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Permian-Triassic of the Tethys: Carbon isotope studies

By Avmon Baup, Lausanne, MorpECkAT MAGARITZ, Rehovot, and Wirriam T. Horser, Eugene®)

With 18 figures

Zusammenfassung

Untersucht wurden Profile von Kohlenstotf-Isotopen
mariner Karbonate aus dem Oberperm und der Untertrias
der Tethys-Region aus 20 Lokalititen in Jugoslawien, Grie-
chenland, der Tiirkei, der Sowjet-Republik Armenien, dem
Iran, Pakistan, Indien, Nepal und China. Die oberpermi-
schen Proben zeigen dieselben hohen positiven & “C Werte,
wie sie vorher auch aus den oberpermischen Becken N'W-
Europas und dem Westen der USA berichtet wurden. An-
hand von vollstindigeren Abschnitten der Tethys kann dar-
gelegt werden, dafl die & BC Werte von der Murgabium- bis
zur Dzhulfium-Phase des Oberperms abnehmen und dann
innerhalb der letzten zwet Biozonen des Dorashamiums ab-
rupt gegen Null verlaufen. Diese 0 "C Niveaus sind repri-
sentativ fir die Tethys und den Weltozean. Sie gelten aufler-
dem fiir alle Wassertiefen, wie durch ihnliche Werte aus
Tiefsee-Sedimenten von Salamis (Griechenland) bestitigt
wird. Unsere Annahme ist, dafl die hohen 8 *C Werte auf
spitpaliozoische Speicherung organischen Kohlenstoffs
zuriickzufihren ist. Die Abnahme stellt episodische Sedi-
mentationsschwankungen des organischen Materials dar,
wihrend der die organischen Substanzen tiber einen Zeit-
raum von mehreren Millionen Jahren zum Teil aufoxidiert
wurden. Das Kohlenstoff-Isotop Profil entspricht paralle-
lisiert in etwa dem Muster des Massen-Aussterbens wah-
rend des Oberperms.

Abstract

Profiles of carbon isotopes were studied in marine lime-
stones of Late Permian and Early Triassic age of the Tethyan
region from 20 sections in Yugoslavia, Greece, Turkey,
Armenian SSR, Iran, Pakistan, India, Nepal, and China.
The Upper Permian sections continue the high positive
values of 8 ®C previously found in Upper Permian basins
in NW Europe and western USA. In the more complete sec-
tions of Tethys it can now be demonstrated that the values
of 8 C drop from the Murgabian to the Dzhulfian Stages
of the Upper Permian, then sharply to values near zero dur-
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ing the last two biozones of the Dorashamian. These levels
of & ®C sample the Tethys Sea and the world ocean, and
equal values from deep-water sediments at Salamis Greece
indicate that they apply to the whole water column. We
hypothesize that the high values of & ®C are a consequence
of Late Paleozoic storage of organic carbon, and that the
declines represent an episodic cessation of this organic
deposition, and partial oxidation of the organic reservoir,
extending over a period of several million years. The carbon
isotope profile may reflect parallel complexity in the pattern
of mass extinction in Late Permian time.

Résumé

Des profils isotopiques du carbone ont été établis dans
des calcaires marins d’age tardi-permien a éo-triasique
répartis dans 20 endroits du domaine téthysien: Yougosla-
vie, Gréce, Turquie, République Socialiste d’Arménie, Iran,
Pakistan, Inde, Népal et Chine. Les profils établis dans le
Permien supérieur montrent les mémes valeurs positives de
& BC observées antéricurement dans des bassins de méme
age en Europe occidentale et dans 'ouest des USA. Dans les
profils les plus complets de la Téthys, il est maintenant établi
que les valeurs de & "C décroissent depuis le Murgabien
jusqu’au Dzhulfien (Permien supérieur) pour devenir
proches de zéro dans les deux dernidres biozones du
Dorashamien. Ces valeurs de 8 "C sont caractéristiques de
la Téthys et de 'Océan mondial; elles s’appliquent a toutes
les profondeurs d’eau, comme en témoignent les valeurs
fournies par des sédiments de mer profonde 2 Salamis
(Gréce). Nous formulons I’hypothese que les hautes valeurs
de & BC sont la conséquence du stockage du carbone orga-
nique au Paléozoique supérieur et que leur décroissance
traduit un arrét épisodique de cette sédimentation organi-
que, accompagné d’une oxydation partielle de la matiére
organique s’étendant sur une période de plusieurs Ma.
Linfluence parali¢le des phénomeénes d’extinction massive
a le fin du Permien se refléterait également dans les profils
isotopiques du carbone.

Kpatkoe cogepxanme

[ T A vran Ao

Kpatkoe copepxanme

C noMOwUIBI0 H30TOMHOIO aHAINM3A YIVIEPONA UCCENO-
BaHM NpOObI, B3sTBIe M3 20 MecTHOCcTed /KOrocnasus,
Tpeuus, Typuus, Apmennst, Vpan, TTakucran, Henan u
Kurait/ B mpodunsx Mopckmx KapGOHATOB BepxHEH
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MEepMU M HUXHETO Tpuaca permoHa Tertuca. Bepxwe-
HEePMCKHE N3BECTHSKU XapaKTEPU3YIOTCS BHICOKHUMHE 3HA-
yenmsvu & PC, KaK 3TO M3BECTHO W3 BEPXHENEPMCKIIX
npo6 ©OacceiHOB ceBepo-3amagHoi EBpomsr m 3amapga
CIIIA. Ha ocHoBaHuy 60J€€ NOJHO KCCIEJOBAHHBIX PO-
cuneit TeTrca MOXKHO CKa3aTh, 4TO 3HaueHmns & °C B
nepruog oT Murgabium’a go Dzhulfium’a pesxo nonu-
xarotest fo O. Dro 3mauenue & C sBnsercs xapakrep-
ueM it Terrca u MupoBoro oxkeana. Kpome Toro, onv
CIPABENINBbI ANS BCEX TIYOMH OKEaHa, YTO HONTBEPXKIA-
eTCs JAHHBIMU HO OCagOYHBIM OPOJAM U3 IIYOHH 03epa
Canamuc / Ipeunst /. Cauraror, uto 60siee BBICOKHE 3HAY-
ennsa & 1*C MOTyT 0TOGPAXATH HAKOTUIEHHE OPTAHHYECKOTO
C B TO3QHENANC030UCKOE BPEMS. YMEHbBIIEHNE XKe €ro
MpECTaBIACT COG0H SMA30UICCKAE SBICHHUS KOJICOa st
npouecca 0CaiKOHAKOIUIEHUSI OPTaHAYECKOTO MaTepHaiia
B TO BpeMsi, KOTj]a OPraHUYECKHe CYyOCTaHIMKU B OTPe3Kax
BPEMEHH B HECKOJBKO MUIUIMOHOB JIET YaCTUYHO CaMo-
oxucasinuck. Ha ocHoBaBuu pacnpepenenus n3oronos C
110 NPOUINEO B IEpMH / TPHACE HA3BAHHBIX BBIIIIE PAOHOR
NPEeRNoNaraiT, YTO OHO, IO BCEH BEPOATHOCTH, CBSI3AHO
¢ BEIMHFPAHUEM OPTaHM3MOB B 3TOT NEPHON.

Introduction

During Permian-Triassic (P-Ir) time one of the im-
portant transformations in Earth history took place.
A major tectonic cycle ended with the creation of
Pangaea (SmiTH et al., 1981), a major period of glacia-
tion eaded (in mid-Permian — Hamsrey & Har-
LAND, 1981; Caruro & CroweLL, 1985) and fauna
changed from a Paleozoic Fauna to a Modern Fauna
(Sepkosky, 1981). This change in faunal composition
is marked by the most dramatic extinction event dur-
ing Phanerozoic time (Raup & Skpkoski, 1982;
1986). The extinction near the end of the Permian was
of long duration, perhaps several million years, but
accelerating greatly at the end of the final stage of the
Permian (L1 et al., 1986; Nakazawa, 1985; Xu et al.,
1986; YIN, 1985). In this respect it differs from some
other extinctions that may have occurred within a
single biozone. During the P-Tr large changes in
ocean chemistry also took place: salt content in the
ocean dropped by 4 % (Horser et al., 1980), and car-
bon, sulfur and strontium isotope compositions un-
derwent large shifts (HoLser & Macaritz, 1987).
This paper describes the details of carbon isotope
composition of the ocean through this period for the
Tethys Sea, the major locus of marine sedimentation
in Late Permian time.

The carbon isotope composition of marine carbo-
nate rocks shows large variations through the geo-
trmical varard (Verzue o al 1920 O thece vari-
nate rocks shows large variations through the geo-
logical record (VErzer et al., 1980). Of these vari-
ations the enrichment of 8 PC during Late Paleozoic
time (Howser et al., 1986; Popp et al., 1986) stands

out as an unusual event matched only in the Late Pre-

cambrian (Knotr etal., 1986; MacariTZ et al., 1986).
Detailed studies show that the carbon isotope com-
position of marine carbonates during the Pennsylva-
nian and Permian fluctuated between low and high
values of & C, possibly related to low and high
stands of sea level (HorsEr & MaGARITZ, unpub-
lished). The last of these highs was detected in the
western USA, northwestern Europe and the Alps
(HovseR et al., 1986). The termination of this high
was obviously a major geochemical event, involving
a drop of more than —6%., much greater than the
—3 %o observed at the Cretaceous-Tertiary boundary
(PercH-NIELSEN et al., 1982; ZAcHOS & ARTHUR,
1986). It was associated at first tentatively with the
P/Tr boundary itself (Horser & MacariTz, 1985;
Hourser etal., 1986). More recently we demonstrated
in two sections that the final drop was gradual across
the stratigraphic P/Tr boundary, reaching a minimum
in earliest Triassic (MacariTZ et al., 1988). The main
objective of the present study was to chart in detail
the time duration, and form of this drop, in sections
having the best possible stratigraphic control.

These variations, and others more recent, reflect
shifts of carbon fluxes among its principal reservoirs
(Kump & GARRELS, 1986; BERNER, 1987). An increase
in the rate of deposition of organic carbon in either
the oceanic or land environment will enrich 8 "C in
the reservoir of inorganic carbon in the ocean, while
a rate of oxidation of organic matter above the norm
will deplete 8 “C. Such changes may have been
caused by changes of sea level (BROECKER, 1982), by
extension of an oxygen-minimum zone accompany-
ing changes in oceanic circulation (SCHOLLE & AR-
THUR, 1980; ARTHUR et al., 1987), or by changes in
productivity either in the ocean or on land (BERGER
& VINCENT, 1986). On land, extensive deposition of
coal in the Late Paleozoic is a possible site of C,, ac-
cumulation (HoLsER et al., 1986). However, the ques-
tion remains open as to just where the deposition of
Corg occurred that accounts for the Late Paleozoic
high of 8 ®C.

Several difficulties arise in the study of carbon
isotope variation during the transition period from
uppermost Permian through lowermost Triassic: (a)
Marine sediments representing this period are mis-
sing in most regions of the world, especially at the
boundary itself (NEwgLL, 1973; SHENG et al., 1984);
(b) The decrease in faunal population and the preva-
lence of endemic faunas make correlation between
sections difficult.

The vornrd ~f marine Tata Pormian and Farly
sections difficult.

The record of marine Late Permian and Early
Triassic time is best preserved on the shores of the
Tethys. During that interval the Tethys was a wide
western embayment of the Panthallasa Ocean, in
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which pieces of Gondwanaland (»Cimmerian Conti-
nent« of SENGOR, 1984) were beginning to rift and
move northward (Fig. 1), eventually to collide with
Asia in Late Triassic to mid-Jurassic time
(McELHINNY et al., 1981; LiN et al., 1985; SENGOR,
1984; SENGOR & Hsu, 1984; LIvERMORE et al., 1986;
Baup & StamrerLy, 1989). Consequently this region
of the Tethys comprised both the old »Paleo-Tethys«
to the northeast and an incipient newly opening
»New-Tethys« to the southwest. We have analyzed
many of the best studied sections of the Permian-
Triassic across the Tethyan belt, from both the micro-
plates of Cimmeria and the northern edge of
Gondwanaland. Their carbon isotope profiles are
compared to extract a common denominator of
carbon isotopic variation in the Tethys Sea. This is
the basis for our discussion of the geological and
paleontological changes that marked this time inter-
val. The data are charted according to the strati-
graphic stages and biozones of Figure 2.

Sampling and Analysis

Whole rock samples were selected to minimize ex-
traneous vein calcite. Thin section examination elimi-
nated samples that had suffered coarse or extensive
recrystallization. Isotope ratios for C and O in the
carbonate were determined by the method of
Macarrrz & Karrr (1981). The results were nor-
malized against a laboratory standard calibrated
against NBS 19, and presented using the conventional
»d« notation, relative to PDB. Reproducibility on
replicated samples is better than 0.10%0 for & "C.

The results are presented as carbon isotope pro-
files. No attempt will be made here to interpret the
corresponding data for *O, which is much more sus-
ceptible to diagenetic alteration than is " C. This is be-
cause the oxygen system is dominated by the oxygen
of the altering water, while the carbon system is
dominated by the carbon of the carbonate rock, as
has been shown in numerous case studies (e.g.

PANTHALASSA
OCEAN

Fig. 1. Paleogeography of the Tethys at the P/Tr boundary, adapted from SENGOR (1985). Segments of the Cimmerian con-
tinent are beginning to rift away from the northern border of the main Gondwana continent; during Triassic time they
will be crossing the Tethys Sea, then collide with Laurasia as Paleo-Tethys is consumed. The locations of sections analyzed
or discussed in this paper are indicated by numbers as follows: 1. Southern Alps — Idrijca River, Yugoslavia; 2. Salamis,
Greece. and Antalva — Ciriik. Dad and Kemer Goree. Turkev: 3. Transcaucasus — Kuh-e-Ali Bashi. Iran. and Vedi and
or discussed in this paper are indicated by numbers as follows: 1. Southern Alps — Idrijca River, Yugoslavia; 2. Salamis,
Greece, and Antalya — Curuk Dag and Kemer Gorge, Turkey; 3. Transcaucasus — Kuh-e-Ali Bashi, Iran, and Vedi and
Sovetashen, Armenian SSR (see Fig. 3); 4. Elburz Mts. — Emarat, Iran; 5. Salt Range — Nammal Gorge, Pakistan; 6. Zanskar
Himalayas — Thongde, India; 7. Nepal Himalayas — Thakkhola; 8. South China Block — Shangsi, Guangyuan, and Meishan,
Changhsing, China. The South China Block may have been much farther west in Tethys (Lin etal., 1985).
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MaGarITZ, 1975). In a model calculation assuming
typical isotope parameters, MaGarrrz (1983) found
that although oxygen isotope ratios were affected at
even very low water/rock ratios, carbon isotope
ratios were not appreciably changed (decreased) until
the water/rock ratio was raised to 1000 or more.
Overall correlative shifts of 8 C with 8 O were not
found in our sections, indicating that even if § *O
was altered by diagenesis, 8 “C was not similarly ef-
fected.

Sections in the Tethyan Cimmerides
Overview

The Cimmerides occupy a key central position in
the geology of the western part of the Tethys belt
(Fig. 1). The Transcaucasus area was on the western
edge, and the Elburz Mts. area was on the northern
edge, of the Iranian plate — a principal unit of Cim-
meria - facing the southwestern margin of
Paleotethys. The Permian-Iriassic of the Trans-
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=] ,
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E E Anagymnotoceras
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& ﬁ Tirolites
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Fig. 2. Stratigraphic time scale for Late Permian and Triassic time; ages of boundaries (not to any linear scale) adapted

from Haq etal. (1987).
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caucasus includes several important sections, some in
Soviet Armenia of which we studied Sovetashen,
Vedi-1 and Vedi-2, and others in northwestern Iran of
which we studied Kuh-e-Ali Bashi-1, -2 and -4 (Fig. 3).
The stratigraphic correlations among these and other
sections in this region are illustrated by Kortryar
et al. (1984) and in detail show considerable variation
in their representation of the biostratigraphic zones
of the latest Permian. The corresponding strati-
graphy in the Elburz Mountains is described by Ar-
TINER et al. (1979) and JenNy-DEesHussEs (1983).

Transcaucasus: Kuh-e-Ali Bashi (Julfa, Iran)

This locality (KAB) is in northwestern Iran near
the classical sections of Dzhulfa and Dorasham in
Nakhichevan ASSR (Fig. 3). Here, strata with a
typical Dzhulfian ammonoidae fauna are overlain by
a sequence of red nodular limestone and marl — the
Ali Bashi Formation (TeicHERT et al., 1973), its top
part a red ammonoidae rosso limestone containing
Paratirolites (Fig. 4). These limestones are capped by
a red marly boundary bed, 0.5 to 1 m in thickness.
The age of the Ali Bashi Formation had been dis-
cussed by TercHERT et al. (1973) and RosTovTsEv &
AzaryaN (1973); the latter proposed these beds as
representing a final Dorashamian Stage of Permian
time with stratotype at Dorasham, corresponding

exactly to the Ali Bashi Formation. Later ZAKHAROV
(1985) worked on the red boundary marls at
Dorasham, and identified Pseudotirolites sp., an
ammonoid that belongs to the youngest Permian
biozone in the Changxing Formation in southern
China. Thus the KAB section includes the final stage
of the Permian, and the youngest biozone of that
stage. This is overlain by the Elika Formation
described by Baup etal. (1974), which has been dated
with Opbhiceras fauna as Late Griesbachian (Ros-
TOVTSEV & AZARYAN, 1973). Evidently even in this
section the lowermost part of the Triassic — the Lower
Griesbachian — is absent.

For our geochemical studies we were fortunate to
be able to use the actual samples collected by B. Kum-
mel for the Permian part (TeicHERT et al., 1973) and
by Baubp, BRONNIMANN & ZANINETTI (1974) for the
Triassic part; both were described by BAuD (ALTINER
et al., 1979). Stable isotope results (Fig. 4) show § *C
enrichment of about +3.5 %o in the lower part of the
Ali Bashi Formation — the lower three biozones.
Values of  PC gradually decreased in the upper part
of the formation to about +2.5 %o. At the P/Tr boun-
dary & PC drops by 2.5 %o in the boundary red marls,
and the low values of & "C continue through the
lower 40 m of the limestone unit of the Elika Forma-
tion (= Unit 1 in BauD et al. 1974 — Late Griesbach-
1an), after which an increase of 1.5 %o occurs. Two other
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Fig. 3. Localities sampled in the Transcaucasus region.
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sections (KAB-2 and -4) only sampled the top of the Transcaucasus: Vedi (Armenian SSR)

sections (KAB-2 and -4) only sampled the top of the Transcaucasus: Vedi (Armenian SSR)

Ali Bashi Formation, and they show high values of

8 PC (about +3%o) similar to the section (KAB-1) Section Vedi-2 lies in the Armenian SSR 80 km
illustrated in Figure 4. northwest of KAB (Fig. 3). The section (KotLYAR
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et al., 1984; AsLaNian, 1984) begins in black cherty
limestone of the Khachik Formation of Midian age,
overlain by 17 m of gray nodular limestones of
Dzhulfian age. After a hiatus, the upper Dorasha-
mian Stage is represented by 6 m of gray nodular
limestones of the Shevyrevites and Parativolites
Zones. A few cm of red marl marks the Permian-
Triassic boundary, and may represent the final
Pleuronodoceras-Pseundotirolites Zone of the Per-
mian, as described at Dorasham. The lowermost bed
of Triassic age consists of a cryptalgal buildup of
domal stromatolite type. This is in turn overlain by
thin-bedded gray limestones of the Kara Baglyar For-
mation (equivalent to the Elika Formation), contain-
ing Ophiceras and Claraia which indicate a Late
Griesbachian age.

As displayed in Figure 5, the values of & “C are
+4 %o or more at the base of the sampled Midian. Two
drops occurred in the Upper Midian, and values
between +2 %o and +3 %o are maintained through the
Dzhulfian. Sample 913 at § “C = —0.8 %o is an excep-
tion, for reasons that are not apparent. In the top
Dorashamian Parativolites beds & PC drops to
+0.9%o at the P/Tr boundary and to +0.5 %o a meter
above the boundary, rising thereafter to +1.4 %o.

Transcaucasus: Sovetashen (Armenian SSR)

This section is also in Armenian SSR, 15 km south-
west of Vedi. The sedimentation and stratigraphy are
similar to those at Vedi, except that here the Paratiro-
lites Zone of the Dorashamian is thicker (Kotryar
et al., 1984; AsLANIAN, 1984).

The carbon isotope profile at Sovetashen (Fig. 6) is
more irregular than those at KAB (Fig. 4) and Vedi
(Fig. 5). Study of the thin sections reveals that in the
Dzhulfian part of the section all of the sampled rocks
that showed low values of 8 PC were dedolomitized.
This later mineralogical alteration may have been ac-
companied by an isotopic exchange with water
depleted in & PC, as has been described in other cases
of dedolomitization (Macaritz & Karri, 1981);
these are charted as isolated points in Figure 6 and are
disregarded in further discussions of the results.
Below in the Midian part of the section we did not
find any clear indications of alteration, although it
may be present. Consequently the excursions seen in
the Midian at Sovetashen remain ambiguous.

The isotope curve shows values near & *C = 3 %o
through the Dzhulfian and part of the Dorashamian,
then a drop that begins in the Paratirolites Zone and

continues into the lower part of the Triassic section,
UICI a4 Arop Lnat DEYELNS L1 LIC £aATaLirOLiLes LOLC aid

continues into the lower part of the Triassic section,
thereafter rising to over +1 %o.

Sample 80, with 8 ®C about — 1 %o, is from a [0-cm
red marl at the very top of the Permian section. By

its stratigraphic position this may represent a con-
densed equivalent to the Pleuronodoceras Zone as de-
scribed above from Dorasham. But G. J. RETaLLACK
(pers. comm., 1984) described it as cleatly a paleosol,
so its low value of § PC cannot confidently be as-
signed as a marine value for that zone.

Elburz Mountains, Iran: Emarat

Stratigraphy and sedimentation of the Permian-
Triassic rocks of the Elburz Mountains, which lie
550 km southeast of KAB, were described by
Stamprrr (ALTINER et al., 1979). The section at
Emarat was described by Jenny-DEesHUssEs (1983),
who collected and described the samples that we
analyzed. The Emarat section exposes 300 m of the
Dorud Formation of Early Permian (Middle Asselian)
age (Emarat-1), 470 m of the Ruteh Formation of
Middle to Upper Murgabian age (Emarat-2), and
120 m in a section (Emarat-3) that crosses the P/Tr
boundary from the Nesen Formation of Midian to
Dzhulfian age to the Elika Formation of Late Gries-
bachian age. OxiMURA et al. (1985) confirmed Lower
Dzhulfian foraminifers in the Nesen Formation at
this locality.

As shown in Figure 7, the Nesen Formation com-
prises nodular and cherty limestones interbedded
with shales, capped by a bed of ferruginous breccia
cemented by calcite. The Elika Formation begins
with thick-bedded non-fossiliferous limestones with
stylolitic partings, followed by thin-bedded ferrugin-
ous limestones containing Claraia.

Values of 6 PC in the Asselian to Murgabian lime-
stones of Emarat-1 (not shown) and —2 (Fig. 7) lie
mostly in the range +3 to +5%. Beginning 13 m
below the top of the Nesen Formation, as exposed at
the base of Emarat-3 (Fig. 7), & “C drops from +3
across the P/Tr contact to —0.2 in the base of the
Elika Formation. Values of & PC stay between 0 and
=1%o through the first 60 m of the Elika Formation,
after which they rise irregularly to near +1 %.

Sections on the Gondwana Margin
Southern Alps

The Permian-Triassic marine rocks exposed in
classic sections of the southern Alps (Dolomites of
Italy, Carnic Alps of Austria and Julian Alps of
Yugoslavia) represent the westernmost extension of
the Tethys Ocean, and were deposited along its south-
western shore (ASSERETO et al., 1973; Italian IGCP

AP aClisy o EADG alh wesv wdpoudiva mviig oo o v
western shore (ASSERETO et al., 1973; Italian IGCP
203 Group, 1986). Some carbon isotope data from
this area were presented in preliminary form by

Horser & Magarrrz (1985) and detailed studies are
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published elsewhere (MaGARiTZ et al., 1988; HoLseR
et al., 1989). For comparison with other Tethyan sec-
tions, we include here a single section from the more
marine part of the Alpine area, from Idrijca River,
Yugoslavia (Fig. 8). In the section described by

Ramovs (1986), we have sampled 15 m of black
Yugoslavia (rig. ¥). In the section described by

Ramovs (1986), we have sampled 15 m of black
biomicritic limestone of the Upper Permian Zazar
Beds, and 10 m of gray dedolomitized limestones of
the Lower Triassic Scythian beds. The Zazar Beds

correspond to the Bellerophon Formation in other
parts of the southern Alps, which is definitely Upper
Permian and in its upper part Dorashamian (NErr
et al., 1986). The overlying Scythian in the southern
Alps is of Griesbachian age (BrocGrio-Lorica,

1986), but whether it includes the lowermost zone of
AIPS 1S OI \sriesbacnian age (DROGLIO-LORIGA,

1986), but whether it includes the lowermost zone of
the Griesbachian is not determined.

In the Idrijca River section & PC remains high (+3
to +4 %o) through most of the Permian Zazar Beds.
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Starting in the Permian and continuing in the Triassic, Antalya, Western Turkey

PR L S ~

Starting in the Permian and continuing in the Triassic, Antalya, Western Turkey

& PC drops — to =1%o in the last sample analyzed,

through 10 m across the P/Tr boundary, in this case The analyzed profiles are in the Antalya nappes, at
apparently unaffected by dedolomitization. Cirtk Dag 15 km northwest of Kemer, and the
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Kemer Gorge, 6 km west of Kemer. The general
stratigraphy was described by Lys & Marcoux
(1978), and the Ciirtk Dag section will be described
by Marcoux & Baup (1988; see also Marcoux
et al., 1986). Micropaleontology has been studied by
M. Lys, and the details of paleontology for the sec-
tion at Ciirtik Dag§ were worked out by C. Jenny-
Deshusses. Additional stratigraphical information
based on brachiopod determinations was communi-
cated by K. Naxamura (pers. commun., 1986).

The Dzhulfian Pamucak Formation is a bedded
cated by K. NAKAMURA (pers. commun., 1986).

The Dzhulfian Pamucak Formation is a bedded
wackestone with foraminifers and calcareous algae,
topped at Ciriik Dag by a few cm of oolitic pack-
stone, and by a pedogenic calcrete at the P/Tr boun-

dary. The overlying Late Griesbachian to Spathian
Katarasi Formation comprises light, well-bedded
limestones and domal stromatolites, and higher up
oolitic grainstone followed by variegated limestone
and marl (Fig. 9). Although the bedding is parallel in
these outcrops, a disconformity is apparently pre-
sent: the Dzhulfian Pamucak Formation is incom-
plete, the Dorashamian and Early Griesbachian are
missing, and the calcrete at the P/Tr boundary indi-
cates subaerial exposure.

At Curtik Dag the general section was sampled by
cates supaeriai €xposire.

At Curtk Dag the general section was sampled by
J. Marcoux, and a detailed boundary section was
sampled by Baud & Holser. The sections and their
isotope results are shown in Figures 9A and 9B,
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respectively. In general the Dzhulfian limestones are
enriched in & PC (8 "C > +4%0), and the Lower
Triassic rocks are relatively depleted with & PC of
about +1%o. In detail (Fig. 9B) 8 PC declines gradu-

LTIASSIC TOCKS are relatively aepieted with 0 - oI
about +1%o. In detail (Fig. 9B) 8 ¥C declines gradu-
ally from +4.5%o at the base of the sampled section
to about +3.5%0 near the boundary. The transition
across the P/Tr boundary is rather abrupt, dropping

sharply through about 1 m across the disconformity.
However, intermediate values during the drop (six
analyses — Fig. 9B) suggest that this one-meter sec-

tion may include condensed deposition during part
anatyses — I'ig. ¥13) suggest that this one-meter sec-

tion may include condensed deposition during part
of the disconformity interval.

The Kemer Gorge sections on both sides of the
gorge were sampled by J. Marcoux (Figs. 10A, 10B).
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The Pamucak Formation is very similar to that at
Curtk Dag. The Katarasi Formation shows some dif-
ferences: The basal 10 m is oolitic wackestone to
packstone-grainstone followed by 6 m of yellow to
reddish marls. The carbon isotope data are generally
similar to those at Ciiriik Dag. The drop in & "C
again occurs in not much more than a meter across
the stratigraphic P/Tr boundary, and there is one in-
termediate value in this more coarsely sampled sec-
tion.

Salt Range, Pakistan: Nammal Gorge

In Permian time the present area of the Salt Range
of northern Pakistan lay along the northern border of
the Gondwana continent (Fig. 1). Our samples are
from one of the classic sections, at Nammal Gorge.
In the Upper Permian the Chhidru Formation over-

lies the Wargal Formation conformably; and is in turn
In the Upper Permian the Chhidru Formation over-

lies the Wargal Formation conformably, and is in turn
overlain by the (mainly Lower Triassic) Kathwai and
Mittiwali Members of the Mianwali Formation
(KummEeL & TeicHERT, 1970; PAKISTANI-JAPANESE

ResearcH Group, 1985) (Fig. 11). The uppermost
Wargal Formation — the Kalabagh Member —is com-
posed mostly of limestone with chert nodules. The
Chhidru Formation is divided into four sub-units, in-
creasing in quartzitic sand upwards. The main com-
ponents of the lower part of this formation are
mudstones, with limestone horizons (Fig. 11). The
Kathwai Member is a dolostone and calcareous
sandstone at its base, and bedded limestone at the
top. The Mittiwali Member comprises alternating
limestone and mudstone. Detailed stratigraphy and
paleontology are given by the PAKISTANI-JAPANESE
ResearcH Group (1985).

The age of the Kalabagh Member of the Wargal
Formation is Lower Dzhulfian, based on its
foraminifer and conodont assemblage (PAKISTANI-
Japanese Researcr GrouP, 1985). A Dzhulfian age

probably Late Dzhulfian) was suggested for the
APANESE KESEARCH GROUP, 1985). A Lyzhuirian age

(probably Late Dzhulfian) was suggested for the
Chhidru Formation; there is no paleontological evi-
dence for Dorashamian rocks in this formation
(PakisTaNI-JAPANESE ResearcH Group, 1985). The



PermianTriassic of the Tethys: Carbon isotope studies

661

z -
.‘_J. g —1
a | - -
w @)
g | OO —16
gl W) o
SEE
E [T] g -3
gg -
o} HY 3

= cl I

KEMER

L]
—i7
=
—10
-
-
=
A
40m
30m E
| Z | -
= |x =
EJ Sy = [
2|8 =
xla g
o2 0 2
20m =-| o -1
-9
= »
3 -
10m 1
- ARl
=
1 =
-2
1
9 -

B

4

o 1 2 3 4
§ BC (%, vs. PDB]

5

Fig. 10. Carbon isotope profiles at Kemer Gorge, Antalya: (A) western side and (B) eastern side. The arrow indicates a

hiatus in the Dorashamian and the Lower Griesbachian.

»Lower Unit« of the Kathwai Member may be latest

Dorashamian, accordinehto ‘the Pakistani-Japanese
»Lower Unit« of the Kathwai Member may be latest

Dorashamian, according to the Pakistani-Japanese
Research Group. This Permian part of the Kathwai
Member, which is only about 10 cm thick at Nammal
Gorge (PakisTaNI-JAPANESE RESEARCH GROUP, 1985,

Fig. 14) is too thin to be distinguished on our Figure 11.

The upper part of the Kathwai Member is Late Gries-
F1g. 14)1s tOO thin to be distinguished on our rigure 1.

The upper part of the Kathwai Member is Late Gries-
bachian in age, so at least a part of the Lower Gries-
bachian rocks is missing. The overlying Mittiwali
Member is Nammalian in age (Guex, 1978). We
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suggest that this sequence represents at least two
large regression-transgression cycles: from the base
of the Wargal to the top of the Chhidru Formations
and from the base to top of the Mianwali Formation.
We analyzed two sets of samples (Fig. 11): one
mainly of the Permian Chhidru Formation collected
by J. B. Maynard, and one of the Triassic Mianwali
Formation collected by Baud. The carbon isotope
profile (Fig. 11) shows a gradual decline from & *C
= +4.5 %o in the Upper Wargal Formation to +2 %o near
the top of Unit 3 of the Chhidru Formation. Carbon
isotope levels in the Mittiwali Member are variable in
the range —2 to +2%o. The drop, through the upper
part of the Chhidru Formation and the Kathwai
Member, is complex. An initial drop to —0.5 %o oc-
curs in calcareous sandstones of Units 3 and 4 of the
Chhidru Formation, and may represent only
diagenetic cement; low boron content at this horizon
suggests a fresh-water inflow to the basin (Paxis-
TANI-JAPANESE RESEaARCH Groupr, 1985). In the
Kathwai Member of the Mittiwali Formation the two
sample sets agree that & “C is near +1 %o in the lowest
level sampled (Dorashamian ?), dropping to about
zero near the boundary with the Mittiwali Member.
The Pakistani-Jaranese ResearcH Group (1985)
found the P/Tr boundary between the Lower and
Middle Units of the Kathwai Member. If we discount
as non-marine the low values in the top part of the
Chhidru Formation, then the P/Ir boundary is
crossed during a sharp drop in & ®C, at a value of
about +1.2%o. Results of a resampling in greater
detail will be presented in a future publication.

Zanskar, Western Himalayas, India

The Zanskar area of the western Himalayas was
situated during Permian time on the distal northern
margin of India (at that time part of the Gondwana
continent), 400 km east of the Salt Range area (Fig. 1).
The P-J+ sequence comprises the Kuling Formation
of Dzhulfian to Dorashamian age and the Tamba Kur-
kur and Hanse Formations of Early to Middle Trias-
sic age (Flg 12). The base of the Tamba Kurkur For-
mation is composed of limestones alternating with
sandy sericitic shales; limestones increase upwards.
The age ranges from Lower Griesbachian at the base,
through Nammalian and Spathian to all of the Anisian
in the upper part of the formation. The overlying
Hanse Formation is composed of gray marls and

LLALIOV L VLILLGUIUVLL 10 VWILPUULM Ut §iu)  Alitaayv s

black platey thin-bedded limestones of Late Ladi-
nian age (BAup et al., 1984; Nicora et al., 1984)

Samples for analy31s were taken from two sections
of the Tamba Kurkur limestones. Carbon isotope re-
sults for the most complete section (Fig. 12) show
values about 0 %o, with a general trend of & ®C enrich-
ment up to +1 %o between the lower, shaly part of the
Tamba Kurkur Formation and its upper part. Only
one Permian sample was analyzed, of a carbonate-
rich layer in the quartz arenite of the Kuling Forma-
tion.

Nepal Himalayas: Thakkhola

The Thakkhola area lies in north-central Nepal
north of the Main Central Thrust and south of the
Neo-Tethys suture zone, on what was the northern
margin of Gondwana, 700 km east of Zanskar. The
stratigraphy of the poorly exposed Permian-Triassic
interval has been described by BassouLLer &
MouUTERDE (1977), WATERHOUSE (1979), KaPOOR &
Takuoka (1985), and others. The sections and sam-
ples that we analyzed were described by HATLEBERG
(1982; HatLeEBERG & CLARK, 1984), who determined
the conodont fauna in the same samples.

The section begins with the red sandstone of the
Nisal Member (of the Senja Formation) of Dorasha-
mian age (WATERHOUSE, 1978), but this formation
was not analyzed. It is overlain by about a meter of
red microdolomite of the Panjang Formation, which
is dated as Early Griesbachian on evidence of both
ammonoids (WATERHOUSE, 1977) and conodonts
(HaTLEBERG & CLARK, 1984), although brachiopods
concentrated in the base of the bed are of Permian as-
pect (WATERHOUSE, 1979). The Panjang Formation is
overlain by a meter of basal limestones of the Thini-
gaon Formation, which is also of Griesbachian age,
probably Early Griesbachian. Together the Panjang
Formation and the basal Thinigaon Formation have
a very close resemblance to the Kathwai Formation
of the Salt Range (HaTLEBERG & CLARK, 1984). In
both areas the sequences from sandstones through
red dolomites to thin wavy-bedded limestones with
their associated changes of fauna are ascribed to a
rapid transgression (Karoor & ToxuoOKa, 1985).

Six samples from four outcrops of the Panjang For-
mation gave § PC = —0.8 * 0.7 %o, and four samples
from three of these outcrops of the basal Thinigaon
Formation gave —1.4 £ 0.6 %o, with no significant
trends.

<« Fig. 11. Carbon isotope profile at Nammal Gorge, Salt Range, Pakistan. Sections independently sampled by J. B. Maynard
(solid line) and A. Baud (dashed line). The arrow indicates a hiatus in the Dorashamian and in the Lower Griesbachian.
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Sections in Other Palecgeographical Situations

China: Shangsi (Guangyuan, Sichuan
Province)

Sections were sampled for isotope analysis in two

Sections were sampled for isotope analysis in two
areas of China: Shangsi on the northwestern edge of
the South China (Yangtze) Block, and Meishan near
the northeastern corner of the same tectonic unit. In

Late Permian time this block lay near the equator in
the midst of the Paleo-Tethys Sea (Lin etal., 1985;
OpbpykE et al., 1986); much of its area was the site of
P-Tr marine deposition (SHENG et al., 1985).

The Upper Permian section at Shangsi (L1 et al.,
P-Tr marine deposition (SHENG et al., 1985).

The Upper Permian section at Shangsi (L1 et al,,
1984, 1986; Xu et al., 1985) is composed of basinal
facies carbonates with abundant chert concretions
(Fig. 13). For 4 m around the stratigraphic P/Tr boun-
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dary the dark siliceous limestones are interbedded also marked by a shallowing of sedimentation to gray
with light-colored claystones that may be of volcanic medium-bedded micrites of a tidal-flat facies. The
origin (Lr et al., 1986; Zrou, 1987). The boundary is  sections seem to be complete and conformable,
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although only two biozones (Tapanashites, and
Pseudotirolites-Pleuronodoceras) can  be  dis-
tinguished in the Changhsingian (= Dorashamian)
(Fig. 2), and the Lower Griesbachian is less than half
a meter thick. The Permian of the Shangsi section is
highly fossiliferous (e.g. ammonoids, conodonts),
but both diversity and abundance decline rapidly in
the highest beds for the Changhsingian; one Permian
ammonoid and four conodont species survive into a
16-cm mixed zone at the very base of the Triassic (L1
et al., 1986).

o
2| €
HHE
Tl @
el
i—g&
w2
Wieg| 3
so|2
O ]
o
= -
&
E-]
E
[ ]
1
®
[~}
[-3
-
2
<|,|8 o
ESE
o
u.lg‘é 13
n.;,u. .
z 2 E
M2z 2k
&:E’E T
S[C|5|E
&
2
Q
wd

Lretal. (1986) published a detailed carbon isotope
profile from about 70 samples ranging from Midian
to Dienerian in age; our profile of 20 samples (Fig. 13)
complements and confirms those data. The drop in
8 PC begins in the Dzhulfian, and continues through
the Changhsingian and the lowermost Triassic, reach-
ing a minimum of —4 %o in the Upper Griesbachian
and rising again to over +1 %o in the Dienerian (Fig. 13;
Lietal., 1986). Some of the low values in the Dhzul-
fian, shown in both samplings, may be due to a partial
oxidation of the very high content of organic carbon
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Fig. 14. Carbon isotope profile at Meishan, Section D, China. The arrow indicates a hiatus in the Lower Griesbachian.



PermianTriassic of the Tethys: Carbon isotope studies 667

(recorded by L1 et al., 1986), in black shales and Quarry) by SHENG et al. (1984), is the one sampled
radiolarian cherty limestones (observed by A. Baud).  for this study (Fig. 14). The lithology and strati-
. . . .. raphy are similar to those at Shangsi.

China: Meishan (C}}anghsmg, Zhejiang ’ Tphgcarbon isotope profile (Figs. %4 and 15) shows
Province) generally high & ®C up to nearly the top of the

Meishan lies 1250 km east of Shangsi. As at Changhsingian (Fig. 14), whence it drops within half
Shangsi, two biozones are recognized in the upper- a meter to a level of - 1.5 %o (Fig. 15). Carbon-isotope
most Permian Changhsingian (SHENG et al., 1984). profiles previously published from Meishan area by
The stratotype section, labelled »D« (Baoquing Crenetal. (1984) & Xu etal. (1986) are different, but

MEISHAN

GRIESBACHIAN
Lower Chinglung F.

LOWER TRIASSIC

CHANGHSINGIAN

UPPER PERMIAN
Upper Changhsing Formation

2 4 0 1 % 3 4

1 i i i ;

2 0 1 3 4
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Fig. 15. Detailed carbon isotope profile across the P/Tr boundary at Meishan, Section D, China.

Nor
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are not tied to specific described sections or strati-
graphy. Trace elements (including iridium) across the
P/Tr boundary at Meishan have been repeatedly
studied in detail by Asaro et al. (1982), Sun et al.
(1984), CrARK et al. (1986), Zuou (1987) & BocLer
et al. (1988).

Salamis, Greece: Kaki Vigla Bay

Permian and Triassic marine sediments occur in
isolated sections at several localities in the Aegean re-
gion (JACOBSHAGEN, 1972; KAUFFMANN, 1976). Com-
plexity of structural zones makes reconstruction of
the paleogeography at the end of the Permian very
difficult. We have studied a section at Kaki Vigla Bay
on the island of Salamis, previously described by
Nakazawa et al.(1975) and Baup & PapaNikoLAOU
(1981). This area is tentatively assigned to the Sub-
pelagonian tectonic zone (MoNTRAKXIS, 1986) and
paleogeographically to the western margin of
Cimmeria. In spite of the indefinite tectonic situation
of this section, it is of particular interest for the facies
developed there. Baun & Papanikoraou (1981)
described a breccia of all sizes of blocks of limestones
and dolostones, which they interpreted as olistos-
tromes derived from shallow-water limestones
(Fig. 16). These are interlayered with black shales,
limestones and calcareous sandstones, some of which
have graded bedding characteristic of turbidites and
slump deposits. Of particular interest are radiolarian
calcareous mudstones. All of these types of sedimen-
tation are suggestive of final deposition in moderate
to deep water — olistoliths, slump deposits, and tur-
bidites as derivatives from a shallow-water shelf, and
the radiolarian mudstones as direct deep-water
sedimentation.

The section is faulted into four segments; the field
relations imply the stratigraphic order shown in
Figure 16, with undetermined thicknesses faulted
out. Most of the section is dated as Late Dzhulfian
to Dorashamian, based on foraminifers, or as
Dorashamian based on brachiopods and corals
(Nakazawa et al., 1975). The top segment is a few
meters of limestone of Lower Triassic age
(Paranikoraou & Baup, 1982).

Two sample sets were collected independently
at nearby localities by Baud and Papanikolaou and
by Holser; the isotope results are illustrated in
Figures 16 A and 16B, respectively. The lower seg-
ment begins with relatively low values of & “C in
shaly and sandy limestones (Fig. 16 A, units 2 and 3),

rising to a level of +3 %o that continues through the
Slldly ang b'dlluy HINESLOnES '\flg. 10.A, UNITS £ and J)s

rising to a level of +3 %o that continues through the
breccia unit of the second segment (both sample
sets). In the third, and highest Permian segment both
samplings show drops in & PC. These low values are

particularly evident in samples 305-309 of Figure 16 B;
these samples were highly tectonized and their low
values may be due to alteration accompanying the
later tectonic event. It is not clear whether the drop
in samples 43—45 of Figure 16 A is primary, near the
top of the Permian, or whether it is also due to
alteration around the overlying fault.

Despite the possible interference of tectonics in the
upper part of the Salamis profiles, this does not affect
the important result that neighboring autochthonous
and allochthonous sediments, both bedded radiola-
rites-mudstone and olistolithic block-matrix pairs,
differ in & PC by less the 1%o. This is evidence for
a relatively low contrast of 8 ®C between surface and
deep waters in at least this part of the Paleo-Tethys
Sea.

Synthesis of Carbon Isotope Composition in the
Upper Permian and Lower Triassic of Tethys

General statement

Our profiles from the shores of Tethys represent
the variations of its marine carbon isotope content
during Late Permian and Early Triassic time. Our
work did not aim to study particular sections in
detail, but rather to develop a general isotope curve
based on measurements from a wide region. Most of
the sections are difficult to reach, and some of our
samples were originally collected for stratigraphic
and petrographic studies. In some cases coarse sam-
pling resulted in »excursions« of the isotope curve
that are only defined by a single sample, but we will
disregard these pending verification by more detailed
studies. Evidence that particular trends are real is
mainly found in the similarity of trends in more than
one locality. Also one should not expect that the
absolute values of 8 C in different sections will be
equal, because: (a) at present the bicarbonate of sur-
face ocean water has different values of & C at dif-
ferent localities as a result of varying productivity
(KroopNICK, 1985; BERGER & VINCENT, 1986); and
(b) differing diagenetic histories may have slightly
altered the original record. It may be for similar
reasons that the more recent extinction event at the
Cretaceous-Tertiary boundary is marked by drops in
8 C that vary with locality from 0 to 2.5 %0 (ZacHos
& ARTHUR, 1986).

One other problem with which we are faced is the
precise definition of the stratigraphic ages of our rock
units. In some cases only a general age assignment has

been made; in other cases experts are still debating
UIIITS. 171 SOINE Cases OILY 4 genera: age assgnment nas

been made; in other cases experts are still debating
the stratigraphy. In the following discussion we will
assume the stratigraphic scheme that we presented
above (Fig. 2).
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Some representative sections are collected in
Figure 17, all at the same scale for ease of comparison.
A synthesis is made in Figure 18, which represents
our best estimate of the secular variation of & C for
the Tethyan Sea during Late Permian and Early Trias-
sic times. In constructing Figure 18, most weight was
given to those sections that included one or more
stage or biozone boundaries, to tie at least one point
of each section provisionally to the stratigraphic time
scale. Within each stage (or biozone where known)
the sample points for each section were scaled with
the arbitrary assumptions of uniform sedimentation

rate and no hiatus. This synthesis is of course provi-
sional, and in this approximation one should not ex-
pect that either levels or variations of & *C will be
exactly the same among the sections.

The following discussion will consider in turn the
details of the Murgabian-Dzhulfian, Dorashamian,
P/Tr boundary, and Early Triassic intervals.

Murgabian to Dzhulfian Stages

Figure 18 collects the data in this interval from sec-
tions in the Transcaucasus, Iran, Pakistan and China,
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although not all stages are represented in each sec-
tion. These four definitive sections are supplemented
by other analyses from the Southern Alps, Greece,
Turkey and Nepal.

The collected data validate a general high of & *C
for the Late Permian, starting with a value of +4 %o

1 (7)

at the beginning of the Murgabian (boundary of the
Lower and Upper Permian). Most of the data from
the Murgabian Stage are from the section at Emarat-2
(Fig. 7), but generally confirmed by a few analyses
from the bases of the sections at Vedi-2 (Fig. 5) and
Shangsi (Fig. 13). Data for the Midian Stage are scat-
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Fig. 18. Synthesis of carbon isotope data in the Tethyan area for Late Permian and Early Triassic time. Data are plotted
from six of the best sections, and including data published for the Shangsi section by L1 etal. (1986). For the Permian the
Fig. 18. Synthesis of carbon isotope data in the Tethyan area for Late Permian and Early Triassic time. Data are plotted
from six of the best sections, and including data published for the Shangsi section by L1 etal. (1986). For the Permian the
solid line indicates our best estimate of a carbon isotope age curve for the Tethys Sea, and the shaded zone its region of
uncertainty. For the Triassic, data are shown only as means and standard deviations for each stratigraphic interval and

locality. For time scale see Figure 2.
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tered: many samples from Shangsi as well as the two
samples from the Wargal Formation in Nammal
Gorge (Fig. 11) are up to 1.5 %o higher than those
from Vedi-2. Many data from Shangsi and Nammal
Gorge indicate that near the top of the Dzhulfian
Stage & C drops to +2 %o or even lower. Values for
the Dzhulfian from Antalya are generally higher —
+3.5 t0 4.5 %o —but also show a decrease toward their
tops (Figs. 9, 10); these sections were not included in
the compilation of Figure 18 because their strati-
graphic positions within the Dzhulfian are uncertain.
The variations in 8 C within the Murgabian-Dzhul-
fian interval, sketched in Figure 18, need confirma-
tion by detailed studies of selected sections.

Dorashamian Stage

The most definitive data for most of Dorashamian
time — the final stage of the Permian — are from the
KAB sections (Fig. 4), which are closely correlated
with the stratotype section for this stage nearby at
Dorasham (Fig. 3). From the low at the end of Dzhul-
fian time, at the base of the KAB section, & *C rises
again to about +3.5 %o, but throughout the remainder
of the section it decreases, to a value of +2 %o at the
top of the Paratirolites Zone. The details of this
decline are circumscribed by division of the KAB sec-
tion into six biostratigraphic zones as shown in
Figure 4; these zones are taken into account in con-
structing Figure 18 although not shown there.

The final biozone of the Dorashamian -
Pseudotirolites-Pleuronodoceras — is best exposed in
China (Figs. 13—15). Our data from Shangsi com-
bined with that published by L1 et al. (1986) continue
the decline already evident in the earlier biozones at
KAB, and at an accelerating rate (Fig. 13). In the last
half meter of the Permian eight samples (L1 et al.,
1986, Beds 25 through 27) showed a definite low of
8 ¥C = 1.3 % 1.0 %o, but without any evident trend.
The profile at Meishan (Fig. 14, and CHEN etal., 1984)
drops more sharply from 8 "C = +4 to less than —1 %o
within a thickness of 2 meters. Three samples from
the very top of the Dorashamian at KAB and Ved:
probably correlate somewhere within this zone, and
have 8 ¥C = 0 to +2%o. At Nammal Gorge (Fig. 13)
the lowest samples of the Kathwai Formation in each
of the two sections, with & ?C = +1.0 and 0.6 %o, are
also possibly of latest Dorashamian age (PAKISTANI-
Jaranese ResearcH Groupr, 1985; SHENG et al.,
1984). In all of these cases the Late Dorashamian has
8 PClower than all other intervals of the Late Permian.
5 “C lower thar alToer 1riérvals of thié LAt Permuan.
The Permian-Triassic Boundary

The transition of & "C through the P/Tr boundary
is difficult to assess directly, for the reason that in

most sections either the uppermost Permian
(Dorashamian — particularly the last, Psexdotirolites-
Pleuronodoceras Zone) or the lowermost Triassic
(Lower Griesbachian: the Otoceras Zone) (Fig. 2) is
missing (e.g., Nakazawa et al., 1980; Dacis &
Dagrs, 1987).

As discussed in the previous section of this paper,
amajor drop in § C occurs within the Dorashamian
Stage: in some sections (Shangsi, Vedi) the drop is
spread over that stage, but in others (Meishan, KAB)
the drop is concentrated in its uppermost meter or
two. Although many consider the sections in China
to represent continuous deposition across the P/Tr
boundary (L1 et al., 1986; SHENG et al., 1984), the
sharp change in sedimentary facies probably marks
an interruption in the sedimentary record (TOZEw,
1979; confirmed by microfacies studies by Baud). We
propose that sections showing more gradual drops in
& C represent more complete records of sedimen-
tation across the P/Tr boundary, even though some
such sections may be poorly defined by biostrati-
graphic zonation. Thus the corresponding decline
from 8 C = +4 to less than +1 %o in the top 3 meters
of the Permian in the Idrijca section (Fig. 8) is con-
sistent with the assignment, elsewhere in the South-
ern Alps, of the topmost Permian to the Dorasha-
mian Stage. In this section, as elsewhere in the South-
ern Alps (MacariTz et al., 1988; Hotser et al.,
1988), & “C continues to decline slowly and
smoothly through 10 to 20 m of the overlying Lower
Triassic beds. This suggests to us that these sections
in the Southern Alps represent continuous deposi-
tion across the Permian-Triassic boundary, and that
the lowermost Triassic beds there are of earliest
Griesbachian age.

In other sections a discontinuous drop near the
P/Tr boundary implies the absence of at least the
last zone of the Permian. Thus the sections in Antalya
display this feature.

Early Triassic

In general even the highest § ’C in Triassic samples
1s lower than those from all except the last zone of the
Permian. We have presented one other set of data for
the Lower Griesbachian from the sections at Thak-
khola, showing a range of —0.1 to —2.0 %o, but with
no Permian analyzed. However, the data from the
various sections analyzed are so disparate, and in
some cases so stratigraphically indefinite, that de-
tailed trends of & PC through the Early Triassic can-

not yet be defined. Consequently in Figure 18 our
tailed trendas OI 0 ~ L tnrougn tne rarly 1ridssic ca-

not yet be defined. Consequently in Figure 18 our
data for this epoch are represented by their mean
values, and the precision indicated for the isotope age
curve is correspondingly lowered.
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In Figure 18 there is some suggestion of an upward
trend from Early Griesbachian to Early Nammalian
(Dienerian) time, but this remains to be confirmed by
further studies with close stratigraphic control. The
section at Nammal Gorge (Fig. 11), the stratotype for
the Nammalian Stage, seems to trend irregularly
downward through that stage, but this is not yet con-
firmed elsewhere. Our sections in Zanskar (Fig. 12)
show values of & ®C of =1 to +1 %o through the over-
lying Anisian and Ladinian.

Discussion

The results presented in this study indicate that
during Late Permian and Early Triassic time several
shifts occurred in the marine carbon isotope curve, as
generalized in Figure 18. These events are established
in sections from the Alps to China. A minimum of
8 PC occurs near the boundary of the Dzhulfian and
Dorashamian Stages. The major negative shift occurs
near the P/Tr boundary, as already suggested by
HoLszRr et al. (1986), but the details of the drop are
now better resolved. Thus from a second high of
+3.5%o in the Lower Dorashamian, 8 “C drops to
+2 %o at the top of the Paratirolites Zone, and then
rather sharply to below zero through the Psexdo-
tirolites-Plenronodoceras Zone. The length and
smoothness of the drop in § "C measures the con-
tinuity and completeness of sedimentation across the
P/Tr boundary. Where no Dorashamian rocks are
present a discontinuity is observed at the P/Tr boun-
dary. In all sections values of & "C reach a minimum
a little above the boundary. Above that, in the Early
Triassic, a gradual upward trend is suggested, for at
least 10 to 70 m above the P/Tr boundary.

In the Late Permian Castile Formation in the
Delaware Basin, New Mexico (Macarrrz et al.,
1983) and in the Zechstein sequence in northwestern
Europe (MaGaArrTZ et al., 1981), the high values of
+5 %o t0 +6 %o correspond to levels of & PC = +4 1o
+4.5 %o in the Midian where sampled in Tethys. In
both New Mexico and northwestern Europe the
sedimentation becomes non-marine before reaching
the end of the Permian and its drops in & *C. Another
important feature of the Late Permian sections in the
USA and northwestern Europe is a sharp rise of § *C
near the Kazanian/Tatarian (= Murgabian/Midian)
boundary (HoLsER etal., 1986). This marker was well
characterized in many sections in those regions, and
seemed to represent the end of a final negative excur-
sion of 8 PC from the generally high levels found

SECILCU LU TTPIEdCIIL WIC CHU U1 & 1illal TTRALIVE CALUL-
sion of 8 PC from the generally high levels found
elsewhere during Pennsylvanian and Early Permian
time (e.g., VEIZER et al., 1980, 1986; Porr et al., 1986).
Most of our data for this time interval in the present

survey of the Tethyan region are from Emarat-2
(Figs. 7 17), which does not show this sharp rise.
Sampling of other sections that are well represented
in this time interval will be required to resolve this
issue.

The carbon isotope profiles that we have presented
are primarily a record of carbon isotope ratios in the
surface waters of the Tethys Sea. But the equivalence
of values in deep- and shallow water carbonates in the
data from Salamis indicates that the contrast of § *C
between surface and deep ocean waters of Tethys may
have been even less than in today’s ocean. Con-
sequently we can have some confidence that the car-
bon isotope profiles record mean values for the entire
Tethys Sea and likely for the world ocean as a whole.

Based on a mass balance model (Kump & GARRELS,
1986) one expects the carbon isotope composition of
oceanic dissolved carbonate to shift in a short time
(2-3 x 10° yr) following a change in the flux to the
sediments of organic carbon (C,,) relative to total
carbon (C,,,). So the longer term changes in § °C,
from the Murgabian to the P/Tr boundary — 6 to 7
Ma — do not represent a single flux event of the car-
bon cycle, but rather an extended series of events that
are followed closely by the marine & ®C curve. Even
the final drop of & “C was spread through two of
about ten biozones of Late Permian time (Fig. 2), cor-
responding to 1 or 2 Ma.

There is a similarity between the patterns of & »C
and faunal diversity in the P-Ir interval. Raup & Sep-
KOSKI (1982) show that the extinction event at the end
of the Paleozoic began with a decline in total diversity
at the beginning of Late Permian time. HOLSER &
Macarrrz (1987) replotted the data of Raur & Ske-
KOSKI for the Permian-Triassic interval, from which
it is apparent that the decline in diversity begins in the
Murgabian and continues to the P/Tr boundary. Ex-
tinction toward the end of Permian time may have
been in part stepwise, as has been proposed for the
end-Cretaceous (Hur et al., 1987; Kaurrman, 1986),
although neither our generalized carbon isotope age
curve (Fig. 18), nor the diversity statistics of Raup
& SEPKOSKI are capable of such fine resolution. Re-
covery of diversity was slow, delayed through Early
Triassic time.

The similarity of these trends (faunal diversity and
the fraction of C,,,) may reflect a common cause:
Perhaps these two phenomena had in common a
change in the environment and extent of the shallow
shelves in which both diversity and biomass is con-

centrated. The last stages of the Permian witnessed a
STICLVES 1L 'WILICIL DO ALVETSILY annd D1omass 15 Comn-

centrated. The last stages of the Permian witnessed a
dramatic drop in sea level (Baup, 1985; HOLSER &
Macaritz, 1987), also evident in the rarity of marine
sequences for the transitional sections. As one ap-
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proaches the boundary the number of sections repre-
senting the time interval decreases. Note that the
shores of the Tethys oceans were a major locale of
what marine sedimentation there was at that time,
while in other areas of the world (e. g., western North
America and northwestern Europe) marine sections
of Early Carboniferous to Early Permian age are suc-
ceeded by non-marine deposits of Late Permian to
Early Triassic age. Even in Tethys many of the exist-
ing marine sections show indications of lower sea
level by increases of terrigenous material (e. g., Nam-
mal Gorge, Pakistan). Decreased sea level not only
reduces the venues for the proliferation of marine
life, but also exposes to oxidation the C,,, that was
deposited in the preceeding interval.

Conclusions

In this paper we present carbon isotope data from
many of the classical sections of the P-Tr of the Tethys
Sea. The isotopic results show a pattern of depletion
of PC from the Murgabian to Dzhulfian and
Dorashamian. The decline in § PC is thus spread over
at least 5 Ma of Late Permian time, accelerating to a
steeper drop in the last two or three biozones of the
Permian, but continuing smoothly across the strati-
graphic P/Tr boundary. The lowest values of & *C
occur just above the P/Tr boundary. Low values
persist in the lowermost Triassic, but at some time
during the Late Griesbachian & "C may have returned
to only slightly positive values. The pattern of change
of 8 C is similar to that of faunal diversity, and both
changes may have been related to changes of sea level.

In the course of our detailed study we have also
shown that carbon isotopes in marine limestones
have considerable potential as a stratigraphic tool, in
fine-scale correlations and in the detection of
hiatuses of sedimentation.
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