed in individual sections reflect changes in
seawater chemistry is to demonstrate by biostratigraphical means that they reproducible laterally at a
global scale (Renard, 1986; Holser et al., 1995; Saltzman et al., 1998).

2.1.3. Secular variations

The isotopic heterogeneity in Dissolved Inorganic Carbon and carbonate sediments documented in the
modern ocean (as shown above) as well as examples showing that the carbon isotopic signature may be
altered diagenetically, led many scientists to treat the whole-rock based isotopic data as unreliable.
However, the large number of studies published during the past 20 years showed that bulk carbonates
may accurately record the carbon isotope composition of the water in which they formed. This may be
due to the fact that early diagenesis tends to average the isotopic composition of the individual
components (average which appears to aproximate the composition of the seawater) and later diagenetic
processes have little effect on the carbon isotopic composition, as discussed above. Stratigraphic trends
have been confirmed to be correlative and carbon isotope reference curves have been established for
several time-windows (see references cited in Holser et al., 1995).

There is a general consensus that long term variations (i.e. longer than the residence time of carbon in
the ocean - about 10° years) are the due to changes in the partition between the main isotopically
different carbon reservoirs: the oxidized carbon reservoir (essentially the carbonate reservoir) and the
reduced carbon reservoir (organic material). Several processes are responsible for the changing fluxes
between the two reservoirs. The most important of them are briefly discussed bellow. Recent reviews
can be found in Holser et al. (1995) and Holser (1997).

Carbon isotope trends and organic carbon burial

For any given time the 8“C composition of surface waters DIC is determined by the photosynthetic
reduction of oxidized carbon to organic carbon. The *C depleted organic material produced in surface
waters is transferred to the deep ocean leaving the surface waters relatively enriched in ®C. At steady-
state conditions, the burial of organic carbon is balanced by the input of C depleted from others
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reservoirs (basically through recycling of reduced organic carbon). Hence, if the burial of organic
carbon exceeds the recycling of organic carbon, the "°C values of surface waters will increase.

Accordingly, carbon isotope excursions have been related to changes in burial rates through time.
Examples from the geological record have showed that positive carbon isotope excursions are correlated
with black shales deposition (Scholle and Arthur, 1980, among many others). Likewise, a relative
decrease in organic carbon burial is mirrored by a decrease in surface water DIC §°C (Holser, 1997).
In the oceanic realm, increasing rates of organic carbon burial can be related to increased marine
productivity (Pedersen and Calvert, 1990), to low oxygen levels in deep and intermediate waters
(Canfield, 1994), to elevated sedimentation rates or to a combination of them.

An important point is that the oceanic waters will record also changes in burial fluxes on both
continents and oceans, because atmospheric and oceanic CO, levels are in equilibrium. Important
amounts of organic carbon may be stored in terrestrial environments. For example, Dean and Gorham
(1998) estimated that in the present day the rate of accumulation of organic carbon in lakes and
peatlands is higher than the rate of organic carbon accumulation in the global ocean.

Carbon isotope trends and marine primary productivity

The relation of secular variations in carbon isotope trends with marine productivity was postulated
already by the early workers in carbon isotope stratigraphy (e.g. Scholle and Arthur, 1980). During
times of increased primary productivity, more “C is removed from the surface waters (Berger and
Vincent, 1986) and leaving the dissolved carbonate emriched in “C . Thus, periods of increased
productivity should coincide with positive excursion of 8°C values in carbonates.

Because nutrient concentration in the seawater is a limiting factor for marine productivity, the nutrient
cycling was often recalled in interpreting carbon isotope excursions (eg. Folmi et al.,, 1994; Martin,
1996). The main sources of nutrients in surface waters are runoff from surrounding land masses and
recycling through a feed-back mechanism involving the breakdown of organic matter, the latter being
probably the most important, because of mass-balance requirements. The mechanisms of nutrients
recycling are complex. An important issue to address in relation with primary productivity and carbon
isotope excursions is whether nutrient recycling is prevailing during periods of ocean stratification, as
proposed by Van Cappellen and Ingall (1994) or in well mixed oceans, driven by massive upwelling of
deep-waters (Thiede and Suess, 1983; Martin, 1996). Both alternatives are widely invoked.

Magaritz (1989) observed that the major mass-extinctions are correlated with a negative shift in marine
8”C values and explain the latter by a reduction of biomass. Kump (1991) noted that the oceanic
biomass represents an insignificant carbon reservoir (compared to the total oceanic carbon reservoir)
and argued that changes in oceanic biomass should not influence the §"C record. Following his
arguments, at timescales longer than the residence time of carbon in the ocean (10%years) only changes
in organic burial/weathering rates will be recorded isotopically. Thus, changes in primary productivity
can be recorded only as very short events (the transient excursions of Holser et al., 1995), unless they
are coupled with organic carbon burial.

Carbon isotope trends and sea-level changes

A positive correlation between the relative sea-level changes and carbon isotope trends (positive carbon
isotope trends corresponding to rising sea level) has been noted by several studies (Scholle and Arthur,
1980; Renard et al., 1982; Woodruff and Savin, 1985; Weissert and Lini, 1991; Folmi et al., 1994;
Baud et al., 1996; Jenkyns, 1996; Mitchel et al., 1996; Grotsch et al., 1998). It was explained as a
result of increasing primary productivity and organic carbon burial fluxes during highstand levels
because of increased areas covered by the sea and hence increased net organic production (Mitchel et
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al., 1996) or as a more complex interplay between climate, nutrient cycling, primary productivity and
organic carbon burial (F6lmi et al., 1994; Bartolini et al., 1996). When comparing relative sea-level
changes with carbon isotopes patterns we must be aware of the source of carbon isotope data because
the 3"C signature may record paleobathymetry, as suggested by Berger and Vincent (1986), Baum et
al., (1994), Vahrenkamp (1996), among others. Generally speaking, C values of whole-rock shallow-
water limestones may be higher than their deep-water counterparts because the ®C depleted benthic
skeletal component is present only in deep-water carbonates which, in addition, undergo early diagenesis
in the presence of “C depleted deep-waters. Therefore, shifts to higher 8°C in shallowing upward
sequences may reflect decreasing water depths, and not necessarily changes in surface-water DIC "*C
values.

Although sea-level changes are often correlated with carbon isotope trends, they are not directly related.
This statement is demonstrated by the numerous examples when sea-level changes are not correlated
with carbon isotope excursion and when carbon isotope excursion are not correlated with sea-level
changes. The ultimate cause of secular variations in carbon isotope values of carbonates are organic
carbon burial fluxes (related or not to primary productivity) or inputs from other major carbon
reservoirs (Kump, 1991), as riverine influx, recycling of previously formed organic carbon reservoirs,
maybe also abrupt and massive inputs of volcanic CO.,.

2.2. Organic carbon isotopes

The carbon isotopic composition of organic carbon in marine environments was reviewed recently by
Sackett (1989), Hayes (1993), Meyers (1994, 1997), Tyson (1995), De Leeuw et al. (1995) and Popp et
al. (1997).

Organic matter consists of a variety of components with a wide range of §”C values and variable
resistance to degradation (Hayes et al., 1983). The major factors that control the variations of 8"C
values of marine organic matter are, according to Popp (1997):

e concentrations of oceanic (and atmospheric) CO,

e phytoplankton productivity

e physiology of marine phytoplankton

In the interpretation of bulk samples of organic carbon from stratigraphic section it is hypothetized that
temporal fluctuations of organic carbon isotope ratios, as recorded by well-preserved marine sediments,
are determined primarily by the shallow water productivity and dissolved CO, levels.

The organic matter produced presently in terrestrial environments has §"°C values lower than the marine
organic matter (Tyson, 1995). Likewise, the carbon isotopic composition of bulk organic matter in
marine sediments has also related to sea level changes. Variations in 8”C values of organic matter are
interpreted as the result of mixing between the two major isotopically distinctive sources (marine versus
terrestrial). Bulk organic mater 8°C values from lowstand deposits should be higher than their
counterparts from transgressive, highstand deposits, reflecting a stronger terrestrial influence for the
former.

It has been shown that global shifts of carbon isotope ratios recorded in marine carbonates are
paralleled by those derived from organic carbon in coeval rocks (Magaritz et al. 1992, Wang et al.,
1994, Morante et al, 1996). Because it is unlikely that diagenetic processes would alter carbon isotope
ratios in carbonate and inorganic carbon in the same direction, the parallelism of 3°C.y and 87C,y,
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values is regarded as evidence for the primary origin of the observed variations (Morante and Hallam,
1996; Joackimski, 1997).

Given the variety of factors controlling the carbon isotopic composition of organic material,
chemostratigraphic studies based on bulk organic matter should be made in conjuction with other
studies (e.g. organic petrology).

2.3. Sulfur isotopes

Sulfur isotopic systematics in sedimentary environments was reviewed recently by Holser (1988),
Nielsen (1989) and Strauss (1997).

There is only a minor isotopic fractionation associated with the precipitation of sulfates from the
seawater (Longinelli, 1989), therefore the sulfur isotopic composition of sulfates can be used to
determine global variations of the seawater sulfate through time. The main process leading to isotopic
fractionation of sulfur in marine environments is the sulfate reduction through processes mediated by
bacteria. Basically, seawater sulfate is reduced to dissolved sulfide (H.S), which is further reacting with
detrital iron minerals to produce iron monosulfides or/and pyrite. Because bacteria discriminate against
the *S, sedimentary sulfides are enriched in *S relative to the seawater sulfate. The magnitude of this
fractionation is controlled mainly by the sulfate reduction rate which in turn may be dependent by a
variety of factors, such as the organic carbon supply, redox conditions or sediment deposition rates
(Berner, 1984; Canfield, 1991). However, Kajiwara (1992), Canfield and Teske (1996), Habitch and
Canfield (1997) showed that bacterial sulfate reduction cannot fully explain the sulfur isotopic
composition of marine sulfides. They argued that the initial >S depletion resulted from the bacterial
reduction of sulfate, is followed by further *S depletion during the oxidation of sulfides. Thus, larger
fractionation of sulfur isotope are achieved through repeated cycles of bacterial sulfate reduction and
oxidation. Therefore, sulfur isotope data from sedimentary sulfides may provide paleoenvironmental
information. :

The Phanerozoic seawater 8*S curve relies on the analysis of sulfate minerals, mainly from evaporitic
deposits, assuming that the sulfur isotopic composition of the seawater is homogenous (Claypool et al.,
1980). Secular variations are related to variations of the sulfur redox cycle, similar to the carbonate
carbon. High 6*S values of surface water sulfates should reflects periods of extensive burial of reduced
sulfur (commonly pyrite).

2.4. Strontium isotopes

Strontium isotopic composition, mainly the ¥Sr/*Sr ratio, has proved to be particularly useful in tracing
geological processes (Faure, 1977). Strontium has a relatively high concentration in seawater and a
residence time much longer than the oceanic mixing time; therefore the seawater *¥Sr/*Sr ratios is very
homogenous at any one time. The strontium isotopic compositon of the seawater is determined primarily
by the balance between the "radiogenic strontium" (high ¥Sr/*Sr ratio) delivered to the oceans via
continental weathering and "nonradiogenic strontium" (low ¥Sr/*Sr ratio) delivered to the oceans via the
mid-ocean ridge hydrothermal systems (Elderfield, 1986). Secular variations in the seawater strontium
isotope curve is driven by changes in the mass flux and isotopic composition of these two sources,
provided there is negligible contribution of ¥Sr from ¥Rb decay. Simply stated, hydrotermal circulation
decreases the ¥Sr/*Sr of marine Sr, while continental weathering increase it.
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The considerable amount of data acquired during the last 15 years demostrated the utility of strontium
isotopes as a stratigraphic tool (Elderfield, 1986; McArthur, 1994; Veizer et al., 1997; Stille and
Shields, 1998). A Phanerozoic strontium isotope curve was proposed by Burke (1982), based on whole-
rock carbonate analysis, further refined by the "Ottawa-Bochum research group" (Veizer et al., 1997)
through the analysis of low magnesium calcite shells and conodonts. The advantage of using biogenic
carbonates or phosphates is due to the fact that their state of preservation can be more easily estimated.
Unlike the light elements (e.g. C, O) strontium does not experience any isotopic fractionation or "vital
effect" during shell growth.
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CHAPTER 3

SUPPORTING DATA, METHODS AND
ANALYTICAL TECHNIQUES

Any attempt to prospect chemiostratigraphic trends should meet several basic requirements:

o The biostratigraphic control of the samples used must be reliable. In spite of the advent of many
"non-biostratigraphic” techniques for the correlation of sedimentary sequences, biostratigraphy
remains the most reliable correlation tool, at least for Permian and Triassic times. For Triassic
sediments, ammonoids are the most useful age diagnostic fossils and we should be able to relate any
geochemical trend to an ammonoid based zonation. However, there is no single generally accepted
"standard" ammonoid zonation for the Upper Permian to Upper Triassic time interval and one has to
choose among the proposed zonations the one which can be used for a given paleogeographic area.

e The timing and the duration of "isotope events" should be well constrained in order to understand
their origin. When evidence for geological events to be related with the "isotope events" is lacking
(situations occurring often when dealing with pre-Cretaceous sediments, as a result of an increased
consumption of older oceanic sediments through subduction processes), it is useful to have good
estimates of their duration for mass balance requirements (Kump, 1991; Holser et al., 1997) and
therefore we need a good radiometric calibration of the time scale used.

e A good knowledge of the samples to be analysed is essential in order to evaluate the quality of the
geochemical results. Simply stated, we should know what we measure: primary seawater signal or a
mixture of primary and diagenetic signals. '

e Analytical procedures employed are important to be well understood and accurately reported.
Although carbon and oxygen isotope analysis are routinely measured presently, confusion may be
introduced at this stage through inappropriate reporting of the calibration methods and
standardization.

Specific aspects which apply to the present work are discussed in the following section.
3.1. Constraining the carbon isotope seawater curve using bulk
carbonate samples

There are basically two approaches employed for reconstructing pre-Jurassic secular variations of
carbon isotope ratios, as discussed in Grossman (1994) and Scholle (1995). The first considers only the
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data recorded from carefully selected carbonate components, like marine cements and mainly
nonluminescent brachiopod shells, which are more likely to preserve primary signatures. The second one
relies on the use of whole-rock micritic limestones or dolomites assuming, through mass-balance
criteria, that inorganic carbon isotopes are affected to only a small degree by diagenetic alteration in
carbonate rich sediments (diagenetic processes are buffered by the carbonate in which concerns carbon
isotopes); oxygen isotopes have been, in most cases, reset during diagenesis.

The scarce occurrence of well preserved thick shelled brachiopods in Triassic deposits seriously limits
the acquisition of "high-confidence" carbon and oxygen isotope data. In addition, due to the current
correlation problems that are posed (mainly to the Lower and Middle Triassic), an isotopic curve with a
good chronostratigraphic coverage must be obtained from sections that are well calibrated by
biostratigraphic means. For this reasons, in the present work bulk carbonates were used exclusively and
it is assumed that their carbon isotopic composition approximate that of the Dissolved Inorganic Carbon
of the waters in which they formed. The problem of the record and preservation of primary signatures in
bulk carbonates is discussed in more detail in the previous chapter. There are more and more studies
which show that whole-rock inorganic carbon may preserve original seawater isotopic signatures and
that parallel stratigraphic trends may serve for correlations.

A different approach to the problem of seawater carbon isotope evolution was undertaken by several
research groups who tried to overcome the problem of diagenesis by analysing exclusively unaltered
brachiopods shells and belemnite rostra (Popp et al., 1986; Veizer et al., 1986; Grossman et al., 1991;
Grossman et al., 1993; Veizer et al., 1997; Wenzel and Joachimski, 1996), following a scrutinity check
of the state of preservation using standard techniques (see Grossman, 1994). The major drawback of
this approach is the spotty occurrence of well preserved brachiopods (Grossman, 1992), which result in
a poor stratigraphic resolution and coverage. In addition, brachiopods do not always precipitate their
shells in equilibrium with the seawater (Carpenter and Lohmann, 1995) and a high number of analysis
are required for each level in order to estimate the magnitude of the "vital effect". Undoubtly,
brachiopods offer much better alternatives for the study of seawater oxygen and strontium isotopes; as
far as the carbon isotopes are concerned, brachiopods may be useful in defining long term trends, but
considered from the perspective of carbon isotope stratigraphy their utility is limited.

The Phanerozoic carbon isotope data based on brachiopods published by Veizer et al. (1997) show an
important data spread (up to 8% for a given stratigraphic level) and actually, the general trends confirm
the bulk carbonate based record published 30 years before (Keith and Weber, 1964). The poor
stratigraphic coverage represents a drawback also for the record based on marine cements (Carpenter
and Lohmann, 1989; 1997). In addition, both brachiopods and marine cements based methods require
minute and time consuming work for sample preparation and screening, and often microanalytical
techniques are required (nowadays the latter issue is no more relevant because of the advent of
automated devices for the analysis of microsamples of carbonates).

3.2. The Upper Permian to Upper Triassic time scale

Choosing an appropriate time scale for the Upper Permian to Upper Triassic time interval has proved to
be a difficult task. There are currently many local stage names employed, correlations between the main
biogeographic provinces are sometimes difficult and the radiometric age calibration of the time scale
appears to pose major problems. The adopted time scale is certainly a compromise. As all the sections
examined for the present study are from the Tethys, the stage names and ammonoid zonation selected
are mostly from the Tethys as well. It is acknowledged, however, that for several time-intervals the
ammonoid zonation used is not the best.
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3.2.1. Subdivisions

The Upper Permian and Triassic chronostratigraphic subdivisions are represented in fig. 6. The names
of Permian subdivisions have been recently approved by the Subcomission of Permian Stratigraphy
(Yugan et al., 1997). They recommend a threefold division of the Permian in Cisuralian, Guadalupian
and Lopingian, the Lopingian (the Upper Permian, accordingly) being further divided into
Wuchiapingian and Changhsingian. However, in the present work the Upper Permian term usage
follows Ross et al., (1994), with Murgabian, Midian, Wuchiapingian and Changhsingian as stages. The
same source (Ross et al., 1994) was used for the correlation with the North American time scale.

The Lower Triassic is divided in two stages, Induan and Olenekian, following the recommendations of
the Subcomission of Triassic Stratigraphy (Gaetani, 1992); however, the standard subdivisions of Tozer
(1967), i.e., in ascending order, Griesbachian, Dienerian, Smithian and Spathian, are used at a substage
status. It is assumed that the Induan - Olenekian boundary coincides with the Dienerian - Smithian
boundary. The Middle and Upper Triassic subdivisions are more or less standard; the Rhaetian is used
as the uppermost stage of the Triassic. Substage names defined in the Mediterranean-Alpine Tethys are
used occasionally. For the Anisian, the early Anisian is equated with the "Aegean", the middle Anisian
includes both the "Bithynian" and "Pelsonian" and the late Anisian is the equivalent of "Illyrian". Not all
stage boundaries are thoroughly defined yet, thereby some of them (those which are relevant to the
present work) are briefly discussed in the following.

The Permian-Triassic boundary

Considering the major changes that affected the biosphere during the end Permian mass extinction one
may believe from a simplistic standpoint that the Permian-Triassic boundary is easily recognisable
biostratigraphically. However, the precise definition of the Permian/Triassic boundary has been the
subject of a long lasting debate (see for example Tozer, 1988) and neither presently there is not a
consensus achieved. Frequently, a marked lithological change occur at the Permian to Triassic
transition. The biostratigraphically defined Permian/Triassic boundary do not always coincide with the
lithological break, as it is the case, for instance in South China, (one of the best place in the world where
to study the Permian-Triassic transition, see for example papers in Yin, 1996). Moreover, gaps are
often recorded at the P/T transition as a consequence of the high amplitude sea level fall that
characterized the Late Permian. Often they are easily recognisable through sedimentological criteria, but
sometimes they are discrete and thereby controversial. The working definition of the base of the Triassic
is taken at the first occurrence of the conodont Hindeodus parvus (Mei, 1996; papers in Yin, 1996; see
also comments by Orchard, 1996 and Baud, 1996). The value of species of Otoceras for the placement
of the Permian-Triassic boundary is discussed in Tozer (1994a).

The Lower-Middle Triassic boundary

The definition of the Lower/Middle Triassic boundary (also referred to as the Olenekian/Anisian or
Spathian/Anisian boundary) is one of the current tasks of the Submission of Triassic Stratigraphy
(Gaetani, 1994). However, continuous sections with a well established ammonoid-based stratigraphy for
this time interval are rather scarce. According to Gaetani (1994), the best candidate sections are in
Chios (Assereto et al., 1980; Fantini Sestini, 1981; Gaetani et al., 1992), Nevada (Bucher, 1989),
Oman (Tozer and Callon, 1990), K¢ira, Albania (Muttoni et al., 1996; Germani, 1997) and finally in
North Dobrogea, Romania (Gradinaru, 1993; Crasquin-Soleau and Gradinaru, 1996). In the present
work the base of the Anisian is taken at the base of the degeiceras ugra beds. Correlation between the
Tethyan, North American and boreal ammonoids associations around the Lower/Middle Triassic
boundary awaits further refinements in regional ammonoid zonations. In North Dobrogea, for instance,
the equivalent of the Keyserlingites subrobustus zone, considered to be the youngest Spathian biozone
in the North American Triassic (Tozer, 1994b) is not known (Gradinaru, 1993). The same holds true
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for the conodont zonation (Orchard and Tozer, 1997a, b). The range of several conodonts species from
the Lower - Middle Triassic transition are seemingly diachronous (Orchard, 1995). The first appearance
of Chiosella timorensis, for instance, is only in the early Anisian in the North American Triassic, while
in North Dobrogea it was found together with Late Spathian ammonoids (Mirauta and Gradinaru,
unpublished data). The First Appearance Datum (FAD) of Neogondolella regale is apparently not
synchronous worldwide as well (Orchard, personal communication).

Following the Tethyan ammonoid zonation by Mietto and Manfrin, (1995) the Anisian - Ladinian
boundary is taken at the base of Nevadites beds, although Brack and Rieber (1993) recommended the
placement of the Nevadites zone into the Anisian stage. Similarly, the Ladinian - Carnian boundary is
taken at the base of Trachyceras aon zone and not at the base o Daxatina canadiensis as recently
proposed by Broglio Loriga et al. (1998). Both Anisian - Ladinian and Ladinian Carnian boundary
awaits formal definitions by the Subcomission of Triassic Stratigraphy.

3.2.2. Biostratigraphy

The biostatigraphic time scale for the Late Permian and Triassic is established mainly on the basis of
ammonoids and conodonts biozones (Tozer, 1984; Orchard and Tozer, 1997; Yugan et al., 1997),
which are assumed to be isochronous worldwide. While most of the Triassic stage and substage
definition is based on ammonoids, for some intervals in the late Permian and the early Triassic
conodonts are preferred, as conodonts are the group less affected by the end-Permian mass extinction
and they are ubiquitous in strata close to the Permian/Triassic boundary. For the Upper Permian the
ammonoid zonation of Yang and Li (1992), as cited by Baud et al. (1996) is used, in agreement with
Yugan et al. (1997). For the Triassic, the Tethyan ammonoid zonation of Mietto and Manfrin as cited
by Gradstein et al. (1995) is used.

It is important to mention here that in the Anisian strata of North Dobrogea, ammonoids originally
described in the North American Triassic occur at several levels (Gradinaru, 1993). Their fine scale
correlation with the Tethyan zonation is yet uncertain and therefore several assumptions have been
made. It is the case mainly in the Middle Anisian, where several subzones of the Hyatti and Taylori
zones (Bucher, 1992a) have been recognized. It is assumed in this work that these ammonoids have a
synchronous range in Nevada and in North Dobrogea and that they are subzones within the Kocaelia
zone from the Tethys (see Bucher, 1992a for a detailed discussion). This approximation, suggested by
the overall stratigraphic distribution of ammonoid faunas in North Dobrogea (Gradinaru, 1993) should
be considered only as a working hypothesis. '

3.2.3. Radiometric calibration

Assigning absolute ages to a biochronological scale is a rather uncertain process. Although the dating
analytical techniques have been considerably improved during the last decade and analytical errors
diminished consequently, the absolute age rating of sedimentary sequences is strongly dependent on the
availability of biostratigraphic constraints and on the knowledge of the exact time of formation for the
minerals used for dating.

The numerical calibration of the Upper Permian to Upper Triassic time scale was accomplished by
combining the relative duration of stages and biozones of Gradstein et al., (1995) to the most recent
radiometric dates reported from sections well constrained biostratigraphically by Mundil et al., (1996)
and Bowring et al, (1998). The anchor points are: the base of the Capitanian, the base of
Changhsingian, the Permian/Triassic boundary and the Anisian/Ladinian boundary.
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The maximum estimate for the base of the Capitanian is 265.3 +/- 0.2 Ma (Bowring et al., 1998) on the
basis of U/Pb dates on zircons, in agreement with the 266 Ma age used by Ross et al., (1994). The same
authors (Bowring et al., 1998) proposed an age of 253.4 +/- 0.2 Ma as the best estimate for the base of
the Changhsingian stage, in his stratotype area in South China, also on the basis of U/Pb dates on
zircons.

The radiometric age attributed to the Permian - Triassic boundary vary considerably between the most
cited time scales (see a recent review in Menning, 1995). However, the data obtained during the last
years from sections well constrained biostratigraphically (Bowring et al., 1998) confirm the 251 Ma.
age proposed by Claue Long et al. (1992) on the basis of SHRIMP dating of zircons from the South
China. The 251.4 +/- 0.3 Ma. date (Bowring et al., 1998) was adopted herein, in contrast with the 248.2
Ma. from Gradstein et al. (1996).

The radiometric calibration of the Triassic time scale is based on two major tie points: the Permian-
Triassic boundary (as discussed above) and the Anisian-Ladinian boundary. The Anisian/Ladinian
boundary was dated by Hellmann and Lippolt (1981) in the Southern Alps as 232 +/- 9 Ma. on the
basis of K/Ar and Ar/Ar dates on alkali feldspars from tuff layers in the basal part of the Nevadites
zone. This age was used in most of the time scales available and absolute age estimates for the other
Triassic stage boundaries were determined by interpolation. More recently, single-grain zircon U/Pb age
dates from tuff layers in the same area gave a considerably older age for the base of the Ladinian (the
base of Nevadites zone): 241.3 +/-0.8 Ma (Mundil et al., 1996). Supplementary dates from
biostratigraphically well constrained levels within the Ladinian (Mundil et al., 1996) are all older than
the age values of Hellmann and Lippolt (1981). The age of 241.3 for the base of the Ladinian is
preferred herein, because the data provided by Mundil et al., (1996) appear to be more robust and they
are based on a more reliable method (see also Brack et al., 1996 and Hardie and Hinnov, 1997). It is
also significant that the same authors (using the same methods) obtained a 252.3 +/- 0.5 Ma age for the
Permian-Triassic boundary in South East China (Mundil et al., 1997), very close to the generally
accepted age of the Permian/Triassic boundary. The age assigned for the Triassic/Jurassic boundary
vary from 200 to 213 Ma.; a 205.7 Ma age was taken from Gradstein et al. (1996).

The Triassic time scale calibrated with the dates mentioned above displays some intriguing features.
The duration of the Lower Triassic and Anisian appears to be extremely short when comparing with the
remainder of the Triassic. The duration of the entire Lower Triassic would be of only a few million
years, about the same as that of the Rhaetian stage, which is an unexpected feature, the status of the
Rhaetian as a stage being contested by several scientists (e.g. Tozer, 1993). Even if we admit that the
interpolation methods used for determining the relative duration of the Rhaetian are erroneous, the
problem still stands: it is very difficult to admit that the duration of the Lower Triassic and the Anisian
represents only a quarter of the Ladinian and the Upper Triassic. The number of biozones separated for
the two time periods compared are about the same. It is mainly the duration of the Norian and Rhaetian
which seems to be overestimated, although Kent and Olsen (1998) argue for a long duration of the Late
Triassic on the basis of cyclostratigraphic and paleomagnetic studies.

The short duration of the Lower Triassic and the Anisian do not result necessarily from the adoption of
Mundil et al, (1996) dates, as the Permian-Triassic boundary is also shifted to older ages according to
the new data. The duration of the Early Triassic appears to be underestimated, irrespective of whether
the Hellmann and Lippolt (1981) or Mundil et al., (1996) are used. In the majority of the widely cited
time scales the duration of the Early Triassic is inferior to 10 Ma. However, the implications to the
timing of the early Triassic events have been overlooked by most of the previous studies.
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3.3. Methods

Profiles of inorganic carbon isotopes were studied in several sections from the Tethyan Permo-Triassic.
For one section (Losar, Spiti) 3°C values of organic were measured in addition to the 8°C values of
carbonates. The studied sections are representatives of three main paleogeographic areas within the
Tethys: the Northern Indian margin (presently in the Himalayan belt), the Omanese margin and the
North Dobrogean margin. In addition, samples from a section located in Albania were analysed. Many
of the sections selected are "classical" for the study of the Permian and/or Triassic biostratigraphy and
accordingly the age control is among the best within the Tethys. In this respect, the present study
benefited by the input of several collaborators as acknowledged in each particular case. Biostratigraphy
is mostly ammonoid based. For the sections from North Dobrogea, the bio and litho stratigraphic
groundwork was made available by Prof. E. Gradinaru, University of Bucharest, who provided a wealth
of unpublished information. For some critical intervals conodonts have been extracted from limestone
samples using conventional methods, by formic or acetic acid dissolution followed by sieving, drying
and hand picking. Identification of the conodonts from Dobrogea has been undertaken by Elena Mirauta
(Geological Institute of Romania, Bucharest). All samples from the Himalayan sections have been
collected and made available by co-workers (A. Baud, J. Guex, H. Bucher); a part of the samples from
Oman and the integrality of the samples from Dobrogea were collected specifically for the present
study. A better stratigraphic coverage is available for the Lower and the Middle Triassic; the Upper
Permian carbon isotope record is better known from previous studies (e.g. Baud et al., 1989). ‘

The various sections studied underwent markedly different diagenetic histories which potentially could
have modify the carbon isotopic composition at various degrees. Therefore, only samples with a high
carbonate content were analysed, as it was shown that carbonate-rich samples may retain their carbon
isotopic signature even at high temperature metamorphic processes (Sharp et al., 1995). Carbonate and
organic carbon content was determined on samples from critical profiles (where the initial qualitative
appreciation suggested a possible correlation with the carbon isotope variations). For the samples from
North Dobrogea a large data set containing carbonate and trace-element concentrations was available as
the result of a parallel geochemical study carried out at the Université Paris VI (M. Renard and S.
Zerrari). For most of the samples thin sections were prepared (for the Himalayan profiles many of them
were already available). Prior to the isotopic investigation, thin section examination eliminated samples
that had suffered coarse or extensive recrystalization.

3.4 Analytical techniques

3.4.1. Carbonate and organic carbon content

Both total and inorganic carbon content were determined using a LECO coulometer at "Centre
d'Analyse Minérale (CAM)". The inorganic carbon concentrations were converted to calcium carbonate
assuming that the inorganic carbon was present as calcite. The organic carbon content was calculated as
the difference between total carbon and inorganic carbon. The relative proportions of calcite and
dolomite have been determined for several samples from Salt Range through standard X-Ray diffraction
techniques at the XRD Laboratory of the "Institut de Minéralogie et Pétrographie” in Lausanne.
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3.4.2. Carbonate carbon and oxygen isotopes

For homogenous samples, interior unweathered parts free from veins and voids were cleaned, crushed
and ground to fine powders. For heterogeneous samples, fine-grained carbonate was selectively drilled
from the most homogenous regions using a dental burr.

The resulting calcite powder (typically between Smg and 10mg) was then reacted under vacuum for one
hour with purified orthophosphoric acid at 50°C (a reduced number of calcite samples were reacted at
25°C for 12 hours). Dolomite samples were reacted at 50°C overnight. Samples of coexisting calcite
and dolomite were analysed using the selective acid extraction method of Al-Aasm et al., (1990).
Apparently, the organic matter present in some of the carbonate samples do not react with the
phosphoric acid. Organic-rich powders reacted with a 5% sodium hypochlorite solution (in order to
remove the organic material) prior to the CO, extraction gave the same 8"C and 80 values as
untreated powder (within the normal reproducibility). The configuration of the Lausanne off-line system
for the extraction of CO, gas from carbonates allows the process of 8 carbonate samples for every run.
An internal laboratory calcite standard (Carrara Marble) was processes for each batch. The CO,
evolved was cryogenically purified and sealed into glass tubes and the isotopic composition of the CO,
gas was measured either on a Finnigan MAT 251 or on a Finnigan MAT Delta S isotope ratio mass
spectrometer. Isotope ratios were corrected for O contribution. Oxygen isotope data were corrected
using the following carbonate - phosphoric acid fractionation factors: 1.01025 for calcite at 25°C
(Sharma and Clayton, 1965); 1.00931 for calcite at 50°C (Swart et al., 1991); 1.0106 for dolomite at
50°C (Rosenbaum and Shepard, 1986). The results were normalized against a laboratory working
standard calibrated against NBS 19. For NBS-19, 8°C is +1.95%0 and 8'®0 is -2.20%0 (Coplen et al.,
1983). Reproducibility on replicated samples and the Carrara Marble standard is better than 0.1%o for
8"*C and 0.15%o for 8"O.

The results are reported using the conventional & notation, relative to PDB. The  value is defined as:

& in %o = (Rample = Rstandara)/RstandariX 1000 , where R represents the isotope ratio.

3.4.3. Organic carbon isotopes

Powders containing both carbonates and organic carbon were reacted with 1IN HCI until all the
carbonate was removed then rinsed and centrifuged in distilled water until neutral. Aliquots of the
resulting powder were weighed and embedded in tin capsules and placed in the Autosampler of a Carlo
Erla Elemental Analyser which was coupled to a Finnigan Mat Delta S isotope ratio mass spectrometer.
Isotopic measurements were performed in continuous flow (Mathews and Hayes, 1978; see Brand, 1996
for a recent review) with helium as carrier gas. Both standards and samples (gas) were introduced in the
mass spectrometer via an open split interface. The standard gas is calibrated against NBS 21 (for which
3C is -28.1%0). Reproducibility was better than 0.1%o for standards and 0.2%o for sediment samples.
Most of the samples were analysed in duplicate.

3.4.4. Strontium isotope measurements

Conodont samples used for strontium isotope measurements were extracted exclusively from carbonate
rich-limestones by dissolution of carbonate in a 10% solution of acetic acid for 24 hours, sieving, drying
at 40°C and hand-picking. About 20 elements from each sample, were cleaned ultrasonically until no
adhering clay particles were observed under the microscope. Subsequent preparations and
measurements were carried out in the "Centre de Géochimie de la Surface" in Strasbourg through an
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exchange project with G. Shields and P. Stille. Conodont samples were washed initially in acetic acid
and thereafter dissolved in 1IN HNO:; for analysis. Initial experiments with acetic acid showed that only
minor quantities of phosphatic conodonts are dissolved by even prolonged ultrasonic treatment at 60°C.
Bulk samples were washed initially in dilute HCI and thereafter dissolved in acetic acid for analysis Sr
was concentrated using standard exchange column and resin techniques, with HCI as solute and
ammonium citrate as a complexing agent to remove calcium from the sample.

Sr concentrates ‘were loaded with 2% HNO; on tungsten filaments with Ta,Os as activator. All Sr
isotope analyses were carried out on a VG Sector multicollector using five collector cups in dynamic
mode. This mode provides high internal precision with 2o errors no higher than 0.000020 and
commonly < 0.000010. Regular measurement of the international NBS standard SRM 987 rules out
significant fluctuations in machine output, while three standard measurements during the sample
analysis yielded 0.710256 (10), 0.710251 (10) and 0.710250 (7), respectively. These values are exactly
equivalent to the most commonly quoted NBS SRM 987 Sr isotope ratio of 0.710250 within machine
reproducibility and error (McArthur, 1994) and all literature data cited are normalised against this ratio.

Rb/Sr ratios for Rb corrections and REE concentrations were measured using ICP-MS on the same 1N
HNO; solutions that were used for isotopic analysis. Errors on the ratios are insignificant as most
sources of error cancel out when measuring ratios.
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CHAPTER 4

CONSTRAINTS FROM THE PERMIAN-TRIASSIC
OF THE TETHYAN HIMALAYA

4.1. Introduction

Localities presented in this chapter derive from four areas of the Northern Indian margin: Salt Ranges,
Kashmir, Spiti and Central Nepal (fig. 7). The results from the Salt Range, Kashmir and Nepal have
been already published in Baud et al. (1996) and very little is added to the discussion presented therein.

Recent paleogeographic maps and description of the late Murgabian and late Anisian
paleoenvironments of the Northern Indian margin are given in the Tethys Atlas by Baud et al. (1993)
and by Marcoux et al. (1993). ‘

From the geodynamical point of view, the northern part of the Great-India was subjected to an early
rifting phase in the late Paleozoic, just at the end of the large scale Gondwanian glaciations. The
beginning of the rifting process is marked by large hiatuses and discontinuities (paraconformities)
between the early or middle Paleozoic sedimentary succession and the discontinuous late Paleozoic
transgressive sediments. The asymmetric rifting geometry consists of a northern Lower Plate - the
present Ladakh Karakoram and Transhimalaya continental crust with their former sedimentary cover,
and a southern upper plate - the present High and Lower Himalaya and small part of the Indian craton
and its sedimentary cover.

A sketch map of the geodynamic evolution of an asymmetric rift and a figure showing the different part
of the N Indian Permian rift are given in Stampfli ef al. (1991, figs. 1 and 5). If the lower plate evolved
into an active margin during the late Mesozoic, the upper Plate corresponds to the future Mesozoic -
early Cenozoic Indian passive margin. From the Indian craton to the rift proper, the rift geometry is
hidden in the presently largely deformed underthrusted -overthrusted Indian margin. The rim basin
(landward of the shoulder) is well developed in the Pottawar - Salt Range area. The rift shoulder is
found in the Pir Panjal and High Himalayan Ranges, and part of it should be found in the underthrusted
Lower Himalaya. The blocks facing the central part of the rift are represented now in the Zanskar -
Spiti sedimentary belt and elements of the highstand blocks that appeared during the earliest drifting
stage have been found in the exotics of the Indus - Yarlung suture zone or in the allochtonous coloured
melange, for example in the Spongtang klippe area (Reuber and Colchen, 1987).

From rifting to early drifting stages (early late Permian to early Triassic time), the geodynamic and
sedimentary evolutions are characterised by at least seven different events (Baud et al., 1989b).

(1) A laterally extensive extrusion of "plateau basalts" (over 100.000km2), the Panjal Traps, mainly on
the broad rift shoulder during the Kubergandian - early Murgabian times.
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(2) A huge carbonate platform (the Wargal Formation) transgressing in the rim basin during late
Murgabian - early Midian time. The first upper Permian transgressive - regressive cycle (T-R or second
order cycle) is recorded in the growth and demise of this carbonate platform (Midian time).

(3) A block tilting and uplift phase with erosion processes occurring during the early Dzhulfian. A
sudden terrigenous influx occurs both on the rift side and on the land side and marks the boundary
between the lower and the upper T-R cycles. In the rim basin (Pottawar - Salt Range area), a shallow
water mixed carbonate - clastic ramp, the Chhidru Formation, overlies the Wargal carbonate platform
(Pakistanese-Japanese Research Group or PJRG, 1985). To the North, in the Kashmir area, a
submerged part of the shoulder developed an offshore mixed clastic carbonate deltaic complex, the
Zewan Formation (Nakazawa et al., 1975). The Kuling sandstone represents in Zanskar the distal part
of this complex (Baud et al., 1984) and turbiditic, flysch like deposits with volcanic clasts of Dzhulfian
- Changhsingian? age appear near the present Indus suture zone in the Markha Valley (NE Zanskar,
Stutz, 1988).

(4) The marine submersion of the shoulder indicates the beginning of the thermal subsidence and the
transition to the drifting stage (late Dzhulfian - early Changhsingian). The main consequences are a
general starvation and hiatuses as we can observe in the rim basin (laminated dark silty to sandy
deposits of the top of the Chhidru Formation) and on the rift side of the shoulder with phosphatic shales
deposits of the upper Kuling Formation (Gaetani et al., 1990; Garzanti et al., 1994c; Nicora et al,
1984). As shown by the study of large exotic blocks (Reuber and Colchen, 1987; Bassoullet et al.,
1978) highly microfossiliferous lime packstones (Colaniella limestones) grew within trachytic volcano -
sedimentary deposits during the youngest Permian (Changhsingian), on uplifted compartments of the
intermediate (and oceanic?) crust.

(5) Hiatuses, gaps and local erosion in part of the margin are direct consequences of the worldwide, first
order, end of Permian sea-level fall (Holser and Magaritz, 1987); this is the time of the largest
extinction phenomenon of the Phanerozoic (see also discussion in Erwin, 1993).

(6) With the following worldwide sea-level rise and transgression, an important change in sedimentation
occurs at the Triassic dawn. In the Salt Range, high energy dolomitic grainstones with glauconite
(middle Kathwai Member) transgress over dolomites of the lower Kathwai Member or locally, directly
on the starved uppermost Chhidru deposits. On the former shoulder (Kashmir), deepening marine
conditions are indicated by open marine shales with ammonoids limestone lenses (Otoceras beds of the
Khunamuh Formation) and fine graded silt of distal pelagites transgressing over lowstand, shallow
Claraia shales and limestones. Seaward, very condensed cephalopods limestones occur (basal Lilang
Group of Zanskar, Nicora et al., 1984). The Lamayuru exotic (Bassoullet et al., 1978) is characterised
by a manganese crust deposit on the Changhsingian Colaniella limestone.

(7) A generalisation of the pelagic limestone facies is recorded about 1 My later at the transition
between early and late Induan time with the cephalopods rich Lower Ceratite limestone deposition in the
proximal part of the margin (Salt Range) and thin, condensed limestones and shales in the distal part
(Tamba Kurkur Formation of Zanskar-Spiti and Nepal Himalaya). Some of the exotics record the
earliest "Hallstatt" type limestone deposits directly on the Mn crust.

The potential of carbon isotope studies as a stratigraphic tool for the Permian-Triassic sequences has
been emphasized by previous studies. However, correlations are often difficult in the absence of
biostratigraphical constraints. In terms of biozonation and systematic paleontology, the northern Indian
margin has been well studied for more than a century and two sections presented in this chapter
(Nammal Gorge, Guryul Ravine) are reference sections for the lower Triassic.

Profiles of whole rock inorganic carbon and oxygen isotopes were studied in marine carbonates from the
Guryul Ravine and the Palgham sections in Kashmir, the Nammal Gorge and the Landu sections in the
Salt Range and the Surghar Range (Pakistan), the Losar section in Spiti and the Thini Chu section in
the Kali Gandaki Valley, Central Nepal.
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Fig.7. Location map of the studied sections. 1. Salt Range and Surghar Range sections. 2.
Kashmir sections. 3. Spiti 4. Thakkhola.

4.2. Salt Ranges

The upper Permian to lower Triassic succession is well exposed in gorges that dissect the Salt Ranges -
Trans-Indus Ranges of Northern Pakistan (fig. 8). The main studies on this area have been summarized
in Kummel and Teichert (1970) and part of the recent literature in Wignall and Hallam (1993) and
Baud et al. (1996). ‘ '

A stratigraphic chart is given in fig. 9, with the litho-units, sequences and T-R cycles. The interpretation
of a hiatus between the Chhidru and the Mianwali Formation has been expressed in Baud et al. (1989a).
With respect to age, we agree with Nakazawa (1993) that part of the early Griesbachian is recorded in
the lower and middle Kathwai dolomite. This is also the opinion of Wignall and Hallam (1993), but for
the PJRG (1985), the Permian-Triassic boundary occurs between the lower and middle unit of the
Kathwai Member (see fig. 9 and 11).

4.2.1. Nammal Gorge section

A preliminary carbon isotope profile for the Nammal Gorge section has been published in Baud et al
(1989a), based on analyses performed in Rehovot Laboratory. Also, a preliminary study of the lower
Triassic segment for the Nammal Gorge section was carried out by J.-M. Menoud and J. Guex, which
outlined the major features of the carbon isotope profile. We present here the results of a more detailed
sampling, covering the upper Permian and most of the lower Triassic. In addition, a part of the Landu
Nala profile has been analysed to determine whether the variations of 8°°C are influenced by diagenetic
effects.
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Fig.8. Location map of the Nammal Gorge and Landu sections.

Permian and basal Triassic samples have been collected by A. Baud, C. Jenny and J. Marcoux in
December 1987. Additionally, we received a set of samples which were collected for
magnetostratigraphic studies from M. Haag (Ziirich). Triassic samples came from field work carried
out in 1974 by A. Baud, P. Bronnimann, J. Guex and L. Zaninetti (Guex, 1978).
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Fig.9. Stratigraphic chart showing the lithological units, sequences and T-R cycles in the Salt
Range area. Subdivisions after PJRG (1985) for upper Permian and after Guex (1978) for the
lower Triassic.
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The Upper Permian T-R cycle CI :

Carbon and oxygen isotopic composition of carbonates are plotted against depth on the stratigraphic
column in Fig. 10. On the basis of the occurrence of Neoschwagerina margaritae in the lower part of
the Wargal Formation, the carbonate shallow marine transgression over the lower Permian
(Kubergandian) Amb Formation is late Murgabian - early Midian in age (late Permian). The Wargal
carbonate platform is subdivided into 5 informal units (1-5) by PJRG (1985) and consists of a second
order T-R cycle (CI). Based on field data, the T-R cycle can be subdivided into three shallowing upward
third order sequences capped by regressive dolomite, marked S1 to S3 (Fig. 10).

High positive 3“C values (up to 4%o) occur in the S1 transgressive calcarenitic deposits. The boundary
between S1 and S2 is the top of the regressive dolostone of the litho-unit 3, where we see an increase
of 8C to values of more than +5%o in the S2. The boundary between S2 and S3 is linked with
regressive dolomites in the upper part of the unit 4a and we note a slight decrease of "°C values in these
highstand dolomites. The transgressive part of the sequence S3 consists of the thick bedded calcarenites
of the unit 4b. There is a new increase of "°C values to a maximum of more than +5.5%o in the basal
transgressive deposits. The decrease of 8°C begins in upper transgressive system. The overlying
highstand deposits are represented by the nodular limestone of the Kalabagh Member. The age of this
Member is latest Midian to early Dzhulfian, on the basis of its foraminifera and conodont assemblage
(PRIJG, 1985). It is interesting to note the sudden appearance of abundant Colaniella gr. minima Wang
(small foraminfera, Jenny-Deshusses and Baud, 1989) above the downlap surface, at the base of the
Kalabagh Member. The same species characterise the Zewan transgression in Kashmir. The slight
decrease of 8C continues in these highstand deposits to values about 4%o.

Upper Permian T-R cycle CII

The overlying Chhidru Formation records the second T-R cycle (cycle II) with a sudden terrigenous
influx corresponding to the uplift phase before the break up of the rift. A Dzhulfian age (probably late
Dzhulfian) was suggested for this unit by PJRG (1985). Subdivided into 4 informal members (1-4), this
Formation consists of a thick lower third order sequence (S4) and a relatively thin upper sequence (S5).
The basal part of S4 is composed of proximal predominant carbonate quartzarenites to distal
predominant shales of the shelf margin wedge. These grade upward into limestones and calcareous
sandstones of the transgressive system tracts (unit 2). The decrease of 8"°C stops and we note a slight
increase to values near +4%o. Within the calcareous sandstone (unit 3) of the highstand system tracts
the 8"C values are decreasing again and the drop accelerates smoothly at the top of the unit 4 to a §°C
value below +2%o. This shift of 2%o in the late Dzhulfian marine deposits is recorded in many Tethyan
sections (Baud et al., 1989a). The overlying sequence boundary is at the base of the lowstand white
quartzose arenites (unit 4) and the upper part of this sequence when preserved consists of thin starved
silty shales. Emersive conditions with subaerial exposure have been found at the top of this unit in the
western part of the area (Kummel and Teichert, 1970). This marks the sequence boundary and allows us
to separate the younger Kathwai dolomitic limestone in a new T-R cycle. As noted above, this
interpretation differs from Haq et al. (1988) who consider that Chhidru and Kathwai Units belongs to
the same transgressive system without gap and boundary, but is consistent with Wignall and Hallam
(1993).

On a larger scale, the carbon isotope curve for the upper Permian exhibits two positive excursions: the
first one is related to the Wargal Formation, and the second one (less marked) is related to the Chhidru
Formation. There is a good correlation between these §"°C positive excursions and the second order T-R
cycles. Oxygen isotope ratios are less consistent: in some intervals there is a crude correlation with §"*C
value variations, but not always. The oxygen isotope profile undergoes a major positive excursion of
about 4%o within the upper part of Kalabagh Member and the base of Chhidru Formation, but we don't
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believe this to reflect an original change in the isotopic composition of the seawater. Rather, it is related
to diagenesis such as meteoric diagenesis or deep burial diagenesis. The samples most depleted in *O
are found at the top of Chhidru Formation. This may indicate an exchange with '*0 depleted waters
(James and Choquette, 1984) after the end Permian regression phase and before the early Triassic
transgression.

The magnetostratigraphic results for the upper Permian obtained by Haag and Heller (1991) from the
Nammal Gorge section show 10 magnetic zones corresponding to the base of the Illawara mixed
superchron. Due to the gaps at the base of the Wargal and at the top of the Chhidru Formations, the
late Permian magnetic polarity time scale is not complete here.

Lower Triassic T-R cycle CIII

In Haq et al., (1988, their fig. 13), the Mianwali Formation (lower Triassic) at Nammal Gorge has
achieved the status of a global reference section in terms of sequence stratigraphy. This Formation
consists of one second order T - R cycle (C III) which is subdivided into 3 third order sequences (S6 to
S8, fig. 9 and 11).

The Mianwali transgression belongs to the end of the Permian (?)- basal Triassic worldwide, first order
transgression. The contact Kathwai-Chhidru shows an erosive relief up to 15 cm (Wignall and Hallam,
1993). The lowstand basal Kathwai dolomite still contains Permian brachiopods (PJRG, 1985) and low
negative 8"C values are recorded (fig. 11) after a shift of 1.5%o from the upper Chhidru. A §"C positive
excursion of about 1.5%o occurs in the middle and upper Kathwai transgressive units of early Induan
age (early?- middle Griesbachian Isarcicella parva zone, lower Ophiceras zone). In the overlying
condensed Ceratite limestone (unit III) at the base of Mittiwali Member we note a 1%o shift of 6°C to
values near 0. Downlap surface occurs near the top of this Lower Ceratite limestone and the Ceratite
marls (late Induan) consists of highstand deposits. In the lower part 8°C reach its minimum value (-
0.8%o0) but increase higher to positive +1%o values. Isotopic data are not available in younger Induan
deposits due to the lack of carbonate samples.

The lower Olenekian lowstand Ceratite sandstones (IV) of the overlying S7 sequence are followed by
the transgressive and condensed Upper Ceratite limestone (unit V). The local background 8°C values
are close to -2%o. In the upper part of the Upper Ceratite limestones, a gradual positive excursion
(about 4%o in magnitude) occurs, just below the early/late Olenekian (Smithian/Spathian) boundary and
close to the maximum flooding surface (fig 12). The recovery to background values is very rapid within
the highstand deposits of the Lower Bivalve beds (VI). The shift of 3°C is independent of lithology. The
last lower Triassic sequence (S8) is of late Olenekian age (Spathian substage). The predominant
sandstone of the upper Bivalve beds (VI) forms a relatively thick shelf marine wedge (Haq et al., 1988).
The overlying transgressive deposits of the lower Narmia Member (Topmost limestone) still record
negative 8"°C values (-2%o). The highstand deposits consists of shallowing upward shales and pisolitic
limestones overlain by peritidal dolomites at the top, close to the Olenekian - Anisian boundary. This is
testified by reports of specimens of Neospathodus timorensis from the uppermost beds of Mainwali
Formation by both Kummel and Teichert (1970) and PJRG (1985).

4.2.2. Landu Nala section

To confirm the Upper Ceratite limestone (lower/upper Olenekian) large carbon isotope positive
excursion, the Landu Nala section (about 60 km north-west of Nammal Gorge) was analysed. The same
lithological entities are separated, with some differences in thickness. Analyses of the samples from the
Unit V (Upper Ceratite limestone) reveal identical 8“°C record: a positive excursion with a magnitude of
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about 5%o just below the Smithian/Spathian boundary. The two isotopic curves are perfectly correlable
(fig.12). In both Nammal Gorge and Landu Nala sections the §°C variation is associated with a
positive 5'*0 excursion. The 4-5%o shift in 8°C recorded here indicates at least a local dramatic change
if not a global one. More data from other basins will demonstrate whether the change was global or
restricted to the Indian margin of the Tethys.

4.3. Kashmir

Compared with other Tethyan areas, the great interest of Kashmir is the thick development of the
Otoceras zone with the zonal fossil (basal Triassic), not yet known in the Tethys outside the Himalayan
province of the Northern Indian margin.

o GURYUL RAVINE
SRINAGAR

(¢}
PALGHAM

ISLAMABAD
100 km

Fig.13. Location map of the Kashmir sections.

Samples from Kashmir sections were collected by Baud in 1987. Part of these samples was analysed by
Magaritz, and preliminary results were presented in Baud and Magaritz (1988). We reanalysed and
completed all the samples and selected carefully the best preserved carbonate material, following a
careful petrographic examination. The two data sets are in agreement.

The Guryul Ravine section is situated about 15km east from Srinagar and Palgham section about 80
km eastwards (fig. 13).

4.3.1. Guryul Ravine section

The Guryul Ravine was selected as a candidate for the Permian-Triassic boundary stratotype section
(Wang, 1990). An extensive monography on these sections has been published by Nakazawa and
Kapoor, (1981). Stratigraphic units and sequences are plotted against age in fig. 14.

Upper Permian

The upper Permian Zewan Formation overlies the Kubergandian to lower Murgabian Panjal Traps and
is subdivided into 4 informal units (A to D, fig. 15) by Nakazawa et al. (1975). The transgression of the
sandy limestone of the lower Unit A is younger than the transgression in the Salt Ranges and is
correlated with the late Midian - early Dzhulfian unit 5 of the Wargal Formation on the basis of the
massive appearance of the small Foraminifera "Colaniella". Unit A and B belong to a first S1 sequence
with arenaceous limestones of the transgressive systems tracts below (Unit Al to A4) and the shale and
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sandy shale of the highstand facies above (Unit B1 and B 2). Positive "C values (+2%o) occur in these
basal units (fig. 15).

As in the Salt Ranges, the next T-R cycle (CII, Dzhulfian-dewer Changhsingian) corresponds to an
important terrigenous influx, but here we have the development of an offshore mixed marine clastic-
carbonate deltaic complex. The lower part is made of a thin shelf margin wedge with quartzose arenites
and silty shales (Unit B3), and calcareous sandstone of the transgressive-systems tracts above (Unit C).
Only the top of this unit was sampled and the 8°C values are higher than +3%o. The overlying highstand
facies consists of thick-bedded arenaceous limestone and calcareous sandstone (Unit D). A first drop of
+1.5%o0 in 8C values occurs between C and base of Sunits followed by a slight increase to values

>+2%o in the upper part of unit D. Five meters below the top, a large shift of about 3 %0 of §°C to a
negative value is recorded . .
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Fig.14. Stratigraphic chart showing the lithological units, sequences and T-R cycles in the
Kashmir area. Subdivisions from Nakazawa et al. (1981).

Early Triassic

Only the basal part of the next C III T-R cycle has been investigated, that is the third sequence (S3)
belonging to the lower Triassic Khunamuh Formation. With the large transgression we note an
important change in sedimentation. The lowstand deposits consist of thinly bedded limestones and shales
with "Permian Brachiopods" (unit E1). The 8"C values are more or less constant near 0 (PDB), with a
slow trend toward positive values. With respect to these local background values, an "anomalous"
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positive value of +1.4%o occurs 10 cm above the base of E1 (fig. 11). We interpret this value as being
the result of reworking of upper Permian soft lime sediment. In the overlying transgressive black shales
with ammonoid limestone lenses ( E2, Otoceras zone, E3, Ophiceras zone) the downward shift in
the 8°C values is gradual and low values (-4%o) are reached near the top of the E3 unit.
Biochronological zonation based on the successive appearance of conodonts Isarcicella? parva and I
isarcica (Matsuda, 1980) allows us to correlate Guryul Ravine E1 to E3 members with Tesero and
Mazzin members of the Werfen Formation (Magaritz and Holser, 1991; Schonlaub, 1991). A
generalization of the pelagic limestone deposition corresponding to the maximum flooding surface is
realized about 1My later at the beginning of the late Induan time (unit F, Vishnuites zone) and we note
a progressive rise of 2%o of C (Fig. 10).

SSCPDB 8180PDB
I I | 1 ] T 1
4 2 0 2 -2 11 -10 |[SYSTEMS
TRACTS
(40'" E T T
I:'r' HSD
35m ﬁ ==
] = ===
of (g ==
==
< =
-l < —
|2 ==
S ==
ﬁ = s TD
25m ==
; % _—
al 3
sz-—_
S ==
20m g —
RS
=={ GAP +
==\ F
15m N -
E .
ole -]
=|=
=|< L1
om | P 1O T~
w212 1T
o % E DT
wlo|dl Ei=h HSD
wli=2iN e
sm | O- g s
&lo
T-T1-F
-1
.r-.|;!.
om AETEE
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4.3.2. Palgham section

The Palgham section displays a similar 8 C pattern (fig.12). The drop of the °C which occurs here at
the base of Khunamuh Formation is abrupt due to the fact that E1 member is missing (tectonically?).
The shift is gradual in E2 member and the minima also corresponds to the Ophiceras zone with high
negative values.

The 60 values for both sections are very low, ranging from -9.5%0 to -12%. (PDB) and show no
variations in the limestones across the boundary. These very low values can be explained by the thermal
metamorphism process of more than 300°C that affected the Kashmir sections, documented by the high
Colour Alteration Index of conodonts (Wang, 1990) . It is interesting to note that even in such
conditions of high temperature metamorphism, the isotopic shift in carbon is preserved, the §"C pattern
is correlable with others recorded for the same time span, although the change in oxygen has been
completely obliterated.

4.4. Spiti

The Triassic marine strata from Spiti are known for more than a century (for a review of the early
works see Diener, 1912) and it was thoroughly investigated for biostratigraphy by both indian and
european workers (see references in Garzanti et al., 1995). Among the most recent works, particularly
useful for the present study are Garzanti et al. (1995), Krystyn and Orchard (1996), Balini and Krystyn
(1997) and Balini et al. (1998). The geology of Spiti and adjacent areas was recently published by Steck
et al. (1998).

In this study, the carbonate carbon and organic carbon isotopic composition of Lower and Middle
Triassic sediments was measured along a section located at Losar, examined and sampled in detail by
H. Bucher and A. Vogel in 1995. More precise information concerning the location of the section, litho
and biostratigraphy will be published in an anticipated collaborative paper (Bucher et al., in
preparation). For the present work the litho and biostratigraphic grounds are based on preliminary
informations provided by H. Bucher and on the references quoted above.

The Triassic of Spiti is of particular interest for carbon isotope stratigraphy because well constrained
biostratigraphically continuous sections with a good chronostratigraphic coverage can be examined.
However, the Triassic deposits of Spiti experienced severe diagenetic (metamorphic) histories (Garzanti
et al., 1995; Steck et al., 1998) and the original isotopic signature may have been distorted.

The Triassic sedimentary units from Spiti (and generally from the Tethyan Himalaya) are relatively
homogeneous laterally and, therefore the stratigraphic nomeclature is quite uniform in the literature. For
this work, the informal but practical nomenclature of Hayden (1904) is used together with the
acknowledged Tamba Kurkur Formation and Hanse Formation (Srikantia, 1981).

4.4.1. Losar section

The section from Losar presented herein includes the Tambar Kurkur Formation and the basal part of
the Hanse Fomation (Daonella Shales and the basal part of the Daonella Limestone), spanning a most of
the Lower and Middle Triassic time interval (fig. 17). The main lithological units sampled are briefly
described bellow.

The Lower Triassic - Anisian Tamba Kurkur Formation overlies transgressively the Upper Permian
Gungri Shales of the Kuling Formation, the uppermost Permian beign absent from the record (Bucher et
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al., 1997). The first lithological unit of the Tamba Kurkur Formation is represented by the "Otoceras
beds", 50 cm thick, made-up of pyrite-rich limestone with moderately rounded extraclasts of black
phosphatic nodules and spherical nodules of iron-oxides (Bucher et al., 1997). Ammmonoids and
conodonts recovered from the "Otoceras beds" indicate a Griesbachian age for its lower part and a
Lower Dienerian age for its upper part (Krystyn and Orchard, 1996; Bucher, personal communication).
The overlying "Flemengites beds", included by Garzanti et al., 1995 into a more comprehensive
"Hedenstromia beds" are attributed to the Lower Smithian (Bucher, personal communication), although
Garzanti et al. (1995) favour an Upper Dienerian age. The ""Hedenstromia beds", about 35 m thick
consist of black and gray mudrocks interbedded with thin to medium bedded bioclastic limestones
(Garzanti et al., 1995) and are attributed to the Smithian substage. A conodont sample collected at
Losar by A. Steck, J.-C. Vannay and M. Robyr from the uppermost limestone band of the
"Hedenstromia beds", and identified by M. Orchard indicate an Early Spathian age (cf. H. Bucher,
personal communication). Accordingly, the Smithian/Spathian boundary occurs likely in the uppermost
part of the "Hedenstromia beds". The overlying ""Niti Limestone", about 15 m thick, consist of medium
to thick bedded grey nodular bioclastic limestones (Garzanti et al., 1995). Its age is Spathian, on the
basis of conodonts (Garzanti et al., 1995). The same authors mention from the uppermost meter of the
"Niti Limestone" the conodont Chiosella timorensis. The "Muschelkalk", 6 m thick at Losar,
represents a strongly condensed interval, and is made up of ammonoid rich dark-grey nodular limestones
and interbedded marls. Many successive ammonoid levels indicate an Anisian age (Balini and Krystyn,
1997; Bucher, personal communication). According to Balini and Krystyn (1997) the first two meters
are restricted to the Lower Anisian. Their data derive from another section in Spiti, but because the
reported thicknesses of the "Muschelkalk" are very similar in various sections, two meters likely
approximate the extent of the Lower Anisian in Losar.

From the overlying Hanse Formation only samples from the "Daonella Shales”" and the basal part of
the "Daonella Limestone" were analysed. The ""Daonella Shales", included by Garzanti et al. (1995)
into the Kaga Formation, consist of grey marls interbedded with dark grey marly mudstones. The age of
the "Daonella Shales" is Lower Ladinian on the basis of conodonts (Garzanti et al., 1995). The
overlying "Daonella Limestone", corresponding to the Chomule Formation of Garzanti et al. (1995)
consists of dark gray medium-bedded marly mudstones and subordinate marls. The lower part of the
"Daonella Limestone" contain the Ladinian-Carnian boundary interval (Balini et al., 1998). Only
samples from the first 12 meters of the "Daonella Limestone" were analysed and, comparing with the
thickness reported by Balini et al. (1998) this part still belongs to the Upper Ladinian (according to the
standard time scale choosed for this study; see chapter 3).

Carbon and oxygen isotope data

For the Losar section 8°C values from both carbonate fraction and from the associated organic matter
were obtained. For the sake of simplicity the 8°C values from the carbonate fraction will be noted as
8"Cecarb and for the organic carbon as “Corg.

Carbonate carbon isotope data

8"Ccarb vary over a wide range comprised between -3%0 and +3%. and display a well-defined
stratigraphic trend along the section. §"”Ccarb values from the "Otoceras bed" are highly variable,
ranging between -1.8%o and +1.4%., without any consistent stratigraphic trend. The 8"Ccarb values
increase from values around -1.5%o recorded in the top of the "Otoceras bed" to a value of +2.5%o
measured just bellow the base of the "Flemingites beds". Following this local maximal value, 3“Ccarb
decrease gradually attaining values as low as -3%o in the middle part of the "Hedenstromia beds". In the
upper part of the "Hedenstromia beds" 8"°Ccarb values increase abruptly reaching local maximal values
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of +2.5%o just across the boundary between the "Hedenstromia beds" and the "Niti Limestone", then
decrease again to values as low as -1%o in the middle part of the "Niti Limestone". Over the remainder
of the "Niti Limestone" §“Ccarb values increase gradually reaching values around +3%o in the lower
part of the "Muschelkalk", then decrease again, slowly, to values around 0%o within the "Daonella
Shales". Excepting several values around 0%o, the 3“Ccarb for the "Daonella Shales" are relatively
stable with an average of +1%o, values characterizing also the first 4 meters of the "Daonella
Limestone". In the upper part of the "Daonella Limestone" examined for this study the 8Ccarb values
display a relatively small (about 1%0) but well marked increase.

Thus, several shifts in 8"Ccarb values are apparent from the carbonate carbon isotope profile. Excepting
the samples from the "Otoceras bed", the §*Ccarb values show a remarkable low variability for adjacent
samples, hence the isotope profile appears to be nicely outlined. Three positive excursions (isotope
events) can be distinguished in the profile, named A, B and C. Event A is restricted to the Upper
Dienerian, but it is not very well constrained as 3"Ccarb values from the underlying "Otoceras bed" are
variable. Events B and C are well constrained by data, but both of them are associated with lithological
breaks.

A striking feature of the carbon isotope profile of Losar is that the lowest 8°Ccarb values are restricted
to the "Hedenstromia beds", which are characterized by low carbonate contents and, keeping in mind
that these rocks experienced severe thermal overprinting (in addition to diagenesis), one may question
whether they preserved primary marine signature. Indeed, in sediments rich in organic matter and
siliciclastic components (as it is the case for the "Hedenstromia beds") post-depositional lowering of
8"Ccarb values may occur either during various phases of diagenesis through processes related to the
degradation of organic matter and subsequent precipitatioon of “C depleted cements (e.g. Marshall,
1992) or during metamorphism by decarbonation reactions in the presence of siliciclastic components
(Kaufman and Knoll, 1995). Diagenetic/metamorphic overprint of the carbonates from the
"Hedenstromia beds" is further supported by the evidence that such low 8Ccarb values (as low as -3%o)
are within the lowermost range of variations for marine carbonates (Anderson and Arthur, 1983),
among the lowest 3"Ccarb values reported for Phanerozoic carbonates (only from Precambrian rocks
negative 3"Ccarb values are commonly reported - see Brasier et al., 1996) and out of the Phanerozoic
seawater curve (e.g. Holser, 1984).

However, if organic diagenesis or metamorphism is responsible for the 8“Ccarb values of the
"Hedenstromia beds", we should expect similar 8"Ccarb values lowering to occur in carbonates from the
"Daonella Shales", also rich in organic-mater and in siliciclastics. Diagenetic/metamorphic conditions
must have been similar for the "Daonella Shales" and "Hedenstromia beds"; only early diagenesis might
have been different. The §"Ccarb values of carbonates from the "Daonella Shales" are "normal" marine
values, within the range of values reported for age-equivalent carbonates arguably less affected by
diagenesis (see chapter 6).

Event B from the 8"Ccarb occur near the Smithian/Spathian transition and event C appears to be
restricted to the ?Upper Spathian and the Early Anisian. Their characteristics will be discussed in the
conclusive part of this chapter and in chapter 7. In chapter 7 is discussed also the gradual but well
constrained increase in 8"°Ccarb values from the "Daonella Limestone".

The 80 values of carbonates from Losar are very low. They vary between -4.5%o and -15.7%o, but
most of them vary between -8%o and -14%o. They do not covary with the §"°Cecarb values (fig. 18a). It is
to note, however, that samples from the "Hedenstromia beds" (see the left side of the O - 8"*C cross-
plot in fig. 18a), characterized by anomalously low 8“Ccarb values, have very low and constant 80
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values, which also may suggest that diagenetic/metamorphic processes preferentially affected these
beds. '

Organic carbon isotope data

Most of the carbon isotope studies devoted to Permian-Triassic rocks dealt with carbonate carbon
isotope ratios (Baud, et al., 1989; Magaritz and Holser, 1991; among many others), however organic
carbon has been also used (Magaritz et al., 1992; Wang.et al., 1994; Morante, R., 1996; Foster et al.,
1997; Wignall et al., 1998). It has been shown that global shifts of carbon isotope ratios recorded in
marine carbonates are paralleled by those derived from organic carbon in coeval rocks (Magaritz et al.
1992, Wang et al., 1994, Morante et al, 1996). Because it is unlikely that diagenetic processes would
alter carbon isotope ratios in carbonate and inorganic carbon in the same direction, the parallelism of
8”Ccarb and 8"Corg values is considered as an argument against diagenetic alteration (Hayes et al.,
1989; Holser et al., 1995; Morante and Hallam, 1996; Joachimski, 1997).

The significance of stratigraphic variations of bulk organic carbon isotopic composition is difficult to
asses, given the multitude of possible sources of variations (e.g. Sackett, 1989; Tyson, 1995). However,
it is hypothetized that temporal fluctuations of organic carbon isotope ratios, as recorded by well-
preserved marine sediments, are determined primarily by the shallow water productivity and dissolved
CO; levels.

The 8"Corg values from Losar section vary between -27.5%0 and -21.5%o, with most of the 8Corg
values between -23%o and -27%o (fig. 18b), which is about the normal range of variation of marine
organic matter (Tyson, 1995). There is a slight covariant trend between 3“Corg and 8“Cecarb values,
which can be better observed in fig. 17. In the basal part of the section 8"Corg values increase from a
local minimal value of -27%e in the basal part of the "Otoceras beds" to a value of -24%o recorded in
lowermost part of the "Flemingites beds". At a first approximation this increasing trend parallels the
corresponding 8"Ccarb pattern. Over the "Flemingites bed" and "Hedenstromia beds" the 8“Corg values
are highly variable and do not show any coherent stratigraphic trend. Starting with the base of the "Niti
Limestone", the 8"Corg values increase gradually to reach a maximal value of -22%o in the lower part of
the "Muschelkalk", then decrease gently to values averaging -26.5%o in the middle part of the "Daonella
Shales". In the basal beds of the "Daonella Limestone" the 8“Corg values are slightly higher, thus
suggesting an increasing trend.

Overall, the 8"Corg profile parallels only partly the 3°Ccarb profile. Well defined on both profiles is only
the increase near the Lower Triassic/Middle Triassic boundary (event C). For both events A and B there
are some similar shifts in 8°Corg values, but the amplitudes are within the overall stratigraphic spread
of 8®Corg values and thus these shifts are not clearly marked. Importantly, the 8Corg profile along the
"Hedenstromia beds" do not mirror the 8" Ccarb profile.

In summary, the carbonate carbon isotope profile for the Losar section is believed to reflect a mixture of
primary and diagenetic signatures. Taking into consideration both 8®Ccarb and §“Corg profiles, and
comparing with the carbon isotope record from other sections less affected by post-depositional
processes, it appears that at least the Middle Triassic record may be reliable. For the Lower Triassic, at
least for the "Hedenstromia beds" preferential re-equilibration of carbon isotopes (likely during
metamorphism) is suggested by several lines of evidence:

1. 8"Ccarb values are very low and occur in beds containing organic matter and siliciclastic
components

2. the "*Corg and 8"Ccarb profiles are not parallel for this segment
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3. 8"%0 values have very low and constant values for the "Hedenstromia beds", unlike for the
remainder of the section characterized by highly variable §*O values, although they are low as well

In this context it is very difficult to postulate a "primary origin" for the variations observed in adjacent
beds (ie events A and B). In addition, the event B is not a time equivalent of the isotopic event observed
in the Salt Range, as it is discussed in the conclusive part of this chapter.

4.5. Nepal

As in the Western Himalayas, similar synrift tectonics with tilting of large blocks occur also in the
Tethys Himalaya domain of Nepal (Garzanti and Pagni Frette, 1991) during the late Permian. The
central Nepal area has been subjected to numerous stratigraphic studies (Bassoullet and Colchen, 1976;
Bodenhausen et al., 1964; Clark and Hatleberg, 1983; Colchen, 1971; Colchen, 1975; Colchen et al.,
1986; Garzanti et al., 1994a; Garzanti et al., 1994b; Garzanti et al., 1994c; Garzanti and Pagni Frette,
1991; Hatleberg, 1982; Kapoor and Tokuoka, 1985; Mouterde, 1971; Waterhouse, 1979; Waterhouse,
1987; Nicora et al., 1993; von Rad et al., 1994). Permian stratigraphy is still unclear and, according to
the mentioned authors, different names are used for same upper Permian and lower Triassic lithological
units, as summarized by Baud et al. (1996) (their fig. 13).

N THAKKOLA

DOLPO

X
DAULAGRI ANAPURNA RANGE

o 5 ® ion

Fig.19. Location map of the Thakkhola area (central Nepal). TK-1A: section sampled at
Thini Chu.

4.5.1 Thini Chu section

Most accessible Permian-Triassic profiles are along the Kali Gandaki Valley, N of the Annapurna
(fig.14). The Thini Chu section, sampled in 1994 by A. Baud, is close to the TKa section of (Hatleberg,
1982) and the TK-1A section of von Rad et al. (1994). Unfortunately the upper Permian Kuling
Formation lacks carbonate material and, as a consequence, isotopic data are available only for the
overlying Tamba Kurkur Formation. Other indication of the isotopic composition of the lower Triassic
carbonates from Thakkhola (without profile) are presented in Baud et al (1989a), based on E.
Hatleberg samples, values which are in agreement with the results presented here.
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Upper Permian

After Bassoullet and Colchen (1976) and Colchen et al. (1986) thin upper Permian quartzarenites with
Spiriferella rajah (Dzhulfian) are transgressing the Carboniferous - lower Permian (?) Thini Chu
Formation N of the Nilgiri (Annapurna Range). Garzanti and Pagni Frette (1991) correlate these
quartzarenites and overlying fine clastics with the Kuling Formation. But here, the exact level of the
Kuling transgression is not yet established. There is large gap in the Permian sedimentation of the Kali
Gandaki area and only part of the upper T-R cycle is present. As shown by Waterhouse (1987), this is
the consequence of middle Permian uplift of the eastern Kali Gandaki block. The Kuling Formation
consists of shallow water cross-bedded quartzarenites followed by 1 to 4 m of an alternation of
microconglomerate with bryozoans and brachiopods, dark shale and brown-red quartzarenites (= Nisal
member of Waterhouse, 1987). Ferruginous alteration at the top of the clastic deposits is interpreted as
due to emersive conditions.
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Fig.20. Carbon and oxygen isotope at Thini Chu (central Nepal), sequences and systems
tracts.
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Lower Triassic

The following Panjang shallow carbonate unit belongs in our interpretation to the basal part of the lower
Triassic T-R cycle, which corresponds to the Tamba Kurkur Formation. Hatleberg (1982) correlates, on
the basis of conodonts, the Panjang Unit with the lower Kathwai Member (Salt Ranges) and the E1 unit
of the Khunamuh Formation of Kashmir. Garzanti et al. (1994c) interpret as Topmost biocalcarenites
the Panjang equivalent in adjacent Marsyandi Valley as end member of his upper Permian Puchenpra
Formation.

As in the Salt Range, the lower Triassic T-R cycle is subdivided into three third order sequences (fig.20)
with good correlations, see also (Garzanti et al., 1994b; Nicora et al., 1993). Samples from the Panjang
member (sensu Hatleberg and Clark, 1984) and the lower part of Tamba Kurkur Formation show
negative values (8”°C = -0.5+0.7%o0) with no significant trend (Fig. 15). A correlation can be made
between the Panjang Member and the E1 to E2 units of the Khunamuh Formation from the Kashmir
sections (early Induan), using conodont biochronology. Carbon isotope data make possible this
correlation.

The 80 values are very low comparative with Salt Range section and others Tethyan sections ranging
from -9%o to -12%o. High temperature diagenetic processes (Garzanti et al., 1994a) may be responsible
for these low 80 values. In contrast, the much lower 80 values (from -18%o t0-23%e0) that occur at
the base of Tamba Kurkur Formation cannot be explained by diagenetic processes alone.

4.6. Conclusions

A major problem for carbon isotope studies is whether the measured 8”C values principally reflect the
isotopic composition of the seawater from which the carbonate was precipitated, diagenetic inputs, or
metamorphism. This problem appears to be particularly important for some sections from the Tethyan
Himalaya (sections from Kashmir and Spiti) which experienced severe post-depositional
transformations. For both Kashmir and Spiti sections there are lithological units characterized by very
low 86"C values, lower than -2%e, atypical for marine carbonates. However, even for these sections, the
general pattern of the carbon isotope profiles is similar with published curves for the same time span,
proved to reflect primary variations in the seawater.

The results presented in this study chapter confirm the drastic drop of 8°C from the high positive values
that characterised the upper Permian to lower values in the lower Triassic. This extraordinary event is
documented worldwide and it is thought to be due to the oxidation and removal of the light organic
carbon stored on the emerging continental shelf after the large scale regression or/and to a major drop in
oceanic productivity at the end of the Permian time (Holser and Magaritz, 1987). Comparison of the
upper Permian 8°C curves with sequence stratigraphic analysis shows a close correlation, both for the
second order and third order cycles. Higher 8°C values usually occur within the transgressive system
tracts, reflecting the deposition of greater amounts of organic matter on the continental shelves during
transgressions (Woodruff and Savin, 1985). Similar relationships between the 8”C curve and eustatic
level have been reported in the upper Cambrian-lower Ordovician (Ripperdan et al., 1992), in the
Cretaceous (Renard, 1986; Mitchell et al, 1997) and in the Tertiary (Woodruff and Savin, 1985;
Shackelton and Kennett, 1975).

The most detailed carbon isotope curve for the upper Permian - lower Triassic is given in Magaritz and
Holser (1991), based on the study of the Gartnerkopfel Core, Southern Alps. The 8°C pattern of this
curve for the lower Triassic display a succession of three negative excursions in the Mazzin Member of
the Werfen Formation before settling into a more normal phase. A comparison of this curve §"°C curve
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The shaded areas approximate the extend of the Dienerian and Spathian substages (based on Guex, 1978

Fig. 21. Comparison of the Lower Triassic Nammal Gorge (Salt Range) and Losar (Spiti) carbon isotope profiles
and Bucher (personal communication).
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with those from the Northern Indian margin, show some similarities, as well as some discrepancies. The
Guryul Ravine profile displays also three negative excursions, that roughly can be correlated with those
from the Gartnerkopfel Core. Baud et al. (1996) assesed the possibility of correlation of the Guryul
Ravine profile with the Gartnerkopfel core profile and showed that, although the two peaks are roughly
correlatable, they do not overlap perfectly. This may be due to uncertainties in correlations using the
recorded range of a limited numbers of taxons.

On the local baseline of low 3"°C values, in some Tethyan sections "more positive" values occur (e.g.
Guryul Ravine, Member E1 of the Khunamuh Formation - Fig. 11). Isotope data on a very detailed
sampling across the boundary show a wide variation of "°C values at the base of the lower Triassic (Xu
and Yan, 1993). It seems unlikely that these large variations in a very short time span are related to
changes in the isotopic composition of the seawater. Diagenetic processes cannot be responsible for
these higher §C values, because the diagenetic alteration is normally reflected in a decrease in 6"°C
values (Brand and Veizer, 1981). We suggest that a possible explanation of this fact can be the
reworking of Permian lime soft sediments with the huge transgression. This hypothesis is sustained by
the evidence that in many disputed boundary layers mixed upper Permian and lower Triassic faunas
have been found, as in the case of E1 member of the Khunamuh Formation at Guryul Ravine and
Kathwai Member in Salt Range.

The positive excursion that occur below the Smithian/Spathian boundary in Salt Ranges is a very short
episode, spanning less than a biozone, according to the zonation of Guex (1978) and is characterised by
a large magnitude (4-5%o). These two features make it distinctive with respect to other similar events.
Other observed positive carbon events have been explained by an increase in the burial ratio of organic
carbon to carbonate in marine sediments as a consequence of greenhouse climate conditions resulting
from elevated atmospheric CO, levels (Weissert and Lini, 1991) or by an increase in biological
productivity (Berger and Vincent, 1986). For the carbon isotope shift bellow the Smithian/Spathian
boundary, an increase in marine productivity appears to be consistent with the fossil record, which
shows an important change in ammonoid fauna immediately after the Anasibirites pluriformis zone
(Guex, personal communication).

A comparison of the carbon isotope profiles of the Nammal Gorge section and the Losar section (two
sections which cover the lower Triassic) show some some striking similarities (fig. 21). At a first
approximation the two isotope profiles appear to be correlatable. In both sections there is an increase
in 8"C values in the lower Dienerian (A1l event in Nammal Gorge section and A event in Losar section).
For both sections, the background values for the Smithian segment are very low (-2%0 in Nammal
Gorge and lower than -2%o in Losar). As discussed in chapter 4.4.2., for the Losar section the low §°C
values may be explained by diagenetic processes. It is intriguing to find the same low background
values in the Salt Range. Unit IV of the Mianwali Formation has very little carbonate. However,
low 8"C values are recorded in unit 5, a carbonate rich unit. The sections from the Salt Range do not
experienced any thermal metamorphism (Haag, 1991).

The two positive excursions occurring in both sections near the Smithian/Spathian boundary (B and B1)
are similar in terms of amplitude and background values. However, the paleontologic data available
suggest that they are slightly diachronous. While in Salt Range it occurs within the Anasibirites
pluriformis zone (Guex, 1978), thus below the Smithian/Spathian boundary, in Losar it extends mainly
in the Lower Spathian (Bucher, personal communication). At the time this chapter is being written,
more detailed biostratigraphical constrains for the Losar section were not available and therefore a more
thorough evaluation is not possible.
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CHAPTER 5

CONSTRAINTS FROM THE PERMIAN-TRIASSIC OF
| OMAN

5.1. Introduction

The mountainous belt located in the south-eastern part of the Arabian Peninsula, the Oman Mountains,
expose a segment of the Neo-Tethys southern margin (Stampfli et al., 1991), interpreted as an upper
plate flexural margin (Pillevuit, 1993; Pillevuit et al., 1997; Stampfli et al., in press). The geometry of
the Oman margin over a palinspastic cross-section is depicted in figure 22. During Late Permian and
Triassic times a large carbonate platform developed on the inner part of the margin: The shallow water
facies of the carbonate platform is presently occurring in the Jabal Akhdar Mountains, as part of the
"Autochtonous" (Glennie et al., 1974). Carbonates derived from the platform represented the major
source for the thick sequence of slope carbonates deposited near the platform margin, cropping out in
the Sumeini area. On more distal parts of the Oman margin pelagic sedimentation resulted in various
types of carbonate and siliciclastic sediments, presently found in the Hawasina Nappe, which is
overthrusting the internal units.

Late Triassic - Neotethyan margin - Oman

Magam
Wasit

/ Musjah
/Ba id

Fig.22 Late Triassic palinspastic reconstruction of the Oman Neothethyan margin (after
Pillevuit, 1993; Stamfli et al., in press)
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The main structural units identified in the Oman Mountains are (fig. 23):

o the Autochtonous, the lowest tectonic unit outcropping in Oman, is made up of folded Proterozoic to
Paleozoic rocks (the Autochtonous A) and Permian to Cretaceous sediments (the Autochtonous B)

e the Sumeini Nappe (the so-called "Parautochtonous"), consisting of Permian to Cretaceous slope
deposits

o the Hawasina Nappes, made-up essentially of Permian to Cretaceous deep water deposits, are
subdivides in six groups (see Pillevuit et al., 1997)

¢ the Semail Ophiolite, a thick Cretaceous oceanic lithospheric slab

e the Mesoautochtonous, the post-tectonic sedimentary cover (Maastrichtian to Miocene)

5s 56 st 58 s9 &0
Ja) o e~ [E_JMaastrichtian and Tertiary
¢ [T1Semail ophiolitic Nappes
B Hawasina nappes, allochtonous units
. Il P och Sumeini Group
! ¢ Musandam X} Autochtonous B, Permian to Cretaceous
| I B Autoch A, pre-iate P
—_—
4 0 100 Km
25
GULF OF OMAN
Someini
Wadi Magam
EMIRATS /
Wl/d Sahtan
// 23
L — \
\
\ 2
SAOUDI )
ARABIA /
/ SULTANATE OF OMAN
/ i ARABIAN SEA

Fig.. 23 Simplified geological map of Oman Mountains (after Glennie, 1974) with the
location of the studied sections

In the present study we examined five sections from three major facies zones: shallow water carbonates
of the Akhdar Group, slope carbonates of the Sumeini Group and pelagic carbonates deposited on
submarine highs or related environments as recorded by the Oman Exotics. The groundwork for this
study has been laid by previous studies (Pillevuit, 1993; Pillevuit et al., 1997; Baud, unpublished). The
reader is referred to these studies for more detailed and comprehensive information.
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5.2. Shallow-watei' settings: the Akhdar Group

The Permian-Triassic sequence deposited on the inner part of the Omanese margin is exceptionally well
exposed in the Central Oman Mountains, the Jabal Akhdar Mountains, as part of the "autochtonous"
which crops out in a large tectonic window. The Permian and Triassic shallow water carbonate rocks
occurring in this area were included into the Akhdar Group (Glennie et al., 1974), with two main
lithologic units: the Saiq and Mahil formations.

The Saiq Formation, described in detail by Glennie et al. (1974), Montenat et al. (1976) and Rabu
(1988), among others, overlies unconformably Precambrian strata, documenting the late Permian
marine transgression. In the Jabal Akhdar Mountains the basal member of the Saiq Formation, made up
of terrigenous detritus occur only locally and may reach up to 20 m thick (Rabu et al., 1990). The
remainder of the Saiq Formation is made up of an extensive carbonate unit, 450m thick according to
the same authors (Rabu et al., 1990). The upper part of the Saiq Formation is affected by pervasive
dolomitization which overprinted the primary sedimentary structures, therefore most of the age
diagnostic fossil have been recovered from the lower part of the formation. The base of the carbonate
sequence of the Saiq-Formation was dated by Montenat et al, (1976) as middle Murgabian
(Neoschwagerina schuberti zone). For the upper part of the Saiq Formation a Dzhulfian age is
indicated by Staffella cf. sisonghensis (Rabu et al. , 1990). No paleontologic data for the uppermost
Permian stage (Changhsingian) is available. There is a shallowing upwards trend towards the top of the
Saiq Formation (Rabu et al., 1990).

There is less information available for the overlying Mahil Formation. It consists of massive to thin
bedded gray and whitish dolomites of Triassic age (undifferentiated) formed in intra to supratidal
environments (Glennie et al., 1974; Rabu et al., 1990; Béchennec et al., 1992). The Triassic age of the
Mahil Formation was attributed on the basis of foraminifera from some levels of oolitic beds,
occasionally occurring in the sequence. A Norian-Rbaetian age is suggested for the upper part of the
Mahil Formation, an age indicated by the presence of Aulotortus sinuosus (Rabu et al., 1990). The top
of the Mahil Formation is marked by an exposure surface, overlain by middle Jurassic marine
carbonates. We estimate the total thickness of the Mahil Formation to 800 meters.

5.2.1 Wadi Sahtan section 7

For the present study we focused on the transition between the Saiq and Mahil Formation, apparently
straddling the Permian-Triassic boundary. The examined section is located in the Wadi Sahtan valley,
about 4 km North of Fashah village near the road linking Fabaqah to Fashah villages. In this area the
Permian to Cretaceous strata of the "autochtonous" form a normal monoclinal structure dipping to the
North. The Wadi Sahtan valley cuts more or less transversally the strata and the succession is very well
exposed on both sides of the valley. Samples from the upper part of the Saiq Formation come from
previous fieldwork carried out by A. Baud. During the fieldwork we sampled only the part of the Mahil
Formation. In addition, we sampled and examined the transition between the limestones and dolomites
within the Saiq Formation.

The upper part of the Saiq Formation (120 m) were divided by A. Baud (personal communication) in
two main lithologic units (B and C) according to stratal patterns and microfacies (fig. 25). Both units B
andC are made up of dolomitized high energy calcareous sands, the main microfacies being represented
by grainstones. Some unidentified coral fragments have been observed in Bl unit, while badly
preserved calcareous algae and foraminifera were observed in thin sections of samples from unit C.
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These scarce fossils suggest, however, a Permian age (corals and calcareous algae have never been
reported from lower Triassic strata). The top of Saiq Formation is marked by an irregular surface of
hardground type, indicating an interruption in sedimentation, possibly with subaerial exposure.

The lower part of the Mahil Formation, examined herein, is divided in two main lithologic units, D and
E, further separated in subunits (see Plate 2, Figs 1 and 2). Overall, both D and E units consist of gray
and yellowish peritidal dolomites and dolomitic limestones with fine grained terrigenous sediment.
Unit D of the Mahil Formation starts with a bed of flat-pebble conglomerates up to 0.6 m thick,
overlaid by a 0.3 m thick bed of black dolomites with columnar stromatolites. These two beds are
distinctive for the base of the Mahil Formation.

The sequence grades upward to thinly bedded dolomites with ripple marks structures, yellowish
dolomitic marls and several levels of paleosoils. Algal-bacterial structures as laminites and
stromatolites are common features of the Mahil Formation. Unit E exhibit similar sedimentary
structures, however it is more massive and marly interbeds are rare.

Fossils are extremely rare in the Mahil Formation. Foraminifera of Cyclogira and Earlandia type were
identified in three samples from unit D2 (Baud, personal communication) indicating an early Triassic
age.

Carbon and oxygen isotope data

The Wadi Sahtan section is composed mainly of dolomites. It is known from previous studies that
dolomitization processes do not affect significantly the carbon isotopic composition of the primary
carbonate sediments (Land, 1980; 1992). Dolomites have generally a typical marine carbon isotope
signature and many examples showed that dolomites are isotopically indistinguishable by associated
calcitic rocks. However, in order to test the influence of dolomitization on the carbon isotopic
composition of the carbonates from the Akhdar Group we made a test on the Saiq Formation occurring
3 km North of Fashah village, in the left side of the Wadi Sahtan valley. Here, the contact between the
gray bioclastic limestone and the dolomitized limestones is well exposed. The dolomitization front is
clearly marked, irregularly cutting the limestone beds.

A number of 13 samples of both limestones and dolomites were collected across the dolomitization
front and from a single bed of limestones laterally affected by dolomitization (Plate 1, Figure 3).
The 8™C values are shown on the photograph and also plotted together with the §'%0 values on a 80 -
3“C cross-plot (fig. 24a). There is no significant difference in 8°C values between limestones and
dolomites. The average 8“C value for the limestone +5.1%o and for dolomites +5.5%o. For Permian and
Triassic shallow water carbonates this difference is considered to be minor. However, the overall range
of variation of 3"°C values in dolomites appears to be greater than in limestones. In turn, §"°0 values of
are consistently different between the two phases. 8*0 values of limestones (-4.2%o average) are about
3%o higher than their counterparts from dolomites (-1.5%o average). This difference is in agreement
with previous reports (e.g. McKenzie, 1981) and with other examples from the present study and it is
explained as a result of '*O enrichment due to evaporation processes in hypersaline environments of
sabkha-type, where dolomitization occur frequently. The dolomitization of the Akhdar Group likely
occurred in such conditions.

The 8"C values from the section Wadi Sahtan section vary between 0.4%0 and 4%o (figs. 25; 24b). Two
samples from the B1 unit gave different 3°C values, with a 2%0 negative shift from the lower one
(Om9) to the second located 2m higher in the section (Om 10). The remainder samples from the Saiq
Formation have relatively stable "°C values comprised between +1%o and +2%o. Samples from the
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Mahil Formation have more variable 3"°C values, from 0.4%o to 4%o, most of them having 8”C values
between 2.5%o and 4%o. 3"°C values from the D1 unit show a gradual increase from a value of +0.4%o
to a value of +2.6%o. A similar increase of 8°C values are recorded also in unit D2. It appears that
these highering trends are correlated with shallowing upward trends, as observed in the field. Samples
from the lower part of the unit D3 gave high 8"°C values around +4%o, one sample from the upper part
gave a somewhat lower value of +2.8%o. §°0 values are between -0.3%o and -5%o and they do covary
with the 8"C values (fig. 24b). However, the §'°0 - §”C pairs for the Mahil Formation display a more
scattered distribution, which may be explained by the fact that the samples from the Mahil Formation
contain some amounts of primary calcite with lower 3'*0 values than the dolomites.

Overall, there is a well marked stratigraphic trend: whether "°C values remain constant over the upper
part of the Saiq Formation, they display a gradual increase of 2.5%o over the D unit of the Mahil
Formation. If the boundary between upper Permian and lower Triassic deposits coincide with the
boundary between the Saiq and Mahil formations, as suggested by sequence stratigraphy and the very
scarce paleontologic data (Baud, personal communication), then the carbon isotope pattern appears to
be contrary to expectations.

It is well documented that upper Permian carbonates are characterized by high 8°C values (commonly
higher than 4%o) and the lower Triassic carbonates usually have low §”C values (eg Baud et al., 1989;
Grossman, 1994; Scholle, 1995; see also a compilation in chapter 8). The Wadi Sahtan section exhibit
a contrary pattern: low values in the (supposed) upper Permian carbonates, and high 8"C values in the
lower Triassic carbonates. One may believe that the carbon isotope pattern reflects lithologic changes
or may reflect marginal marine depositional conditions, influenced by an influx of meteoric waters
during subaerial exposure. Subaerial exposure generally lower 8”°C values of the carbonate.
Sedimentological evidence for more restricted marginal marine environments and subaerial exposure,
with paleosoils, mud-cracks and teepee structures (Béchennec et al., 1992; Baud, unpublished), is
recorded mainly in the Mahil Formation, characterized by high 8°C values and not lower. We
interpret 8°C values as high as 3-4%o as reflecting a marine signature, even in very shallow water
restricted environments.

One possible explanation for the relatively low 8“C values from the upper part of the Saiq Formation
would be that the boundary between Permian and Triassic deposits occur lower than currently believed,
possibly between B1 and B2 unit. The paleontologic constraints for the upper part of the Saiq
Formation are very poor, certain indications for a Permian age are known only from the Bl member.
One sample from the top of the B1 unit gave a value of 3.7%o, within the normal range of "Permian
values". The fact that high §"°C values, typical for the upper Permian world-wide, are recorded also in
the Akhdar Group is proven by the data set acquired lower in the Saiq Formation, at the transition
between limestones and dolomites, as shown above. There, the average 8”C values for both dolomites
and limestones are higher than 5%o.

However, even if we admit that the Permian-Triassic boundary should be traced lower in the section,
the high 8“C values from the base of the Mahil Formation are difficult to explain. Such high §°C
values have not been reported yet from lower Triassic strata. More data from both the middle part of
the Saiq Formation and from the remainder of the Mahil Formation would be necessary in order to
explain the intriguing stable isotope data set.
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5.3. Carbonate platform margin settings: the Sumeini Group

The Sumeini Group, as defined by Glennie et al. (1974) is represented by a thick sequence (about 2500
m) of Permian to Cretaceous slope carbonate deposits and crops out near the border between Oman and
the United Arab Emirates (Le Métour et al., 1992). A comprehensive stratigraphic and sedimentologic
study of the Sumeini Group can be found in Watts (1985, 1990) and Watts and Garrison (1986). The
lower part of the Sumeini Group (about 1700 m thick) is included in the Maqam Formation (Upper
Permian to Upper Triassic), further subdivided into 6 members (A, B, C, D, E and F). Herein, this
nomenclature is used.

5.3.1 Wadi Maqam section

We made a prospective isotopic study on samples from the A, B and C members. Although a limited
number of samples were available for this study, the preliminary results appear to be meaningful. The
samples were collected by Alain Pillevuit and Aymon Baud from a section located East of Shuayb
village. For the precise location see Pillevuit (1993), fig. 27, page 49 and Watts and Garrison (1986),
their fig. 3, page 112 (corresponds to their section MS-6).

The Member A of the Magam Formation (fig. 26), about 80 m thick, is made up of gray and black
thinly bedded limestones alternating with marls and locally with sandstones. A Murgabian age was
proposed by Pillevuit (1993) on the basis of ammonoids, trilobites and ostracods recovered from the
lower half of the unit. The Member B consists of a 365 m thick sequence of predominantly thin-bedded
to massive dolomites with numerous calcirudite intervals and locally abundant breccia in the lower part
(Watts and Garrison, 1986). According to these authors, the contact with the underlying A Member is
irregular. Corals recovered from the lower part indicate a Permian age. The Member C is a very thick
unit (455m) made up essentially of platy limestones, calcarenites and calcirudites, the latter being
preferentially dolomitized. A Triassic age is inferred, but no conclusive paleontologic evidence is
available. The location of the Permian-Triassic boundary is not precisely known, it is tentatively traced
between the B and C members.

Carbon and oxygen isotope data

The 8"C values vary between -1.7%o and +5.4%0 and show a distinct stratigraphic pattern (fig. 26).
The highest values are recorded in the A and B members. §°C values drop suddenly at the transition
between B and C members, from a value of +4.9%o recorded at the top of Member B to values around
+2%o at the base of Member C. Higher up in the section the §°C values continue to decrease gradually
to a value of -1.8%e in the middle part of the Unit C. 3O values vary between -2%o and -7.3%. Pairs
of 8°C and "0 values show a scattered distribution on the 8*0 - §°C cross-plot (fig. 24d) although
the samples with lower 8°C values have also lower 80 values. This observation may indicate
diagenetic alteration for these samples.

The stratigraphic pattern displayed by the Wadi Magam section is very similar to the world-wide
documented pattern across the Permian-Triassic boundary. 8°C values between +4%o and +5%o, as
recorded in the members A and B are typical for the upper Permian marine carbonates. Likewise, the
negative shift of magnitude similar to that recorded at the transition between B and C members is
proved to be global. Therefore, the carbon isotope data suggest that for the Wadi Maqam section the
Permian-Triassic boundary coincide with the boundary between members B and C. Although a
diagenetic overprint cannot be ruled out for the samples from the C member, diagenesis alone can
hardly explain a 6%o shift of §°C values. It is to note that the magnitude of the Permian/Triassic drop
in 8"C values is usually between 3% and 4%o. Here it is greater, but there are other examples in the
Tethys with shift of this order of magnitude (e.g. Guryul Ravine).
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5.4. Deeper water settingsi;the Oman exotics and the Hawasina
roup

The sediments deposited in more distal parts of the Oman margin were transported in the front of the
Semail Ophiolite during its obduction over the Arabian Platform and they can be found today into the
Hawasina Nappes system, tectonically sandwiched between the Autochtonous units and the Semail
Ophiolite. A part of the deeper water sediments, mainly those deposited on submarine elevated sectors
are present as blocks of various dimensions, the Oman exotic blocks.

For the present study, we examined three of these block, two of them located in the Ba'id area, about 50
km south of Muscat.

5.4.1. Wadi Alwa

The Wadi Alwa section is located in the Ba'id exotic, a large block made-up of Permian to Cretaceous
limestones, radiolarites and volcanic rocks which occurs in a tectonic window. The Ba'id exotic is well
know for its Triassic ammonoid-rich limestones, a particular interest presenting the Hallstatt-type
limestones (Tozer and Calon, 1990; Blendinger, 1991; 1995; Orchard, 1995). We examined a section
located in the eastern flank of the mountain. For a precise location see Pillevuit (1993), fig. 34, page 63
(the section corresponds to section 4 therein) and Plate 2. Fig. 1 . The section is described also by
Blendinger (1995), (see section Wadi Alwa Il in fig. 7, page 585) and by Pillevuit et al. (1997) (see fig.
10, page 218)

In this section the AlBuda'ah Group occurs (Pillevuit, 1993). The visible sequence starts with massive
yellowish dolomites interbedded with gray to black bioclastic limestones, capped by a 1.3 m thick bed
with black limestones This succession, about 23 m thick, is attributed to the Ba'id Formation (Pillevuit,
1993). The limestone interbeds are very rich in foraminifera, on whose basis Pillevuit (1993) dated the
upper part of the Ba'id Formation as Dzhulfian. The upper surface of the Ba'id Formation is irregular,
likely erosional.

A 25-30m thick sequence of red, pelagic limestones of Hallstatt-type (fig. 27) overlies disconformably
the Ba'id Formation. The first 6 m are represented by pinkish microgranular dolomites, probably
dolomitized Hallstatt-type limestones. This sequence was included, together with other Hallstatt-type
limestones occurring in the Ba'id exotic into a comprehensive unit, the Alwa Formation (Pillevuit,
1993), studied in detail by Blendinger (1995). The succession is often disrupted by low angle faults,
Blendinger (1995) proposed that even the contact with the Ba'id Formation is a fault plane. However, a
careful examination of sedimentary structures allow a reliable recognition of the stratigraphic
relationships. The limestones are rich in ammonoids and microfacially are characterized by
wackestones to packstones with thin bivalve filaments, baby-ammonoids and occasionally ostracodes
and crinoid elements. They exhibit some particular features comparing to the typical Hallstatt-type
limestones. The fossils do not have Fe-Mn oxydes coatings (Tozer and Callon, 1990) and they are filled
almost exclusively with white spar (Blendinger, 1995). Hardground surfaces are not common. A
prominent characteristic is given by the abundant evidence for microbial activity, which appears to
have played an important role in carbonate accumulation. Decimetric layers (probably lenticular) of
gray-white thrombolites with radiating crystal sprays (Plate 2, fig. 3.) occur over the section (we
identified at least three). Stromatactis-type structures are present at both macro and microscopic scale
(Blendinger, 1995, cites even "zebra-rock" structures from the "summit block").
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In thin sections, mainly in samples from the upper part of the section microbial-type structures are
abundant (mainly beneath the stromatactis-type voids), as zones with clotted fabric and even well
preserved cyanobacterial filament moulds. In the thrombolitic levels, organic remnants of microbial
mats are preserved.Another distinctive feature of the red limestones occurring in the studied section is
the presence of two interstratified meter thick levels of resedimented limestones including clasts of
Permian carbonates (rich foraminifera) and clasts of Hallstatt-type limestones. Pillevuit (1993)
interpreted these levels as the result of reworking of unlithified Permian sediments (soft-sediments).

The age of the Hallstatt-type limestones from the Wadi Alwa block is early Smithian (Pillevuit, 1993;
Blendinger, 1995), indicated by the presence of the conodonts Neospathodus waageni (Krystyn, as
cited by Pillevuit, 1993; Blendinger, 1995). Both Late Dienerian and Late Smithian ages are possible
for the base and for the top of the section, respectively, but no definite paleontological data are
available.

Carbon and oxygen isotope data

Overall, the 3"°C values vary between 0% and +4.4%o (fig.24c), with the higher $°C values in the
Upper Permian Ba'id Formation, as normally expected. The §C values from the Alwa Formation vary
between 0%o and +3.6%0 and show a relatively high variability upsection (fig.27). Relatively high 6°C
values (comprised between +1.7%0 and +3.6%c) are recorded from the pink dolomites at the base.
The 8”C values decrease to values around +0.5%o in the 6 m of Hallstatt-type, which are particularly
rich in ammonoids. 3"C values increase in the overlying strata reaching values up to +2.2%o, bellow the
first level of resediments and then decrease again to values as low as 0%o (sample WA135). For the
remainder of the section 8°C values remain more or less constant with values around +1%o, with a
minor excursion to values around +0.3%o.

The magnitude of the shift between the Permian and Triassic beds is about 2%e, considering only
samples close to the lithologic boundary, This may be due to a "gap effect": because the earliest
Triassic (characterized by the lowermost values) is missing, the amplitude of the shift is diminished
because the carbon isotope values already recovered. However, the 8°C values continue to decrease
and there are some variability, recorded on both bulk rock and cements.

Two alternative explanations are given in order to explain the high variability:

o they reflect in some extent short term primary variations in surface seawater

e they represent values of re-equilibration with diagenetic fluids which masked the primary values
(but not necessarily completely deleted them as suggested by the preservation of the general trend
typical for the Permian-Triassic transition).

These two alternatives will be later discussed, together with the other data from the Tethys.

It is interesting to note, however, that these data derive from one of rare occurrence of the Hallstatt-type
limestones in the Lower Triassic. Hallstatt-type limestones are considered herein among the best
recorders of the Triassic surface waters carbon isotopic composition, because of their pelagic origin,
far from any continental input and their high carbonate/organic carbon ratio which makes diagenetic
overprint difficult. In addition they are commonly rich in fossils and the isotopic variations can be
easier dated.
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5.4.2. Wadi Wasit

The Wadi Wasit section is also located in the Ba'id area, near the road linking Wadi Ta'yin to Wadi
Rahbah (for a detailed location map see Pillevuit et al. (1997), fig. 7, page 215). A more
comprehensive description can be found in Pillevuit (1993) (the Permian sequence can be found in fig.

40, page 77, and the lower Triassic one in fig. 41, page 78) and in Pillevuit et al. (1997), fig. 13, page
221.

The main section we examined (Wadi Wasit A) is located on the western side of the hill whose southern
flank is exposed in the small gorges near the road (in these gorges the section 2 of Pillevuit et al. (1997)
is located. In addition we examined and sampled the platy limestone sequence exposed in front of the
gorges (Wadi Wasit B).

The sequence of Wadi Wasit A section, representing a part of the Al Jil Formation, consists of 5 main
lithologic units, as depicted on fig. 28 and in Plate 3 fig. 1. Unit 1 (only its uppermost part is
represented in fig. 28) is a thick volcano-sedimentary sequence made up of pillow basalts of MORB-
type (Pillevuit, 1993), tuffites and interbeds of radiolarites. The overlying unit 2, 19m thick, consists
essentially of medium bedded red limestones with some levels of fine-grained resedimented limestones
and red shales interbeds. Unit 3 (21m thick) consists of sequence mainly of allodapic limestones and red
shales, the latter being more abundant in the upper part. The allodapic limestones are represented either
by calcarenites or calcirudites and they include occasionally reddish-whitish chert nodules. Unit 4,
about 30 m thick is represented by a massive dolomitized breccia with blocks of reefal limestones
(Weidlich et al., 1993). The overlying unit 5 starts with gray platy limestones and thin shales or
marlstones interbeds, over a 6 m thickness. The contact with massive dolomitized breccia is marked by
a thin layer of marly shales whose deformed nature suggest the presence of a fault between the two
units. The platy limestones sequence is overlain by a 12 m thick sequence of light brownish folded
radiolarites, which in turn are capped by a 3 m thick sequence of gray platy limestones. The platy
limestones from the Wadi Wasit area are also described by Blendinger (1988).

The sequence from the Wadi Wasit B section is very similar with the sequence of the unit 5 from the
Wadi Wasit A section, comprising gray platy limestones with shales and marls interbeds. However,
some differences are due probably to some low angle faults (observed in the field) which dlsrupted the
stratigraphic succession from the Wadi Wasit A section.

Paleontologic data from the lower part of the succession obtained elsewhere in the Wadi Wasit area
(Pillevuit, 1993) suggest an Upper Permian age for units 1 to 4. A Murgabian age was proposed by
Pillevuit (1993) for the volcano-sedimentary sequence (our unit 1) on the basis of ammonoids,
ostracods and bryozoans. Foraminifera obtained from the blocks of reefal limestones which form the
dolomitized breccia (our unit 4) indicate a Murgabian- Dzhulfian age. Finally, conodonts obtained from
the lower part of the platy limestones (Krystyn as cited by Pillevuit, 1993) indicate a Dienerian age
(kummeli zone). No age constraints are available for the remainder of the unit 5.

Carbon and oxygen isotope data

Carbon and oxygen isotope data were obtained for samples coming from both Wadi Wasit A and Wadi
Wasit B sections. Overall, 3°C values vary between -0.7%o0 and +5%o and 30 values between -10.5%o
and -6%o. The 80 - §"C cross-plot (fig. 24¢€) do not show any covariance between °C and 'O
values. §°°C values from units 2 and 3, gave high §"°C values, roughly between +4%o and +5%o, with a
slight increase in 3"C values from a value of +3.9%o at the base of the unit 2 to background values of
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+5%o characterizing the remainder of the unit 2 and the lower part of the unit 3. The high §"*C values
are consistent with the Late Permian age attributed for these lithologic units by previous works.
Samples from the lowermost beds of the platy limestones gave relatively high §°C values (up to
+2.8%o) on both sections examined. The 8°C values decrease (here again on both sections) to values
around 0%o (the lowest 3"°C value recorded is of -0.7%o). In the Wadi Wasit B section these §"°C values
around 0% remain constant over a thickness of 10m. In the Wadi Wasit A section, ”°C values around
+2%o are recorded by the limestones capping the radiolarites. Thus, the stratigraphic plot of §°C values
for the Lower Triassic platy limestones show a distinctive trend, with an initial negative shift of about
2%, a relatively stable interval and a positive shift of about 2%o.

5.4.3. Wadi Musjah

Wadi Musjah is located near the main road linking Muscat to Ibra, north-east of the Rawda village.
The section we examined at Wadi Musjah corresponds to "Wadi Musjah nord-est" or section 4 of
Pillevuit, 1993 (see fig. 46, page 82 therein, for a precise location).

The base of the sequence we examined at this locality occurs on the western flank of a small hillock
(see Plate 3 fig. 2) and is represented by medium bedded gray bioclastic limestones summing 2 meters
of thickness (unit 1 in fig. 29). They are overlain by a 10 m thick unit made up of massive, brownish
dolomitized breccia (unit 2). Overlying the dolomitized breccia it follows a 15 m thick sequence of
platy limestones, thick bedded resedimented limestones and dark gray limestones with siliceous nodules
(units 3 and 4). The contact between the units 2 and 3 is sharp and irregular. The base of unit 3 (see
Plate 3, fig.3) is represented by two layers of medium bedded (about 0.2 m each) pinkish, micritic
limestones similar to the Hallstatt-type limestone, followed by gray platy limestones. The beds of
resedimented limestones have often irregular bedding surface due to submarine erosional processes.

The bioclastic limestones from. the base of the sequence provided foraminifera which indicate a Late
Permian age, without more specific age designation possible. Conodonts recovered from the base of the
platy limestones (Krystyn, personal communication to A. Baud) indicate a Dienerian age. Possibly, unit
4 may extend into the Smithian, although there is no definite paleontological data available.

Carbon and oxygen isotope data

The 8"C values vary between +1.6%0 and +4%o and show little variability upsection. 8O values vary
between -4.4%o and -1.7%. and do not covary with 8°°C values (fig. 24f). Two 8"C values obtained on
samples of the gray bioclastic limestones from the base of the section are very close to +4%o, values
within the range of variation for the Upper Permian carbonates. All Lower

All Lower Triassic carbonate lithologies gave §”°C values around 3%o, without any marked
stratigraphic trend and with low variability for neighbourghing samples. Only two samples from the top
of the measured section (WM196 and WM198) gave 8°°C values around 1.8%o, about 1%o lower than
the average of the samples with a lower position in the section.

We made some tests on samples coming from a small block in the neighbourhood of the section. This
block is made up exclusively of Hallstatt-type limestones (it corresponds to Section 5 in Pillevuit
(1993), see page 97 therein). The age of the Hallstatt-type limestones occurring in this block is Upper
Smithian (4nasibirites zone) (H. Bucher, personal communication).
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The 8°C values vary within a relatively wide range, comprised between +0.8%o and +2.7%o, while
the 80 values are relatively low, varying between -4.2%o and -1.8%o. Similar high variability of §"°C
values in Hallstatt-type limestones have been observed at the Wadi Alwa section. It should be noted,
however, that within the Anasibirites zone large variations in §°C values were found in Salt Range and
possibly, they are related to changes in seawater chemistry. For the Upper Smithian Hallstatt-type
limestones from Wadi Musjah, the number of samples available was to small to define a carbon isotope
stratigraphy.

5.5. Conclusions

The 8°C values of whole rock carbonates from the Oman vary over a wide range comprised between -
2%o t0 +6.6%0. The 8'°0 values also show large variations, between 0%o and -10%o.
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Fig. 30 The 8"0 - 3"C cross-plot for the Lower Triassic carbonates of the Oman exotics

The 8"C values from Permian carbonates, although in a limited number, are high, generally higher than
+3%o, confirming thus the observation made by previous studies (e.g. Holser and Magaritz, 1987). The
only exception found in Oman comes from the Wadi Sahtan section, where 5"°C values from the upper
part of Saiq Formation, considered as Upper Permian in age, are roughly close to +1%o. Considering
that the overwhelming majority of 6"°C values obtained from Upper Permian carbonates world-wide are
higher than +3%e, and that carbonates from the lower part of the Saiq Formation gave typical high 3°C
values, this might indicate that the upper part of the Saiq Formation may belong to the Lower Triassic.
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A prospective carbon isotope profile from the Maqam Formation show variations similar to those
reported across the Permian-Triassic boundary world-wide and suggest that the boundary between
Permian and Triassic strata should be traced between Units B and C.

The most significant data-set comes from the sections in the Oman exotics and particularly from the
Lower Triassic limestones. The interest for the Lower Triassic carbon isotope record is due to the fact
that the carbon isotope stratigraphies acquired from the Northern Indian margin showed unusual large
variations and negative background values, which contrast with the better established carbon isotope
curve for the remainder of the Mesozoic and for the Tertiary.
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Fig. 31 Stratigraphic plot of 8°C values for the Lower Triassic carbonates of the Oman
exotics

8°C values from the Lower Triassic carbonates from the Oman exotics vary between -0.7%o and
+3.6%o, while 60 values vary between -9%o and -1.7%o (fig. 30). There are two significant features
provided by the Lower Triassic carbon isotope data-set:

e many 3°C values are relatively high, higher that +2%o, which is unexpected for Lower Triassic
carbonates; most of the previously published 8C values from the Lower Triassic are lower than +2%o
(see review in Grossman, 1994 and Scholle, 1995). It was generally assumed that such high §°C values
were restricted to the Upper Permian, thus reinforcing the contrast between Upper Permian versus
Lower Triassic marine signatures.

e the 8°C values show large variability, both for any single section and for various sections
compared. The Oman exotics record (fig. 31), for instance, comprise carbonates representing a
relatively short period of time (from the Early Dienerian to the Late Smithian) and fairly similar pelagic
depositional environments. The 6"°C values vary over a range of 4.5%o, without a clear stratigraphic
trend. The Permian and Triassic strata of Oman underwent severe post-depositional diagenetic
histories, being tectonically transported in front or beneath the thick Semail Ophiolite Nappe system
and it is likely that they were the subject of enhanced fluid circulation or burial. This is also indicated
by the covariant trend between the 8°C and 8®Ovalues (fig. 30). However, diagenesis would have
lowered the 8°C values, and not only increase their variability. We believe that the high variability of
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8"C values is a characteristic of the Lower Triassic carbonate sediments. This may be related to global
short term variations in seawater chemistry or local variations of 8"C values of the seawater related to
particular paleoceanographic settings. The former alternative is not substantiated by systematic
stratigraphic variations, but this may due to our incapacity to detect them because of the lack of
biostratigraphic constraints and the poor chronostratigraphic coverage for single sections.
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CHAPTER 6

CONSTRAINTS FROM THE TRIASSIC OF NORTH
DOBROGEA

The present chapter describes stable isotope data acquired between 1994 and 1998. Basic information
related to stratigraphy is based on unpublished data provided by E. Gradinaru (University of Bucharest)
and from previous studies carried by the author together with E. Gradinaru. Most of the sections described
herein were re-examined and sampled together with A. Baud, S. Bourquin, S. Crasquin-Soleau, B, Galbrun,
E. Gradinaru and M. Renard under the frame of the Peri-Tethys Program.

6.1 Geological settings and stratigraphy

6.1.1. Geological settings

The province of Dobrogea, an elevated area within the Carpathian Foreland, is located in the south-eastern
part of Romania, between the lower stream of the Danube River and the Black Sea. In the northern part of
Dobrogea a geological distinct unit occur, the North Dobrogean Orogene (NDO), the only geological unit
within the Carpathian Foreland to display pronounced Alpine tectonic deformations.

The North Dobrogean Orogene represents the westernmost segment of the Cimmerian fold and thrust belt
and in the present day configuration it is bordered northward by the Scythian Platform and southward by
the Moesian Platform (Sandulescu, 1984), along the Galati-Sfantul Gheorghe fault and the Peceneaga-
Camena fault, respectively (fig.32). It was interpreted either as an intracratonic Early Alpine Orogene
(Dumitrescu and Sandulescu, 1968; Sandulescu, 1984), as a Tethyan terrain removed from the main
Tethyan areas by post Triassic large scale horizontal displacements (Gradinaru, 1984; Marcoux et al.,
1993; Stampfli, 1997).

According to current interpretations, the North Dobrogean Orogene is made up of a pile of north easterly
verging thrust-sheets or nappes. From south-west to north-east, one can distinguish Macin, Consul,
Niculitel and Tulcea Units (Fig. 32). While the Macin, Consul and Tulcea Units are continental basement-
sheared nappes, the Niculitel Unit (a wholly unrooted nappe) represents a Cimmerian suture zone,
comprising essentially Late Scythian to Middle Anisian mafic lava flows intercalated with pelagic
limestones.

Paleontologic and stratigraphic investigations in the Triassic of North Dobrogea started more than a
century ago. Among the early publications one may mention Peters (1867), Anastasiu (1896,1898), Redlich
(1896), Kittl (1908), Simionescu (1910, 1911, 1913, 1925) and later Atanasiu (1940) and Mutihac (1964).
During the last decades, the Triassic of the NDO was extensively studied by geologists from the Geological
Institute of Bucharest (Oreste and Elena Mirauta, Albert Baltres, Doina Gheorghian, among others) and the
University of Bucharest (Eugen Gradinaru). Relatively few of their results have been published as journal
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articles, most of the data are presented as internal reports or as field excursion guidebooks with restricted
circulation. However, their studies acquired a huge amount of information relative to the Triassic geology
of North Dobrogea, established a detailed bio and litho stratigraphical framework and outlined complex
stratigraphic relationships between the various lithologic units.

All the above mentioned studies recognized the Tethyan (Alpine) character of the North Dobrogean
Triassic. This is a somewhat unexpected feature of the North Dobrogean Orogene given its remote position
with respect to the major Tethyan Triassic regions. As a matter of fact, the confining structural units (i.e.
Moesian and Scythian platform) exhibit a "Germanic" type Triassic.

Triassic sedimentary rocks occur in all major tectonic units of the NDO (Macin, Niculitel and Tulcea units)
showing a high diversity of depositional environments from siliciclastic to dominantly carbonatic. However,
the largest development is recorded in the outermost one, that is the Tulcea Unit. During Early and Middle
Triassic times the area has been involved in rifting processes, as suggested by the development of basaltic
rocks interbedded with marine pelagic sediments (Mirauta, 1982). The Tulcea Unit preserves the
sedimentary record of one of the flanks of the newly formed rift basin.

6.1.2. The Triassic of the Tulcea Unit

The Triassic sedimentary cover of the Tulcea Unit is overlying unconformably a Hercynian basement. The
oldest Triassic deposits are terrigenous and are attributed to the Lower Olenekian on the basis of a bivalve
association with Eumorphotis (Gradinaru, written communication). The basinal and carbonate platform
sedimentation started in the Early Spathian and continued, more or less without interruption, until the end
of the Triassic. The sedimentation pattern was closely controlled by rifting related extensional tectonics
which resulted in a pronounced submarine topography and in varying subsidence rates across the margin
(Gradinaru, 1993). Consequently, the lateral contact of coeval lithological units is usually sharp and the
thickness of time equivalent deposits is highly variable. However, due to the detailed biostratigraphic and
sedimentologic studies carried out essentially by romanian geologists, the time-space distribution of the
various lithological bodies can be accurately reconstructed. ‘

Accordingly, on the basis of the areal distribution of various carbonate lithofacies it is possible to
reconstruct the geometry of the Dobrogean Triassic margin. While uniform sequences of alternating
micritic limestones and marls, reflecting basinal sedimentation, are developed in the western part of the
Tulcea unit (Cataloi zone), the eastern part record bioclastic limestones deposited in shallow water
environments (Murighiol zone). In the central part (Agighiol-Zebil), various types of deeper water
carbonate deposits formed (Gradinaru, 1993). Considering the distribution of depositional environments
along a shallow water to basin transect, one can recognize that the carbonate sedimentation settings evolved
from a homoclinal ramp in the Anisian to a rimmed platform in the Carnian (according to the classification
of Tucker, 1993). The geometry of the Spathian carbonate platform is difficult to asses, as there are limited
informations relative to the shallow water environments but, judging from the large development of slope
carbonate deposits (Baltres, 1993) it could be a distally steepened carbonate ramp.

A particularity of the NDO Triassic is the large development of Spathian and Anisian succession, in
various depositional settings and in a very well established biostratigraphical framework (Gradinaru, 1993).
There are especially the ammonoid faunas which are characterized by rich and taxonomically diversified
assemblages. Consequently, a large number of biozones that were documented either in the Tethyan area or
in North America have been recognized here (Gradinaru, unpublished).
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6.1.3. Lithostratigraphy

The nomenclature and the stratigraphical relationships between the main lithological units of the Tulcea
Unit is summarized in fig. 33. The ages and nomenclatures shown in this chart are mainly based on
informations provided by Eugen Gradinaru (both oral and written communications). The nomenclature used
in this study differs in some respects by that proposed by Baltres and Mirauta (1996). The lateral
relationships between the lithological units are much more complicated that it can be deduced from the
chart, some of the units having recurrent or diachronous occurrences in the different facies zones.
Following are brief descriptions of the lithostratigraphical units that have been considered in this study.
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Fig.33 Tentative lithostratigraphical chart showing the time-space relationships between the
lithological units used in the present study (based on data from Gradinaru, unpublished)

Tulcea Veche Formation -Lower Spathian, (Gradinaru, unpublished)

The Tulcea Veche Formation occurs only in an abandoned quarry located about 1 kilometer north-west of
main Tulcea railway station. It consists of closely alternating, thinly bedded, dark-coloured, fine-grained
turbiditic limestones and shales. These deposits were included by Baltres (1993) to the Somova Formation,
as a distinct member. Following Gradinaru (1993) a formational status is preferred herein because it
represents a distinctive depositional environment (basinal settings). The age of the Tulcea Veche Formation
is Early Spathian (Gradinaru, 1993), on the basis of ammonoids (which include representatives of Tirolites
cassianus).
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Somova Formation -Upper Olenekian (Baltres, 1993)

The Somova Formation is recognizable throughout most of the Tulcea Unit (Baltres, 1993), with the best
outcrops occuring in the northern part of the Tulcea unit in the Somova - Mineri area. It is made up of thick
sequence (up to 1000m) of resedimented (allodapic) limestones, the facies may range from calcilutites to
calcrudites, with typical turbiditic sequences. The depositional environment of the Somova Formation is
interpreted to be at the base of a carbonate ramp slope, with extremely high sedimentation rates. The
Somova Formation is dated as Upper Olenekian (Spathian) on the basis of conodonts and foraminifera
(Mirauta, 1982; Baltres, 1993).

Trei Fantani Formation -?Early Anisian - Middle Anisian (Gradinaru and Baltres, unpublished)

The Trei Fantani Formation is well exposed in the Trei Fantani quarry, 3 km south of Tulcea. It overlies
massive dolomites and it is overlain by the Cataloi Formation. The Trei Fantani Formation is divided in two
members. The lower member, 100 m thick is made up of nodular, red and greenish-gray, massive bedded
limestones. The upper member, 30 m thick, consists of dark grey evenly bedded cherty limestones with thin
shaly interbeds. On the basis of ammonoids and conodonts, the age of the Trei Fantani Formation is Middle
Anisian. Its base may extend in the Early Anisian. The depositional environment is represented by a deep
pelagic carbonate bank. More details can be found in localities description, Trei Fantani-Bididia quarries
section.

Marelb Formation Middle Anisian to Upper Anisian (Gradinaru, unpublished)

The Marelb Formation crops out in the Hills between the Zebil and Congaz (Rindunica) villages and it is
well exposed in the Dealul Rosu Hill. In this area it overlies the Hallstatt-type limestones of the Agighiol
Formation and is overlain by the Zebil Quarry Formation. The Marelb Formation is divided in two
members. The lower member is made up of a sequence of thinly bedded reddish, nodular, cherty limestones
alternating with reddish marly shales and occasionally with rhyolitic tuffitic rocks. The age of the lower
member is Middle Anisian (Gradinaru, 1993), on the basis of ammonoid assemblage recovered from the
upper part, correlative with the constrictus subzone (Bucher, 1992) of the low latitude North American
Triassic. The underlying Hallstatt-type limestones contain Early Anisian ammonoids. The upper member of
the Marelb Formation consists of a sequence of gray nodular cherty limestones with black silica nodules
followed by black bituminous limestones to the top. Ammonoids collected from a ravine north of Dealul
Rosu Hill indicate an early Late Anisian age (Paraceratites zone) (Gradinaru, 1993). The upper part of the
Marelb Formation is exposed in the Zebil quarry and contain late Anisian conodonts (see localities
description, Zebil Quarry section). The thickness of the Marelb Formation is difficult to estimate due to the
poor exposure of strata.

Agighiol Limestone -Spathian - Lower Carnian (Gradinaru, unpublished)

The Agighiol Limestone occur in many localities in the central part of the Tulcea Unit but the most
complete sequence occur in the eastern flank of the Dealul Pietros Hill, just near the Agighiol village. Other
localities where the Agighiol Limestone crops out are: Desli Caira, Uzum Bair, Orta Bair, Dealul Rosu,
Dealul Mare, Dealul Lung, among many others. In this formation are included the red pelagic limestones
commonly described as "Hallstatt-type" limestones. The Agighiol Limestone consists of sequence of thick
bedded varicoloured pelagic limestones with subordinate marly partings. They are rich in fossils (mainly
cephalopods), strongly bioturbated and locally may exhibit a nodular fabric. Hardground surfaces and Fe-
Mn crusts typically occur, as well as neptunian dykes and burial diagenetic features like dissolution seams
and stylolites.

Both lateral and vertical relationships with adjacent formations are extremely complex, due to the marked
heterochronous character of the Agighiol Limestone. Its thickness is highly variable as well; however, from
a composite section (see localities description) we measured over 100 m and this likely represents the higher
range of thickness. The oldest age reported from limestones belonging to the Agighiol Limestone is Lower
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Spathian on the basis of a conodont association with Neospathodus triangularis (see localities description,
section Dealul Pietros I) and the youngest is Lower Carnian (Simionescu, 1913, Gradinaru, 1993).

The Hallstatt facies is generally interpreted as a pelagic deposit laid down far from any source of
terrigenous sediment. Close juxtaposition of ammonoids zones indicates very low rates of sedimentation.
The depth at which Hallstatt-type limestones rocks formed has long been debated, but most likely it lies
between 100-300m (Tucker, 1993), on structural submarine highs or on deeper parts of the carbonate
ramp.

Caerace Limestone -Lower Anisian - ?Upper Anisian (Gradinaru, unpublished)

The Caerace Formation occurs in the Caeracul Mare and the Caeracul Mic Hills, about 4 km south-west of
Mahmudia village, with the best exposure in the big quarry located on the south-eastern flank of the
Caeracul Mare Hill. As defined herein, the Caerace Formation is divided in two members, with the lower
member made up of dark coloured micritic limestones, partially dolomitized and the upper member
consisting of a thick sequence of massively bedded, varicoloured (from gray to reddish) micritic limestones
with abundant stromatactis structures. The carbonates included in the Caerace Formation were deposited in
a mud mound developed on the inner part of the Anisian carbonate ramp. For a more detailed lithological
description of the Caerace Formation see the localities description (Mahmudia quarry section). Its age is
Middle Anisian, on the basis of ammonoids (Gradinaru, unpublished); however the lower member may
extend downward in the Lower Anisian, as it will be discussed bellow.

Murighiol Formation -Middle - Upper Anisian (Gradinaru, unpublished)

The Murighiol Formation crops out exclusively in the eastern part of the Tulcea Unit, in the Hills
surrounding the Murighiol village. The bulk of this formation is composed of thick bedded, sometimes
massive, white and medium gray bioclastic limestones and locally dolomites. A characteristic feature of the
Murighiol Formation is the presence of oncolitic and algal levels, which point to a high energy shallow
water carbonate environment,. The stratigraphic relationships with adjacent lithological units are not known
because of the poor exposure of rocks in the area. North-west of the Dunavatul de Sus village, the
limestones belonging to the Murighiol Formation overlain massive dolomites and dolomitic limestones. The
thickness of the formation cannot be precisely measured from outcrops, but it likely exceed 100 meters. The
Middle-Late Anisian age of the Murighiol Formation was established by Dragastan and Gradinaru (1975)
on the basis of calcareous algae (Oligoporella - Physoporella genera grouping) and confirmed by
brachiopod data (Mirauta, personal communication).

Cataloi Formation -Upper Anisian - Upper Norian (Gradinaru, 1984)

This formation is best exposed in the Trei Fantdni and in the Bididia quarries but it also occur in the
Cataloi area. It consists of evenly bedded, black limestones alternating with marly shales, dark-gray marls
with yellowish weathering. For a more detailed lithological description see localities part, Trei Féantani -
Bididia quarries and Cataloi sections. The Late Anisian age of the basal part of the Cataloi Formation is
indicated by the presence of Paraceratites at the Trei Fantani Quarry (Gradinaru, written communication)
and by conodonts and foraminifera at Cataloi type section (Mirauta et al., 1993). In the Cataloi type section
the upper part extends into the Upper Norian, and is covered by the Frecatei Sandstone (Gradinaru, 1984),
while in the Bididia quarry its top is not younger than the Early Carnian (on the basis of conodonts) and is
covered by the Bididia Formation.

The stratal patterns and microfacies types suggest a deep water, basinal deposition of the Cataloi
Formation. The organic carbon concentration and the occurrence of abundant pyrite are consistent with a
deposition in anoxic-dysaerobic bottom waters. Episodes of relatively more aerated bottom waters are
indicated by bioturbation occuring at some levels.
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Zebil Quarry Formation —Ladinian (Gradinaru, unpublished)

The Zebil Quarry Formation occurs in Zebil quarry, located about 1km north-east of the Zebil railway
station, close to the Dealul Rosu Hill. It includes a 20 m thick sequence of nodular limestones alternating
with red shales and probably represent a deeper equivalent of the Agighiol Limestone (part of it). It overlies
conformably the Marelb Formation, as it can be seen in the floor of the quarry. Its contact with the
overlying Enisala Formation is gradational. The age of the Zebil Quarry Formation is Ladinian, on the
basis of ammonoids and conodonts. For more details see localities description (Zebil quarries section).

Enisala Limestone -?Upper Ladinian - Lower Carnian (Gradinaru, unpublished)

The Enisala Limestone crops out in some hills in the neighbourhood of the Enisala village, in the two
quarries near the Zebil railway station and in the Popina Island. It is represented by massive, light-gray
bioclastic limestones, referred to as « Wetterstein—type » limestones. A detailed lithological description can
be found in Baltres et al., (1982). Macrofossils are rare within the Enisala Limestone; an ?Upper Ladinian -
Lower Carnian age has been attributed on the basis conodont faunas that have been recovered from several
levels. In the Zebil railway station - Congaz are the Enisala Limestone overlies progradingly the Zebil
Formation and is overlain by the Upper Carnian to Upper Norian Congaz Formation.

Bididia Formation Upper Carnian — Norian (Gradinaru, unpublished)

The Bididia Formation occur in the Bididia quarry, 4 km south of Tulcea, close to the Trei Fantani quarry.
It consists of a mixed siliciclastic-carbonate sequence, with calcareous debris flows at the base which grade
upwards to terrigenous turbidites alternating with black pelagic limestones. Its thickness can reach several
meters. The base of the Bididia Formation is dated as Upper Carnian, on the basis of conodonts and it
presumably extends into the Upper Norian.

Congaz Formation -Upper Carnian-Upper Norian, (Gradinaru, unpublished)

The Congaz Formation is exposed about two kilometers south of the Congaz (Rindunica) village in the
small Hills from the left side of the Telita river. It consists of well bedded, dark gray to reddish fine-grained
bioclastic limestones interbedded with cherty limestones and shales. The Congaz Formation overlies the
Enisala Limestone and its onset indicate the drowning of the "Wetterstein" platform. Conodont and
foraminifera faunas (Mirauta and Gheorghian, 1975), as well as ammonoids and halobiid bivalves
(Gradinaru, unpublished) support a Late Carnian to Late Norian age of the Congaz Formation.

Dealul Lung Formation -Upper Carnian (Gradinaru, unpublished)

The Dealul Lung Formation crops out in the Dealul Lung Hill, near Agighiol village, where it overlies the
Agighiol Limestone. It is made up of well bedded, black, finely grained bituminous limestones with whitish
weathering and thin intercalations of silty shales. Large euhedral pyrite (up to cm size) crystals occur
disseminated in the rock. The sediments belonging to the Dealul Formation are believed to record a
sedimentary area developed in the Late Carnian, with restricted circulation and anoxic to dysaerobic bottom
waters. Ammonoids fauna recovered from the lower part of the Dealul Lung Formation, including
‘representatives of Tropites, point to a Late Carnian age (dilleri zone) of the Dealul Lung Formation
(Gradinaru, 1993).
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6.2. Stratigraphy, carbon and oxygen isotope data

For the present study Triassic carbonate sequences were examined in a number of 14 sites (fig. 34). The
selection of these sites was made in order to obtain a good stratigraphical coverage with a good age control,
trying to sample a variety of depositional environments over a shallow water to basin transect. In the
following section the examined sections are presented according to their position along the transect.

6.2.1. Shallow water settings

Anisian shallow water deposits crop out exclusively in the eastern part of the Tulcea Unit, in the Mahmudia
-Murighiol area. In the following, two sections from this area are described. Shallow-water carbonates are
also known from Carnian, belonging to the Enisala Formation; a sequence comprising these rocks will be
described in the "deep water" part, as they have been studied in a sequence that include also deep-water
deposits. '

Mahmudia Quarry

In the big quarry located about 4 km west of Mahmudia village, on the south-eastern flank of the Caeracul
Mare Hill, a thick sequence of ?Early -Middle Anisian shallow water limestones (belonging to the Caerace
Formation) occur. A 136 m profile, in the front of the lower level of the quarry, (October 1995) has been
measured and sampled. Two main lithological units have been recognized from the base to the top, which
have been further subdivided in several subunits (fig 35).

The lower one, 40 m thick, named "mottled limestone", is made up of two thickening upward sequences (Al
and A2) of dark coloured bedded limestones which pass laterally (gradually) to white or yellowish
dolomites (pure dolomites occur in the upper front of the quarry and in the northern flank of the Caeracul
Mare Hill). The limestones are strongly burrowed; the burrowed zones, often anastomosed, are
preferentially dolomitized and enriched in Fe oxides, resulting in orange to purple red coloration. Several
hardground surfaces were identified, mainly in the A2 sequence. Stromactis-type structures also occur, but
they are not as frequent as in the overlying unit. Microfacially they consist of mudstones to wackestones,
with bioclasts of ostracods, foraminiferas, rare thin shelled bivalves and crinoid elements.

The rock-sequence grades upward to thick bedded or massive varicoloured limestones, from gray to
reddish, with typical stromatactis cavities, therefore named "Stromatactis limestone”. The lower part of the
"Stromatactis limestone" (B1) is well bedded, strongly affected by dolomitization and contain planar
stromatactis cavities. In thin sections, when the primary fabric escaped from dolomitization, it is possible to
distinguish the mud-supported fabric (dominantly mudstone), with ostrocodes, bivalve debris, foraminiferas
and crinoid elements.

The bulk of the "Stromatactis limestone" is made up of thick bedded burrowed micritic limestones (B2 and
B3). The limestones are characterized by an extremely high carbonate content (deduced from the small
amount of acetic acid insoluble residues) and by the presence (rock-forming) of stromatactis cavities.
Microfacially, they are mainly mudstones and wackestones, rarely packstones, display a fenestral fabric
and contain ostracodes, thin and thick shelled bivalves, foraminiferas, crinoid elements, siliceous spicules
and rare peloids. Microfossils recovered from limestones of the Caerace Formation (acetic acid insoluble
residues) include abundant conodonts, fish teeth and scales, few foraminifera and holothurian sclerites.

The size of the stromatactis voids may vary from microscopic to decimetric. They usually have a flat base
and a digitate roof (they are typical), most of them are isolated, although at several levels they might be
interconnected, displaying a "zebra-rock" texture.
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The calcite filling the stromatactis voids consists generally of two or three types of cement grown
concentrically. On the borders of the void, there is usually a thin layer of gray equant spar, while in the
inner part, forming the bulk of the void filling there is coarsely grained white blocky calcite. Typically,
internal sediment rests on floor of the cavity, thus forming geopetal structures (Plate 5, Fig. 1). Internal
sediment was observed also as "clasts" within masses of spar filling the void. Besides the stromatactis
cavities, there is important volume of ellipsoidal or irregular shaped voids and fissures filled apparently
with the same type of cements as the stromatactis cavities. The presence of the stromatactis structures,
together with hardground surfaces, indicates an early lithification of the carbonate sediment (Bathurst,
1980; 1982; Tsien, 1985).

The sedimentological observations outlined above suggest that the carbonates included in the Caerace
Formation formed in a shallow water mud mound setting. The most characteristic feature is the abundance
of stromatactis cavities in a thick sequence of muddy carbonate-rich sediment. By analogy with other mud
mound carbonates (Reitner and Neuweiller, 1995; papers in Monty et al., 1995, and in Neuweiller et al.,
1997), the carbonate mud that dominates the microfacies of the Caerace Limestone originated probably
from autochtonous precipitation mediated by nonpreserved microbial communities. However, a mound
shape could not be discerned in the field, although the strata from the quarry display an antiform structure.

At the time this chapter is being written, limited diagnostic paleontologic data from the measured section is
available (the paleontologic work on conodont fauna is in progress). A conodont fauna was collected from
the sample R95-78 (located at the top of the section) and contain Gondolella bulgarica (Budurov &
Stefanov), Gondolella constricta Mosher & Clark and Gondolella bifurcata (Budurov & Stefanov), an
assemblage indicative for the Upper Middle Anisian (Pelsonian). Ammonoids recovered by E. Gradinaru
(oral and written communication) from quarried blocks (which likely come from the upper part of the rock-
sequence described herein) indicate a Middle Anisian age (an association correlative with the Kocaelia
zone). Middle Anisian (and possibly Early Anisian) conodonts have been found from previously collected
samples from the quarry (Mirauta, personal communication). From the same quarry, a package of
coquinoid limestones, over 5Sm thick with gastropods, ammonoids, nautiloids and bivalves has also been
found (Gradinaru, personal communication).

Stable isotope data

The carbon and oxygen isotopic composition were measured on some selected samples along the measured
section. In addition, for one sample (R95-78) Sr isotopic composition was measured (both whole-rock and
stromatactis filling cement).

The 8"C values fall in a range comprised between +0.4%o to +4.2%o. The highest values are recorded in the
dark burrowed limestones from the base of the section, with values ranging from +1%o to 4.2%o, most of
them higher than +2%o. Towards the top of the "Mottled Limestone", the §°C values decrease gradually,
reaching a minimum of +1%o close to the hardground surface that separates the two members of the
Caerace Formation. The "Stromatactis limestone" is characterized by fairly constant §°C values, around
+2%o, with some lower values towards the top of the section. Overall, the §°C values show a distinct
stratigraphic trend, with a gradual but rapid decrease in §C values in the vicinity of a lithological change,
marked by a hardground surface. Marshall and Ashton (1980) measured 3”C values of carbonates across
hardground surfaces and found a slight lowering of 3"°C values towards the hardground, however this trend
has not been recorded in all sections they analysed. Moreover, the lowering of 8°C values was recorded in a
cm scale. Our data show a trend towards lower 8"°C values on a meter scale. Data from other sections (all
sections from Agighiol Limestone) haven’t found variations of carbon isotopes underneath hardground
surfaces. Therefore the decrease in §"°C values is not considered to be directly related to the occurrence of
the hardground. Whole-rock 3'*0 values vary from -1.8%o to -4.35%o, with most of the values between -2%o
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and -3%o. The cross-plot of %0 - 8”C (fig. 36a) values show a positive correlation between the two

parameters, which would support a geochemical diagenetic overprint. The lowermost 6°C values are

correlated with lowermost 8O values. However, there are several lines of evidence, that suggest that the
general 8°°C stratigraphic pattern is not significantly affected:

e carbon isotope variations are higher than the oxygen isotope variations (dismissing the extreme values,
the range of variation is about +2%o for §"°C and +1.5%o for 3'°0)

o the lithological change, correlated with 8"°C variations, is not significant in terms of carbonate contents.
Moreover, the organic matter is more abundant in the limestone that gave higher 8“C, contrary to what
it would be normally expected if a diagenetic overprint is present. Organic diagenesis can lead to
higher 8“C values only in the bacterial fermentation zone (Irwin et al., 1977)

e the ¥Sr/*Sr ratios of both whole-rock and early diagenetic cements are within the range of
contemporaneous seawater. Strontium isotopes are more sensitive to diagenesis than carbon isotopes
(Banner, 1995)

Mahmudia Quarry
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Fig. 36. 5°0 - §°C cross-plot for Mahmudia (a) and Duna Hill (b) sections.

An alternative interpretation for the observed stratigraphic trend is that it reflect variations in seawater
isotopic composition, as it will be discussed later in the text.

Carbon and oxygen isotope data, as well as ¥Sr/*Sr ratios support an early lithification of the carbonates
included in the Caerace Formation and an early origin of the void filling cements, although a more
systematic study would be needed to reinforce this statement.
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Duna Hill

In the Hills from the neibourghood of the Murighiol village the Middle-Upper Anisian Murighiol Formation
is relatively well exposed. However, a representative section through the entire formation cannot be
measured from outcrop exposures. The lithology and the stratal pattern is quite uniform, fossils are rare
and correlations from one hill to another difficult. We have measured and sampled a 34m thick profile (fig.
37) in an abandoned quarry from the Duna Hill (28°48'08"E; 45°0427"N), north of Saraturile Lake, 4 km
west of Mahmudia village.

The examined sequence comprise thick bedded, monotonous light gray bioclastic limestones with
interbedded coarse grained dolomites at the top of the profile. Oncolites can be observed both macro and
microscopically. They are essentially grainstones, with bioclasts, oncolites and peloids (which can be
micritized bioclasts), locally grapestones, bounded by spar cement or incorporated in a micritic matrix.
Bioclasts are mainly calcareous algae, foraminiferas and ostracods. The microfacies is typical for a high-
energy shallow water environment. The age of the of the limestones is Upper Middle Anisian - Upper
Anisian, on the basis of calcareous algae (Dragastan and Gradinaru, 1975). The facies is very similar to the
Steinalm limestone of the Northern Calcareous Alps.
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Fig. 37. Carbon isotope profile of Duna Hill section
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Stable isotope data

Both 8"C and %0 values vary in a narrow range (8”C values vary between +1.2%0 to +2.5%0 and 5'°0
values between -3 to -4.2) and do not show any significant trend along the section. Mean values are +1.8%o
for 8°C and -3.5%0 for 3"0. 8'%0 - 8"C cross-plot (fig. 36b) show a slight correlative trend, which is
accentuated by two extreme points. Discarding these two values, no correlation between §"°C and 6'°0
values is visible.

6.2.2 Deeper water settings

In more distal parts of the carbonate ramp (in the Agighiol-Zebil zone) carbonate sediments were deposited
in a complex framework of submarine highs characterized by continuous or intermittent pelagic
sedimentation (the fine-grained, usually red, condensed pelagic limestones deposited on submarine highs are
very common in the Tethyan Triassic and are termed "Hallstatt-type" limestone). These elevated areas were
separated by intra-platform troughs where marly and cherty limestones were deposited concurrently.

In the Agighiol area (Plate 4, Fig.1) the Triassic rocks are present in two major tectonic compartments,
which exhibit two distinct lithologic sequences (Gradinaru, 1993). The two compartments are separated by
a NW-SE trending and NE verging reverse fault, visible at Dealul Pietros Hill. In the East Agighiol
compartment, the sedimentary record is essentially of "submarine high" type, with Hallstatt type limestones,
whereas in the West Agighiol compartment the "intra-platform trough" type sequence prevails.

The sections selected for the present study represented both red Hallstatt-type limestones and intra-platform
trough-type carbonate sequences and they are well dated by ammonoids (Gradinaru, 1993 and written
communication) and conodonts (paleontologic determinations by E. Mirauta).

The Hallstatt-type sequence (Agighiol Limestone)

The Hallstatt-type sequence (represented in Dobrogea by the Agighiol Limestone) is studied through a
composite section spanning the Late Olenekian to Late Carnian that includes three sections from the Dealul
Pietros Hill, one from Desli Caira Hill and one from Dealul Lung Hill (see Fig. 34 for location).

The lithology and the stratal patterns are similar for the five individual sections, therefore a general
characterization of the Agighiol Limestone will be made in the following (see also Baltres, 1976).

The Halistatt-type limestones represent a facies which is very common in the Tethyan Triassic - and,
according to Tozer (1984) restricted to the Tethys - and similar with the Devonian "Griotte" (Wendt and
Aigner, 1985) and with the Jurassic "Ammonitico Rosso" (Jenkyns, 1971). Many of the Hallstatt
limestones of other localities in the Tethys are known to be "exotic" blocks. Hallstatt-type limestones are
rarely found in well ordered stratigraphic sequences (Tozer and Callon, 1990) and in this respect their
occurrence in North Dobrogea is of great interest.

In the studied sections, they are thick bedded varicoloured, mainly reddish, pelagic limestones subordinately
interlayered with whitish Posidonia-bearing coquinoid limestones. Often there are differences in color in
micrite zones due to local enrichment in Fe and Mn in burrowed sediments (Plate 5, Fig. 2). They have
marly partings, are strongly bioturbated and locally may exhibit a nodular fabric. Hardground surfaces,
Fe-Mn crusts and neptunian dykes typically occur. Microcavities of stromatactis-type are commonly
present and, to a lesser extent laminitic and stromatolitic structures (Plate 5, Fig. 3). The microfacies is
mainly wackestone to packstone with baby-ammonites, thin-shelled bivalves, brachiopods, foraminiferas,
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crinoid fragments, calcitized radiolarians, gastropods and ostracodes. Acetic acid insoluble residues contain
abundant conodonts, fish teeth and scales, foraminiferas, and occasionally holothurian sclerites.
Ammonoids are relatively abundant and well preserved, although difficult to extract from the host rock.
Their preservation is locally enhanced by manganese oxides coatings. The ammonoids are filled with
sediment and occasionally with white spar. '

The development of hardground surfaces and neptunian dykes, the absence of mechanical compaction
features support the idea of early lithification of the carbonate sediment (Demicco and Hardie, 1995; Clari
and Martire, 1996). Unpreserved microbial mats may have had an important role in trapping and binding
the carbonate sediment, as suggested by the presence of stromatactis-type structures and locally laminitic,
sometimes stromatolitic structures. In this respect, the limestones share much with the Jurassic
"Ammonotico rosso" (Martire, 1996). Burial diagenetic features observed are dissolution seams and
stylolites. Stylolites are filled either with sediment and Mn-Fe oxides, locally with bladed cement.

Agighiol Dealul Pietros

Dealul Pietros, located about 1 km west of Agighiol village, became famous in the paleontological literature
due to the classical monographs by Kittl (1908) and Simionescu (1913). It is also the type locality for the
Agighiol Limestone, which has here the most extensive development. Both tectonic compartments separated
in this area (East Agighiol and West Agighiol, respectively) occur at Dealul Pietros, and in both of them the
Agighiol Limestone is present, although at different stratigraphic levels. One of the three sections measured
at Dealul Pietros (I) is from the West Agighiol compartment, the others (Il and III) are from the East
Agighiol compartment. The sections are represented in fig. 38.

Dealul Pietros I

Located at the top of the Dealul Pietros Hill, on the north-eastern flank, this section consists of a 50 m thick
sequence of massive red limestones and subordinate dolomites. This sequence represents the base of the
-~ West Agighiol compartment succession and it is followed by closely alternating dark gray platy limestones
with stratiform or nodular siliceous nodules and greenish to black marls.

Conodonts have been recovered from three samples, as follows (paleontologic determinations Elena
Mirauta):

V97-511

Neospathodus homeri (Bender)
Neohindeodella benderi Kozur & Mostler
V97-514 ‘
Neospathodus triangularis (Bender)
Neospathodus spathi Sweet
Neospathodus homeri (Bender)
Neohindeodella benderi Kozur & Mostler
Ozarkodina turgida Bender

V97-524 .

Neospathodus homeri (Bender)
Neospathodus spathi Sweet
Neohindeodella benderi Kozur & Mostler
Neohindeodella ceweki (Bender)
Ozarkodina turgida Bender
Enantiognathus mitzopouli (Bender)
Anastrophognathus sagittalis Bender
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The conodont faunas from the samples coming from lower half of the measured section (V97-511 and V97-
514) are indicative for the lower Spathian, while the fauna recovered from the sample V97-524 indicates
the base of the upper Spathian.

Dealul Pietros 11

A second section at the Dealul Pietros Hill was logged on the eastern flank of the Hill, at its base
(28°51'56"E; 45°01'45"N). It represents the base of the East Agighiol compartment sequence. The first 10
meters are exposed in a E-W orientated ravine (the largest ravine) that cut the loess deposits covering the
base of the sequence. The limestones vary in color from pink to red or gray, thick bedded (bed thickness
may vary from 30 cm to 1m) and are strongly burrowed. Microbial structures as planar stromatolites or
stromatactis-type micro-cavities occur in the upper part of the sequence occurring the ravine. Although
numerous ammonoid sections have been observed at several levels, they could not be extracted from the
rock and no direct age indication is available from this part. However, in the next ravine, about 50m to the
north, two successive ammonoid faunas have been recovered (Gradinaru, unpublished). The rock-sequences
of the two ravines are roughly correlative, although bed by bed correlations are uncertain due to the
incomplete exposure of strata; therefore, their location on the profile is uncertain. Both ammonoid
assemblages (AG1 and AG2) provided ammonoids indicative for the lower Middle Anisian (the Lower
Bithynian Kocaelia Zone), representing two distinct subzones (Gradinaru, unpublished).

The remainder of the profile was measured in the eastern flank of the Hill. Between the two segments of the
section the rock sequence is not exposed, however the missing sequence probably do not exceed 3 meters.
The upper part of the sequence is better exposed, the stratal patterns and the facies do not changes
significantly, however. For the entire section the microfacies is characterized by mudstones and packstones.
Bioclasts are mainly thin bivalve shells, but all others components mentioned in the general description of
the Hallstatt-type limestones are present. Microbial structures are observed also in thin sections, with
laminites (sample R95-215) and microcavities with fenestral and geopetal fabric (e.g. R95-188 and R95-
221). Age indications are given by other two ammonoid assemblages (Gradinaru, unpublished; see their
location on the profile AG3 and AG4). The first one (AG3) indicate a late Middle Anisian age (Pelsonian)
and the second one (AG4) an early Late Anisian age (the Lower Illyrian Paraceratites Zone).

In summary, the rock-sequence from the Agighiol II section represents the Early Middle Anisian to Early
Late Anisian time interval.

Dealul Pietros III

This sections includes the upper part of the Hallstatt-type sequence from the Dealul Pietros Hill. It is
located on the eastern flank of the hill, at its base, just above the vineyards (28°52'01"E; 45°01'39"N). It is
made up of pink to red strongly bioturbated limestones with marly partings and some interlayered levels of
coquinoid limestones (up to decimeter thick) with Daonella/Posidonia-type bivalves. Neptunian dykes filled
with internal sediment, ammonoids and fibrous calcite were observed in the lower part of the sequence. The
microfacies is roughly similar to the other sections, however there are some differences. Although the
common microfacial type is mud