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Rizssunto. Le successioni espeste nelle Valli di Pin e Spki,
un’area classica per il Triassico della Teride, forniscono una registra-
zione sedimentaria e paleontologica straordinariamente completa,
ideale per verificare la validita delle carte eustatiche globali e I" appli-
cabilitd dei maderni concetti di stratigrafia sequenziale,

Il limite Permiano/Triassico corrispende a una importante la-
cuna, soprattutte nell” alta valle di Pin dove I interruzicne della sedi-
mentazione si & prolungata per diversi Ma, Nello Scitico e nell’ Ani-
sico, la Formazione di Tamba Kurkur registra una serie di fluttuazio-
ni eustatiche, con sedimentazione condensata di calcari nodulari pela-
gici sulla piattalorma continentale esterna e sull'inizio della scarpata
durante le fasi trasgressive, e deposizione di peliti di piattaforma nelle
fasi regressive. Un livello condensaro a glauconia cade circa al limite
Anisico/Ladinico, e il tetto della formazione raggiunge il Ladinico
basale nelle sezioni pit prossimali e complete.

1l tardo Ladinice inferiore segna un aumento del detrito terri-
geno fine, ma i tassi di accumulo rimangono bassi per la parte infe-
riare del Gruppo di Hanse, per aumentare bruscamente nella parte
centrale del Carnico, raggiungendo i 100 m/Ma alla fine del piano.

Almeno nove sequenze transgressivo/regressive di I o TV or-
dine sono distinguibili nella Formazione di Nimaloksa e nel Gruppo
di Alarer, dove la distribuzione delle facies indica che il margine con-
tnentale passivo indiano si approfondiva verso nord, La Formarione
di Nimaloksa documenta la progradazione di una rampa carbonatica
nel Carnico sommitale (Membro Inferiore), seguita nel Norico infe-
ricre dalla sedimentazione subtidale mista carbonatico/terrigena del
Membro Medic e pol dai depositi di piattaforma carbonatica del
Membro Superiore. La discordanza erosiva alla base del Gruppo di
Alaror registra quindi un evento tettonice distensivo, seguito dal rapi-
do aumento del detrito quarzoso-feldspatico nel tardo Nerico inferio-
re. Gli apporti terrigeni si riducono solo durante 1 picchi trasgressivi,
segnati da orizzont condensati a voliti ferruginose o fosfati e, attor-
no al limite Norico inferiore/Norico medio, dalla crescita in acque
pitt pulite di piccole biocostruzioni (“Coral limestone™). T assi di ac-
cumule iziano a ridursi progressivamente prima della fine del Trias-
sico, quando un’ unitd arenacea pil grossolana (“Quartzite series”)
segna unma importante regressione, subito seguita da una grande tra-
sgressione alla base del Gruppo di Kioto,

Abstract. The successions exposed in the Pin and Spiti valleys,
a classical area for the Tethyan Triassic, provides an extraordinarily
complete sedimentary and paleontologic record and is thus well-sui-
ted to check the \-':llif.{{t)-‘ of glc}bal eustatic charts and app][cab[l[t}' of
sequence stratigraphic concepts. New detailed stratigraphic data al-
lowed us to present a revised lithostratigraphic scheme - largely based

on previeus works by Hayden (1904) and Srikanua (1981) - which
can be directly compared with successions exposed all along the
Tethys Himalaya from Zanskar to Tibet.

The Permian/Triassic boundary represents a major break in
sedimentarion, with time gaps of up to several Ma testified in the
upper Pin valley. In the Induan to Anisian, the Tamba Kurkur Fm,
mainly documents global eustatic changes, with transgressive stages
characterized by sedimentation of condensed nodular limestones an
the outermost shelf/uppermost slope (c.g., Griesbachian/Early Die-
nerian, Spathian) and regressive stages marked by mudrock deposi-
tion on the continental shelf (e.g., Late Dienerian/Smithian). A glau-
conitic condensed horizon occurs at the Anisian/Ladinian boundary,
and the top of the formation reaches the Early Ladinian in morc
complete proximal sections.

Greater clay supply characterizes the late Barly Ladinian, but
accumulation rates remain low in the lower part of the Hanse Group
(Kaga and Chomule Fms.), to increase sharply in the late Early o
early Late Carnian (“Grey beds™), reaching 100 m/Ma in the latest
Carnian (Nimaloksa Fm.}.

At least nine, third- to fourth-order transgressive/regressive se-
quences can be recognized in the Nimaloksa Fm. and Alaror Group,
where [acies distribution patterns indicate that the Spiti continental
margin deepened towards the north. The Nimaloksa Fm. documents
progradation of a carbonate ramp in the latest Carnian (Lower Mem-
ber), followed in the Early Norian by subtidal mixed carbonate/terri-
genous sedimentation {Middle Member) and by platform carbonate
deposits (Upper Member}. Next, the major disconformiry at the base
of the Alaror Group testifies 1o an extensional tectonic event, fol-
lowed by rapid increase in quartzo-feldspathic detritus in the lare Ear-
ly Norian. Siliciclastic supply is reduced only during flooding stages,
marked by volitic ironstone or phosphatic condensed horizons (*/fu-
vavites beds”, “Momotis shale™):
lopment of knoll reefs around the Early/Middle Norian houndary
(“Coral limestone™). Accumulation rates gradually begin o decrease
belore the close of the Triassic, when the “Quartzite series” records a

cleaner waters foster local deve-

sharp regressive event, followed by renewed transgression at the buase
of the Kioto Group.

Introduction.

The Triassic sedimentary succession of Spiti has
been the subject of classical stratigraphic studies for over
a century (Fig. 1). Complete sections from the top of
the Permian to the base of the Jurassic, from 1150 to
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199C}. Geographic position of localities cited in text is shown; asterisks indicate location of measured sections.

1200 m in thickness, can be measured without losing a
bed in the upper Pin valley (Muth). Good reference sec-
tions are exposed in the Tiling-Gechang-Guling area to
the north and in the upper Spiti valley between Losar
and Kioto, where the Triassic reaches 1300 m in thic-
kness overall. Ammonoids and conodonts, found in
intervals, excellent  biostratigraphic
check-points from the base of the Triassic to the Middle
Norian. Spiti thus represents one of the most interesting
areas in the world for detailed stratigraphic studics on
the Tethyan Triassic, and to check the validity of global
eustatic charts and applicability of modern sequence

many represent

stratigraphy concepts.

The purpose of the present paper, which is the
result of a continuing research project on the paleogeo-
graphic evolution of the Tethys Himalayan Zone carried
out at the University of Milan, is to provide a wealth of
new detailed stratigraphic data along with a synthesis of

current knowledge on the Triassic stratigraphy of Spiti.
Over 250 samples for petrographic and paleontological
analysis were collected in 14 detailed stratigraphic sec-
tions measured during the summer 1992 geological ex-
pedition. The earlier lithostratigraphic nomenclature is
revised herein, and a simple general scheme is proposed,
which is based on our data and observations but also on
the many previous works dealing with the Zanskar-Spiti
Svnclinorium (e.g., Hayden, 1904; Diener, 1908, 1912;
Srikantia et al., 1980; Srikantia, 1981; Fuchs, 1982;
Bhargava, 1987; Bagati, 1990).

Given the relative homogeneity of Triassic sedi-
mentary units all along the Tethys Himalayan Zone,
this framework can be directly compared not only with
the adjacent Zanskar region (Nicora et al., 1984; Jadoul
et al., 1990; Gaetani & Garzanti, 1991), but also with
the Triassic stratigraphy of central Nepal (Garzanti et
al., 1992, 1994a) and even southern Tibet (Jadoul et al,,
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Tal. 1 - Triassic lithostratigraphy for the Tethys Himalaya of Spiti. Nomenclature propesed in the present paper is compared with that

adopted by previous research teams in Spiti and Zanskar.
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1995). Further biostratigraphic information on the Spit
succession is contained in several other articles (eg.,
Goel, 1977; Bhargava & Bassi, 1985; Bhargava & Gadho-
ke, 1988).

Adopted conodont zones are according to Matsu-
da (1985), Sweet (1988 a,b) and Kozur (1989a). Given
accumulation rates arc gross average figures based on the
Haq et al. (1988) time scale; for the sake of simplicity
compacllon processes are not taken into account.

The Lilang Supergroup.

The new lithostratigraphic scheme proposed he-
rein (Tab. 1) primarily results from an integration of the
pioncering work by Hayden (1904) and the formal no-
menclature of Srikantia (1981; Srikantia et al., 1980);
some of the terms given by Bhargava (1987) are also
adopted. For the sake of simplicity, no new formational
name is introduced, whilst several terms are judged use-
less and are eliminated. The stratigraphic scheme pre-
viously proposed for Zanskar (Baud et al., 1984; Gaetani
et al., 1986; Jadoul et al., 1990) is also emended.

The Lilang Group (Hayden, 1908), comprising, all
of the Triassic with the exception of the Rhaetian base

Fig. 2

of the Kioto Limestone (Baud et al.,, 1984; Gaetani et
al., 1986; Bagati, 1990) is here elevated to supergroup
rank. The Lilang Supergroup (Fig. 2) begins with the
Tamba Kurkur Formation (Srikantia, 1981), a marker no-
dular limestone interval which can be traced all along
the Tethys ITimalaya from Zanskar (Srikantia et al.,
1980; Nicora et al., 1984) 1o southern Tibet (Garzanti et
al., 1995). The term Mikin Formation (Bhargava, 1987)
is a junior synonym, and should be abandoned.

The Hanse Formation (Srikantia, 1981), here ele-
vated to group rank, designates the overlying shelf marls
and marly limestones in the Spiti-Zanskar Synclinorium
(Srikantia et al., 1980; Gactani ct al., 1986). In Spiti, the
Hanse Group includes the Kaga Formation (Bhargava,
1987; “Daonella shales” ol Ilayden, 1904), the Chomule
Formation (Bhargava, 1987; “Daonella limestone” and
“Halobia limestone” of Hayden, 1904) and the “Grey
beds” (Hayden, 1904; Fuchs, 1982).

The overlying carbonates with intercalated terrige-
nous intervals have been named Nimaloksa formation in
the upper Spiti valley (Srikantia, 1981; “Tropites beds”
of Havden, 19C4). The term Sanglung Formation (Bhar-
gava, 1987) should be abandoned, since such a unit
would include the “Grey ]:Jeds”, the whole of the Nima-
loksa Fm., and the overlying “/uuvavites beds” as well.

.

- The Triassic suceession in the Pin and upper Spiti valleys. Lilang Supergroup, spectacularly and continuously cxposed ar Muth, from

Upper Permian Kuling Group (K) 1o Lower Jurassic Tagling Limestone (Ta) (T= Tamba Kurkur Fm.; H= Hanse Group: k= Kaga
Fm., c= Chomule Fm., g= Grey beds; N= Nimaloksa Fm,; A= Alarer Group; P= Para Limestone),
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A major unconformity marks the base of the Ala-
ror Formation (Srikantia, 1981), here elevated o group
rank. The unit was also recognized in Zanskar (Srikan-
tia et al., 1980C), where it has been improperly named
“Quartzite series” (Baud et al., 1984; Jadoul ct al., 1990;
see Fuchs, 1987, p. 477). The Alaror Group includes four
mixed terrigenous/carbonate units (“fuvavites beds”,
“Coral limestone”, “Monotts shale” and “Quartzite series”™;
Hayden, 1904). The reasons why we prefer to use such
informal names loosely, rather than the formal terms
Hangrang Fm, (L.e., “Coral limestone”) and Nunuluka
Fm. (ie, “Quartzite series”) proposed by Bhargava
(1987), 1s given below. Use of the term Alaror Fm. as an
equivalent of the “Monotis shale” alone (Bhargava, 1987)
should stop.

The Alaror Group is overlain, all along the Tethys
Himalaya from Zanskar to Nepal and southern Tibet
(Jadoul et al., 1990, 1995; Garzanti et al., 1992, 1994a),
by the platform carbonates of the Kioto Gromp, of Rhac-
tian to mid-Dogger age (Diener, 1908; Jadoul & Sarto-
rio, 1990); the Simokhambda Fm. of Srikantia (1981) is
a much younger synonym. Only the Rhaetian lower
part of the Kioto Group (Para Limestone; Stoliczka,

Losar Lingti Guling

‘Tamba Kurkur Fm.

- an

ool remerd

¢ Nodtpnent
.-"" el
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1866; Jadoul et al, 1990; “Megalodon limestone” of
Hayden, 1904) will be dealt with in our paper.

Lithostratigraphy and biostratigraphy

Tamba-Kurkur Formation.

The Tamba Kurkur Fm. (Fig. 3; 36.3 m at Muth;
33.3 m at Guling; 54.2 m at Losar) unconformably over-
lies the Upper Permian black shales of the Gungri For-
mation (Garzanti et al., in prep.). The lormation is here
subdivided into four members (Fig. 4), largely retaining
04): a basal
limestone of Early Griesbachian to Farly Dienerian age

the subdivisions introduced by Hayden (19
(First limestone band), 1s {ollowed by thinner limestones
and mudrocks of Late Dicnerian to Late Smithian age
(“Hedenstroemia beds”), and then by a resistant marker
band of amalgamated limestones of latest Smithian to
earlicst Aegean age (“Nodular limestone”); the topmost
member (“Muschelkalk™) consists of limestones and in-
tercalated marls of Anisian to Early Ladinian age. A si-
milar subdivision may hold at least in part for the adja-
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Fig.3 - Measured stratigraphic sections in the Induan to lowermost Ladinian Tamba Kurkur Formation. Stratigraphic position of samples

and conodont faunas is indicated, The Losar section was sampled for conodonts only at the base; correlation of overlying intervals is

based on lithelogy.
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Fig. 4

cent Zanskar (Gaetani et al., 1986, p. 457) and Kumaon
regions (Diener, 1912; Heim & Gansser, 1939).

First limestone band.

These grey-reddish, nodular, locally dolomitic, binclastic wac-
kestones (not represented at Muth; 0.5 m at Guling; 1.0 to 14 m a
Lingti; 1.2 m at Losar) contain common ammonods and conodonis
(Pl. 1 and 2). The very base of the interval, containing phosphate no-
dules at Losar, ranges in age from Griesbachian at Losar, Lingti and
Guling [(Fpicalis/tsarcica zone: Gondolella carinata (Clark, 1959), G.
tslongensis (Tian, 1982), G. taylorae (Orchard in Orchard, Nassichuk
& Rui, 1994), Hindeodus typicalis (Sweet, 1970), H. zhenanensis (Dai &
Zhang, 1989); Tab, 2] to earliest Dienerian at Gechang (base of Kum-
meli/Cristagalli zone: G. carinata, Neospathodus kunimel{ Sweet, 1970
Tab, 3). The wop of the interval is early Law Dienerian ar Lingt and
Guling {base of Pakistanensic zone: N. kummefi, N. dieneri Sweet, 1970,
N. cristagalli Sweet, 1970, N. pakistanensis Sweet, 1970; Tab, 4 and 5),

Hedenstroemia beds.

This member begins with grey bioclastic wackesiones interbed-
ded with black mudrocks (3.6 at Muth; 3.0 at Losar), vielding ammeo-
noids and conedonts of early Late Dienerian age (Pakistanensis zone:
N, dienevs, N eristagalli, N. pakistanensis) at Muth (Tab, 6), where this
interval directly overlies the Gungri Formation., Next, nodular lime-
stones with bacterial mats and abundant ammenoids (2.9 m at Muth;
3.8 m at Losar) vielded conodonts of probably Late Dienerian age (top

- Stratigraphy of Tamba Kurloar Fm. (f= First hmestone band; h= Hedenstroemia beds; n= Nodular limestone; m= Muschelkallk; k=
Kaga Frm.; arrows mark sharp top of the unit), A) Above Losar (see also Fig. 5); B) at Muth,

of Pekistanensis zone: N. pakistanensis, N. cristagalli, G. nepalensis
Kozur & Mostler, 1976). An Earlv Smithian age is less likely, since N.
waagens is absent. The following mudrocks, rhythmically intercalaced
with thin- to medium-bedded bioclastic wackestones (7.0 m at Muth;
126 m at Guling; 16,6 m at Losar), only locally vielded ramiform
conodonts in the uppermost part. Bivalver and erinoid-bearing pack-
stones may occur in the middle-upper part. Next, a distinct interval of
interhedded grey mudrocks and burrewed nodular mudstone/wacke-
stones with abundant stylolites (2.6 m at Muth; 1.5 m at Guling; 1.7
m at Losar) yielded the conodont G. aff. jubata Sweet, 1970 (Garzanti
et al., 1994a), suggesting a latest Smithian age {THangularis zone), since
N. bomeri 15 absent, This is equivalent to the “Horizon of Pendomeo-
notis himaica” and “Horizon of Riynchonella griesbachi™ (Hayden,
1904; Dierer, 1912).

Nodular limestone.

Grey-reddish amalgamated nodular wackestones with bacterial
mats (“Niti Limestone” of Noetling, in Diener, 1912; 6.4 m at Muth;
5.4 m at Guling; over 2 m at Lingti; 13.8 m at Losar) vielded Spathian
conodonts [Jubata/Collinseni zone: G. aff. jubata, N. homen (Bender,
1970)] at Guling and Muth. The overlving thick-bedded grey nodular
bioclastic wackestones to packstones alternate with medium-bedded
wackestones with mudrock interbeds (11.0 m ar Muth; 8.4 m at Gu-
ling; 10.8 m at Lingti; 6.9 m at Losar) and yielded fish remains and
conodonts. G. afl. jubata, N. Bomeri and N. spathi Sweet, 1970 still
indicate the Spathian (fubata/Coflinsoni zone) up to the topmost me-
tre, where widespread occurrence of Chiosella timorensis (Nogarmi,
1968) testifies to the earliest Aegean (Timorensis wone),

PLATE 1

Conodents in Lower Griesbachian base of First limestone band of Tamba Kurkur Fm. (sample AS1, Lingti section) (sample AS3,

Guling section); a) upper view; b) lower view: ¢} lateral view.

Fig. 1b, ¢ - Hindeodus zhenanensis (Dal 8 Zhang). AS1; x 65.
Fig. 2a, b,c - Gondolella tulongensis (Tian), AS1L; x 65.

Fig. 3 a, b, ¢ - Gondolella tlongensis (11an). AS1; x 65.

Fig. 4a, b, ¢ - Gondolella taylorae (Orchard). ASI; x €5,
Fig. 5a,b,c - Gondolellz carinata (Clark). AS1; x 65.

Fig. 6 a, b, c - Gondolella taylorae {(Orchard). AS3; x 65
Fig. 7a,b,c - Gondolella taylorae (Orchard). AS3; x 65.
Fig, 8 a, b,c - Gondolella aff. taylorae (Orchard). AS3; x 63,
Fig. 9 a, b, ¢ - Gondolella cavinata (Clark), AS3; x 65,

Fig. 10a, b, ¢ - Comdolella tulongensis (Tian). AS3; x 65.

Fig. 11 a, b, ¢ - Gondolella taylorae (Orchard). AS3; x 65.
Fig. 12 a, b, ¢ - Gondolella carinata (Clark). AS3; x 65,
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Tab. 4 - Conodont distribution, frequency and age for Tamba Kurkur Fm. (TK) at Lingn.
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1,18 AS 8 bamran |
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017 | AS4 1
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Tab.5 - Conodont discribution, frequency and age for Tamba Kurkur Fm. (TK} at Guling.

PLATE 2

Conaodonts in First limestone band of Tamba Kurkur Im. (sample HS382, Early Griesbachian; Losar section) {(sample HS186, Early
Dienerian; Gechang section) (sample AS3, Farly Dienerian; Guling section); a) upper view; b) lower view; ¢ lateral view,

Fig. 1 a, ¢ - Himdeodus typicalis Sweet. HS382; x 90.

Fig. 2 a,b,c - Gondolella tulongensis (T'ian). 115382; x 80,

Fig. 3a,b, ¢ - Gondolella taylorae (Orchard). 115382; = 80.
Fig. 4 - Nenspathodus ktmmelt Sweet. TIS186; x 80.

[;ig‘ LE b, c - Gondolella fqytrorae (Ort‘.hard}, HS'IXG; x 65,
Fig. 6 “ Neospxrb_odm Esymmeli Sweet, HS186; x 80,

Fig. 7 a, b, ¢ - Gandolella aff. taylorae (Orchard). H5186; x 80.

Fig. 8 a, b, Gandalella afl. tulongensis (Tian), HSL86; x 65.

Fig. 9 a,b, ¢ - Gondolella carinata {Clark). AS5; a) x 65; b,e) x 8C.
Fig. 10 a, b, ¢ - Gondolella carinata (Clark). AS5; a) x 65; be) x 8C.
Fig. 11 - Neaspathodus ksmmeli Sweet. ASS; x 0.
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Tah. &

Muschelkalk.

The topmost part of the Tamba Kurkur Fm. is invariably
strongly condensed (5.8 m at Muth; 4.95 m at Guling; 4.7 m at most
at Lingti; 7.3 m at Losar).

The lower part (2.0
Lingti; 3.8 m at Losar) consists of medium-bedded dark-grey nodular

m at Muth; 3.2 m at Guling; 28 m at
limestones with large ammonocids and interbedded masls. The Early
Bithynian is indicated by concdonts C. regalis (Mosher, 1970} and a
few G. bulgarica (Budurov & Stefanov, 1975) 1.4 m above the base au
Guling, whereas G. constricta cornuta (Budurov & Stefanov, 1972), G.
aff. alpina szaboi Kovacs, 1983, G. aff. cotrammeri Krystyn, 1983 and
Gladigondolella sp. found ar the top at Lingti already document the
latest Tlyrian.

The upper part (3.8 m at Muth; 1.75 m ar Guling; 1.9 m at
Lingti; 3.5 m at Losar) consists of dark grey nodular wackestones to
floatstones with abundant and locally phosphatized ammonoids or bi-
valves; an ostracod assemblage is reported by Pant & Azmi (1982).
Latest lllyrian conodonts were found at the base ar Guling (G. aff.
alpina seaboi, G, eotvammeri, Gladigondolella sp). An up 10 13 cm
thick glauconitic layer in the middle part yiclded glauconized gastro-
pods, ostracods, benthic foraminifers and common echinoderm plates
and calcareous sponge spicules. In the upper part, corals, burrows and
authigenic feldspars are observed; conodemts at Guling indicate the
Anisian/Ladinian boundary (G. fieberman: Kovacs, 1993, G, lieberma-

7
2

ni transiticnal form to G, fuelopr Kovacs, 1993, and Gladigondolells

sps PL 31, The varied conodont assemblage found 30 cm below the
top at Muth (G. transita Kozur & Mostler, 1971, G. fueloepi Kovacs,
1993, G. wrammeri Kozur, 1972, G, comstricta constricta Mosher &
Clark, 1965, G. constricta cornuta, O, comsiricta postcornuta Kovacs,
1993; Tab. 6] already documents the carliest Ladinian (Nevadites Zone;

Krystyn, 1983; Kovacs er al,, 19%0).

- Conodont distribution, frequency and age for Tamba Kurkur Fm. (TK} at Muth.

The condensed glanconitic laver vccurring 1.1 10 1.5 m below
the top of the Tamba Kurkur Formation thus roughly corresponds
with the Anisian/Ladinian boundary. Moreover, the top of the Tamba
Kurkur Fm. is slightly younger at Muth with respect 1o Guling, whe-

re a significant time gap is indicated.

Hanse Group.

The Hanse Group (333 m at Muth; about 370 m
at losar), sharply overlying the Tamba Kurkur Fm. and
marking an abrupt increase in mud supply (Fig. 5), in-
cludes the largely Upper Ladinian Kaga Fm., the upper-
most Ladinian to lowermost Carnian Chomule Tm.,
and the upper Lower to Upper Carnian “Grey beds”.

Kaga Formation.

The unit (42 m at Muth; 50 to 60 m at Losar)
consists predaminantly of grey marls with intercalated
thin to medium-bedded dark grey marly mudstones lo-
cally containing daonellids and silty marls. Crinoid- and
brachiopod-bearing grey limestones and marls at the
very base at Lingti yielded the conodonts G. trammert,
G. foliata (Budurov, 1975), juvenile Budurovignathus
hungaricus (Kozur & Vegh, 1972) and Gladigondolella
sp., documenting the latest Larly Ladinian (latest Fassa-
nian; Curioni Zone; PL 3).

PLATE 3

Conodonts at top of Tamba Kurlur 'm. (sample AS21, latest Anisian; Guling section] and at base of Kaga Fm. (sample AS3C, lae

Early Ladinian; Lingti scction); a) upper view; b} lateral view; ¢) lateral view.

Fig. 1a, b,c - Gondolella liebermani Kovacs, AS21; a, c) x 13C; b} x 120

Fig. 2 a,b,c - Condolells foliata (Budurev), AS30; x 130

Fig. 3a,b,c - Gondolella trammeri Kozur, AS30; x 130,

Fig. 4 a, b, ¢ - Budurovignathus hungaricss (Kozur 8 Vegh). Juvenile specimen, AS30; x 130.
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Fig 5 - Lower-Middle Triassic succession above Losar (T= Tamba Kurkur Fr,; k= Kaga Fm; c= Chomule Fm.).

Chomule Formation.

The unit (85 m at Muth; at least 100 m in the
Gyundi river valley and more above Losar; Tig. 5) consists
of dark grey medium-bedded marly mudstones and subor-
dinate marls. Bioclastic lags are locally observed; small
authigenic feldspars are very common. The lower and up-
per boundary are both clear-cut, and marked by rapid de-
crease and increase respectively of interbedded marls.

All collected samples were barren of conodonts;
we are thus unable to scparate an uppermost Ladinian
lower part (“Daonella limestone” of Hayden, 1904) from
a lowermost Carnian upper part (“Halobia limestone”
of Hayden, 1904).

Grey beds.

''he unit (206 m at Muth, thinner westwards) con-
sists of interbedded marls and marly limestones, locally
intensely burrowed. Phosphate nodules are rare. Mudsto-
nes in the basal 25 m are full of daonellids; higher up
only a few calcarenites with thin-shelled pelecypods and
ostracods or gastropods are found.

In the first metres of the unit, ammonoids and
conodonts (G. polygnathiformis Budurov & Stefanov,

1965, G. auriformis Kovacs, 1977) of late Early Carnian
age (Obesum/Austriacum Zone) were found (P 4; Kry-
styn, 1983). The conodont Metapolygnathus sp., occur-
ring about 80 m below the top of the unit, hints at a
Late Carnian age.

Nimaloksa Formation.

The latest Carnian to Larly Norian Nimaloksa
Fm. (433 m at Muth; over 350 m in the Parahio valley;
450 to 500 m at Kioto), is formally subdivided into a
Lower Member, a Middle Member and an Upper Member
(the latter being equivalent to the Zozar Fm. of
Zanskar; Baud et al., 1984; Jadoul et al., 1990). A simi-
lar tripartite division has been suggested by Fuchs
(1982, 1987).

Lower Member,

I'his Member (158 m thick at Muth) begins with high-[requen-
¢y shallowing-upward cyclothems (1 to 4 m-thick) made of grey marls
and quartzo-feldspathic bioclastic siltsiones, passing upward to siley
limestones and dark grey biocalearenites with commonly burrowed
top and yielding echinoderms, brachiopads, pelecypods, foraminifers,
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rare bryozoans and serpulids. The base and top of cyclothems are mar-
ked locally by phosphatic nodules in marls and ferruginous impregna-
tions in carbonates. This basal interval, 36 to 45 m-hick, marks the
gradual transitien from the underlying Grey beds (Fig. 4).

The overlying dark grey bio-intraclastic packstones (C1 of Fig,
7} contain echinoderms, terebratulid brachinpods, pelecypods (ostreids,
Myophoria sp), gastropeds, small colonial corals, bryozoans, foramini-
lers (TFig. 9), ostracods and rare calcisponges; oncoids and coated grains
oceur and authigenic quartz is common. Layers of lithoclastic rudsto-
ne may occur at the base of the beds, whereas their tops may show
burrows, borings and ferruginous crusts. Thinbedded marl ¥ lime-
stones and marls are intercalated.

The following shallowing-upward sequences (5 to 20 m thick;
T1 te CT3 of Fig, 7) consist of grey marls and pelecypod-bearing silt-
stones with parallel- or hummocky cross-lamination, passing upward
to burrowed marly mudstone/wackestones, and finally to packsto-
ne/grainstones containing ooids, intraclasts, oncoids, coated grains, pe-
lecypods, brachiopods, crinoids, foraminifers, rare calcisponges and
ammonoids.

At the top, packstone/grainstones locally display megaripples
(Fig. 10C) and contain oncoids, foraminifers, crinoids, corals and ooids
(C3 of Fig. 7 and 8).

The conodont Metapolygnathus pseudoechinatus (Kozur, 1989h)
(PL 4), found both just above the basal transitional interval (C1 in Fig,
7) and about 50 m below the top of the Member (CT3), documents a
latest Carnian age (Macrolobatus/ Anatropites Zone; Orchard, 1991
a,b). Benthic foraminifers of Carnian afflinity in fact cccur from the
base of the Member [Astacolus carnions (Oberhauser), Opbthalmidinm
sp. Tetraxis sp., Mesoendotbyra sp., Endothyranefla sp., Nodosariidae,
aulotortids] up to 18 m below its wp [Fig. 9]; C3; Terriglomina carni-
ca (Dager), Awlotortus ex gr. smmosus Weynschenk, Trochamminidae).
Appearance of Auwloconus permodiscoides (Oberhauser) 10 m below the
top (Fig. 9L; C3) suggests that the topmost metres of the Member are
Early Norian in age (R. Rettori, pers. comm., 1995},

]

=
&)

o
'

Transitional boundary between top of Hanse Group (g=
Grey beds) and Nimaloksa Fm. (N} in lower Parahio val-
ley. Note two shallowing-upward sequences capped by

thick-bedded carbonates in Lower Member of Nimaloksa

Fm.

Middle Member.

‘This Member (172 m at Muth; 235 m at Kioto) is characterized
by an increase in silt-sized terrigenous detritus from the Pin and Para-
hio valleys to the Kioto area. Two lithozones were distinguished.

The lower lithozome (T2 10 T4 of Fig. 7) consists of shallowing-
upward sequences, thicker in the upper part and beginning with up to
very fine-grained hybnd quartzo-feldspathic arenites, displaying scou-
red base and mudclasts or parallel- to hummocky cross-lamination and

current ripples (NE-ward to SE-ward paleocurrems). Rare disarticula-
ted megalodontids and Rhizocorallium- to Zoophycostype burrows oc-
cur. Sequences are completed by bio-intraclastic packstone/grainstones
containing oncoids, coated grains, commonly micritized radial-fibrous
ooids (Fig. 91T), pelecypods, echinederms, rhynchonellid brachiopads,
small and encrusting foraminifers [Awlotorins ex gr. commumis (Kri-
stan), Planinvoluting sp., Iolypammina sp; Fig. 9G], bryozoans (Tebito-
pora sp.; Fig. 91). The top of the sequences is commonly marked by
minor uncenformities with Skofithestype burrows (Fig, 10B) and
layers of lithoclastic rudstone.

The upper lithozone (CT5 1o CTIC of Fig. 7) displays an ove-
rall shallowing-upward trend, beginning with bioturbated or parallel-
laminated dark grey silistones and silty marls with small phosphatic
nodules and mudclasts. Next, silustone/carbonate cyclothems  dis-
playing hummocky cross-lamination or burrowed (Fig, 10D; 2 w0 12
m thick] are followed by oncoidal packstone/rudstones with aoids,
echinoderms, pelecypods and benthic (lagenids) or encrusting forami-
nifers (Fig. 9E). At the top, bioturbated oomdal packstone/ grinstones,
sull intercalated with marly wackestones and silty interbeds, contain
corals (most cemmon at Muth; Fig. 9F), bryozoans, brachiopods,
benthic foraminifers (Duostominidae, Mesoendothyra sp, a few dasy-
cladacean algae, calcisponges and problematica (Baccanella sp.). Cross-
lamination (Fig. 10A} or lenses of lithoclastic rudstone are observed.
Gypsum pseudomorphs and authigenic quartz or Fe-rich dolomite are
widespread.

The conodont Metapolygnathus primitins (Mosher, 1970), found
23 m below the top at Muth (I"l 45 Cll'lC'] documents an earliest No-
rian age (Kerri/Tandianus Zone; Kovacs & Kozur, 1980; Krystyn, 1980;
Orchard, 1991a,b).

Upper Member.

This Member (103 m ar Muth; 100 10 110 m in the Parahio
valley; 158 m at Kioto) s made of shallow-water carbonates. Grey len-
tcular oolitic bars and thick-bedded, crosslaminated biocalcarenites
with oncolds, ooids, bryozouns, brachiopods, pass upward to cross-la-
minated intra-bioclastic  packstone/grainstones  {SE-ward  palescur-
rents); graded lithoclastic rudstone/floatstones are intercalated. A mar-
ker horizon of stromatolitic dalostones in 5C to 70 em-thick beds (C7
in Fig. 7 and 8) may include thin loferitic breccias, intraclastic forami-
niferal packstonc/grainstones (Fig. 9D) or megalodontid-bearing lime-
stones.

Intra-bioclastic wackestone/ packstones with coids, foramini-
fers, echinaderms, ostracods or bryozoans and calcisponges (Fig, 9C)
are common 1n the Parahio valley; even more distal lithofacies are
arranged i four thickening-upward sequences of upward decreasing
thickness in the Kioto secrion,

In the middle part of the Member, cross-Jaminated oolitic and
oncoidal gramnstones (Fig. 10E) to bio-oo-intraclastic packstone/rudsto-
nes yielded encrusting foraminifers, dasvcladacean algae, corals (Montli-
waltia sp.), calcisponges and rare megalodontids,

The upper part includes marly limestones and marls (CT1L in
Fig. 7 and 8§), bic-oo-intraclastic grainstones with oncowds, mucritized
ooids, echinoderms, brachiopods, foraminifers or bryozaans (Fig. 94,B)
and wackestone/packstones with pelecypods, gastropods or corals,

The top of the Member is marked by a major disconformity in
the Spiti valley. Above Hal village (Fuchs, 1982, p. 347), wackesto-
ne/packstones followed by mudstones with loraminifers and authige-
nic bipyramidal quartz are extensively burrowed and bored (Fig. 121).
Sedimentary dykes, filled with hybrid sand derived from the overlving
unit, carbonate lithoclasts and authigenic Fe-dolomite, penetrate down
to 1.3 m below the top of the Nimaloksa Formauon; their side-walls
display ferruginous halees and are locally encrusted by phosphate. Au
Kioto, the unit is capped by an intensely burrowed, peloid-bearing
packstone, containing geades filled by dolomiie. A low-angle uncon-
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Fig.

- The Muth section, complete

from base to top of the Triassic,
Key fossils are indicared, as well
as sedimentary features and fa-
cies intervals.

- Upper Triassic stratigraphic sec-

tions (Nimaloksa Fm., Alaror
Group and Kiote Limestone
Group) in the Pin valley south
of Tiling, in the Parahio valley
east of Gechang and at Kioto.
Key fossils are indicated, as well
as sedimentary features and fa-
cles intervals.
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Fig. 10 - Sediumentary features of Nimaloksa Formation. A} Hummocky (below) to ripple and megaripple cross-lamination in hybrid intracla-
stic calcarenites with intercalated mudstone (Middle Member; Parahio valley). B) Subvertical burraws in wackestone/ paclsstone ar top
of high-frequency cyclothem (Middle Member; Parahio valley). C} Small megaripples (amplitude 20 cm) on bedding surfaces of
intraclastic packstones (Lower Member; Muth), D) Large Rbizocuralliwm-type burrow in silty limestone at base of high-frequency
cyclothem (Middle Member; Muth). E} Oncoidal packstone/rudstone with bioclasts, noids and intraclasts, scoured by hybrid arenite
{Upper Member; Muth},

formity can be recognized also in the Parahio valley and Muth {Fig.  late Farly Norian to mid-Rhaetian in age, is traditional-
13AB), where ammonoids and Zuophycostype burrows are observed lju’ subdivided into four units (I‘lg 11; “Juvavites deS”,
cm-deep vertical burrows may be filled with ochre-reddish sediment, HCOI.Aal llmCStan", Momorts: shale® and “Q:,_lartzme il

Foraminiferal assemblages (Anlotortss friedli Kristan-Tollman, es” in ascendlng order; Hayden, 1904; Diener, 1938;
A, ex gr. sinwosus, A. ex gr. communis, Glomospira sp., Mesoendothyrs  buchs, 1982). These classical lithostratigraphic subdivi-
sp.,, Textulariidae, Variostomatidae, Nodosariidae) indicate a Norian SiOﬂS, d:splaymg an overall sandier—upmrd trend punc-
age (R. Rettori, pers, comm., 1995). tuated by the coral-bearing carbonate band in the mid-
dle, have been given formational status (i.e., Bhargava,
1987) even though they are difficult to trace laterally, duc
to poor original definition and strong lateral variability

The Alaror Group (321 m at Muth; 353 m at Kio-  of facies (more common sandstones and grainstones at
to), unconformably overlying the Nimaloksa IFm. and  Muth, predominating siltstones and mudstones at Kiotw).

on the top of the Nimaloksa Fin.; hardgrounds marked by up to 40

Alaror Group.

Fig. 9 - Microfacies of Nimaloksa Formation, A) Blo-intraclastc grainsione with coated grains and Awlotortas—ex gr. commips (C8: wp of
Upper Member, Muth; x 25 J§ 150). B) Oncoidal rudstone with composite oncoids and small forams (2 Glomospira sp.; Endothyridae)
(CT11: Upper Member, Muth; x 25 JS 14%). C) Tntraclastic packstone with Ycalcisponge (C7: Upper Member, Muth; x 11 ]S 147). D)
Bio-intraclastic grainstone with aulotortids (G7; Upper Member, Muth; x 25 ]S 146). E) Oncoidal packstone/ rudstone; note borings
in pelecypod at oncoid core (CT7: Middle Member, Muth; x 11 ]S 13%). F) Floatstone with corals (C5: Middle Member, Parahio; x
11 J§ 20). G, IT) Oncoidal grainstone with Aulotortas ex gr. communis and radial-fibrous ooids at oncetd core (C4: Middle Member,
Muth; x 25 J§ 132). 1) Rudstone with bryozoans (#bitopora sp.), coated bioclasts and quartzose silt (12: Middle Member, Parahio; x
25 |5 5). ]) Bio-intraclastic packstone with Aulotortus ex gr. sinnosus (C3: Lower Member, Muth; x 25 JS 128). K} Wackestone/ pack-
stone with recrystallized aulotortids (C1: Lower Member, Muth; x 11 J§ 122). L} Oncoidal bio-intraclastic grainstone with Awmloconus
permodiscoides (C3: Lower Member, Muth; x 25 JS 129).
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Further observations are thus needed befare the informal but
long- and widely-known terminology could be usefully replaced by
new formal names. The terms Hangrang and Nunuluka Fms. (equiva-
lent to “Caral limestone” and “Quartzite series” respectively; Bharga-
va, 1987) were not adopted in the studied localities, where the true
“Coral limestone” (knoll reefs of limited areal extent; Bhargava & Bas-
si, 1985) is not present, and the upper transitional boundary between
the “Monctis shale” and the “Quartzite series” could be only so-
mew hat subjectively established.

Juvavites beds.

The Juvavites beds (109 m at Muth; 197 m at Kio-
to) can in turn be subdivided into three lithozones: the
lower and upper ones consist of muddy terrigenous to
calcareous shelf sediments, whereas grainstones and ooli-
tic ironstones characterize the middle one.

‘Thickness of the fower lithozone markedly increases {rom 23 m
at Muth o 40 m in the Parahio valley to 76 m at Kioto. In the Kioto
are, its base (0,95 m at Hal; 0.2 m at Kiota), displaying particulardy
strong erosion at Hal, is represented by lithoclastic rudstones contai-
ning flat mudstone clasts with ferruginous rims (up to 25 em in sizc),
scoured from the underlying Nimaloksa Formation (Fig. 16). Abun-
dant bioclasts {echinoderms, pelecypods, nodosariid foraminifers, bra-
chiopods, ostracods, brvozoans), oocids, grapestones, coated grains, pe-
loids and variable amounts of detrital quartz oceur. Similar sediments
fill in the dykes which penetrate well below the top of the Nimaloksa
Formation. Next, hybrid arenites with hummecky cresslamination
and locally still containing small litheclasts at the base, grew silty lime-
stones and micaceous siltstones (6.0 m at Muth; 1.35 at Hal; 3.0 m at
Kiota), are followed by burrowed mudstones to packstones containing
at the base ammonoids and conodonts (Metapolygnathus sp.) and inter-
bedded with siltstones and marls in the upper part (16.7 m ar Muth;
9.2 m at Hal; 73 m at Kiote). In the Parahio valley, siltstones with
Zoaphveostype burrows are intercalated with marly limestones.

The middle Litbozone (45 m at Muth; about 60 in the Parahio
val]ey; 34 m at Kioto; 30 m or more at Hal) consists of {.L‘Tl‘llgiﬂ()uﬁ
hybrid arenttes and calcarecus to micaceous subarkesic siltstones di-
splaying hummocky cross-lamination or burrowed, interbedded with
bicclastic paclkstone/grainstones displaying mainly NW-ward herring-
bone cross-lamination at Muth. Bioclasts, commonly concentrated in
storm lags and locally showing microborings, include pelecypods, cri-
noids, brachiopods, corals, gastropods, ostracods, algae. Very unusual,
spherical to elliptical and deformed tangential ocids characterized by
cross extinction with crossed nicols, typically occur in these layers.
The 11 m-thick ironsione capping the lithozone at Muth (I2; Fig. 7
and 13C) is made of oclitic and bicclastic grainstones yielding echino-
derms, foraminifers (Awlotortus ex gr. sinwosus, Nodosariidae) bryoze-
ans, gastropods, pelecypods, ammonoids, ostracods. Cores of ooids,
which show ditferent stages of evolution and are commonly aggregated
in lumps, commonly consist of echinoderm or foraminifer remains
(I'ig. 12H). Most grains are blackened and hemautized, and black
goethitic oolds are widespread (Flg. 12EG); chamositic ooids and cha-

mosite are subordinate. Quartzose silt is minor, Hybrid siltstones and
arenites with hummocky cross-Jamination are capped by ferruginous
intra-bio-oo calcarenites lacally with lithoclasts and megalodontids in
the Parahio valley, and by bioclastic packsiones with tangential coids
displaying pseude-uniaxial cross and phosphates at Kiowo (Fig. 12E).

The upper fithazone (41 m at Muth; 87 m at Kicto) consists of
cyclicallv interbedded orange-weathering silty limestcnes, locally
showing hummoecky crosslamination or thin-shelled pelecypods, and
burrowed dark grey siltstones with rare phosphate nodules; shales be-
come predominant upward. Locally abundant vertebrate ribs (proba-
bly of ichithyosaurs; Fig, 13D} and rare phosphatized ammonoids char-
acterize the base at Muth, In the Parahic and Kioto areas, silty lime-
stones are replaced by marly siltstones locally with ammanoids.

A largely late Tarly Norian age (Magnus Zone) is suggested
(Dicner, 1908).

Coral limestone.

The Coral limestone (16 m at Muth; about 20 m
in the Parahio valley; 22 m at Kioto) is a discontinuous
marker lithozone (CT16 in Fig. 7 and 8) of grev nodu-
lar bioclastic limestones, with interbedded burrowed fer-
ruginous siltstones containing phosphate nodules and
very fine-grained arkoses. Hybrid biocalcarenites at
Muth
lecypods, brachiopods and sparse bryozoans, gastropods,
foraminifers and ammonoids (Fig. 13E}; erosional litho-

contain echinoderms, coral f[ragments, pe-

clastic lenses also occur. A similar interval of nodular
limestone and biocalcarenites at Tiling yielded the cono-
dont Epigondofella abneptis abneptis (Huckriede, 1958),
indicating an Early/Middle Norian age (Krystyn, 1980).
Packstone/grainstones with silicified bioclasts, calcispon-
ges (Colospongia sp.), peloids and black grains charac-
terize the Parahio valley section. At Kioto, siltstones di-
splaying hummocky cross-lamination and climbing rip-
ples (laminae dipping NE-ward to SW-ward) are interca-
lated with nodular mudstone/wackestones. In the stu-
died sections patch reefs are absent; coral colonies were
observed only in the scree at Lingti.

Monotis shale.

‘The Monotis shale (162 m at Muth; about 118 m
at Kioto) also may be subdivided into three lithozones:
shelf mudrocks with intercalated NCl-bearing hybrid
arenites prevail in the lower and upper ones, whereas
the middle one largely consists of storm sandstones.

PLATEL 4

Conodonts at base of Grey beds (sample HS 157, late Early Carnian) and in Lower (samples [S119 and [$ 125, latest Carnian) 1o
Middle Member (sample JS 142, earliest Norian) of Nimaloksa Fm. (Muth section); a) upper view; b) lateral view; ] lateral view.

Iig. 1a, b,e - Gondolella polygnathiformis Budurov & Stefanov, HS5157; x 80,

Fig. 2a, b, ¢
Fig.3a, b, c
1"1‘?,, 4 a. 1), [
Fig.5a,b, ¢
Fig.6a,b, c

Fig. 7 a, b, e Metapolygnathus primitius (Mosher), J$142; x 90.

Gondolella polygnathiformis Budurov & Stefanov. TIS157; x 8.

Gondolella anriformis Kovacs, Juvenile growth stage. HS157; x 100

Metapolygnathus pseudoechinatus {Kozur). Broken specimen at the anterior end. JS119; x 80,
Metapolygnathus pseudoechinatus (Kozur). Broken specimen at the anterior end. JS119; x 80.
Metapolygnathus of. psendoechinatus (Kozur). Broken specimen. JS125; x 100.
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Fig. 11

Alaror Group at Muth (N= top of Nimaloksa Fm.; j=
Jfuvavites beds; e= Coral limestone; m= Monotis shale; q=

Quartzite series; P= Para Limestone).

The lower lithozone (49 m at Muth; about 46 m at Kiowo) be-
gins with predominant burrowed siltstones (18.3 m at Much; abour 22
m at Kiota). The base of the lithorone, stll containing corals and
crinoids at Muth, at Tiling yielded ammonoids (Cyrtoplesrites sp.; de-
termination by M.Balini, 1995) of early Middle Norian age (Rutherfor-
di/Bicrenatus Zone), associated with brachiopods and phosphate nodu-
les. Next, sharp based, very fine-grained grey caleareous arkoses dis-
playing hummocky cross-lamination and silty limestones (9.5 m at
Muth; 8.2 m at Kioto, where mudstones predominate) pass upward to
prevailing burrowed siltstones with imercalated very fine-grained, grey,
caleareous arkoses displaying hummocky cross-lamination or current
ripples (21.4 m at Muth; 16 m at Kioto, where marly mudstones are
commony),

In the middle lithozone (20.7 m at Muth; 18 m at Kioto), coar-
se silistones o very [ine-grained greenish arkoses displaying parallel- to
hummoclky cross-lamination, climbing ripples, prod marks and “ball
& pillow™ structures predominate over burrowed mudrocks. Current
ripples suggest multidirectional paleocurrents. Bioclastic lags and hy-
brid arenites contain echinoderms, bivalves, rare foraminifers {aulotor-
tids), lithoclasts and black grains.

The upper fithozone (32 m at Muth; about 54 m ar Kioto, whe-
re faulting occurs) begins with bivalve-bearing ealearenites, interbedded
with very fine-grained greenish arkoses showing hummocky cross-la-
mination, burrowed siltstones and black shales (27.7 m at Muth; over
1 m at Kioto). Graded to parallel and hummocky cross-laminated
calcarenite/calcirudites show scoured bases and contain biaclasts {echi-
noderms, brachiopods, pelecypods, foraminifers including Aslotortis
ex gr. sinuosus, calasponges, porostromate algae), lithoclasts and pe-
loids; microborings are common. Chamesite, black grains and silicate
peloids occur at the top at Muth, in ferruginous biocalcarenites with
basal lichoclastic lag and displaying hummeocky crass-lamination or
long burrows on stratal surfaces (Fig. 12B,C).

Next, siltstones locally with phosphate nodules interbedded
with bivalve-bearing biocalcarenites (30.3 m at Muth; over 20 m at
Kioto) are capped at Muth by greenish hybrid arkoses to quartz-rich
subarkoses containing echinoderms, bivalves, foraminifers, greenish to

black chamosite-goethite aoids (Fig, 12D), vellow-green chamositic in-
traclasts and shark teeth (15 in Fig. 7; 6.5 m). At the top of the hiho-
Zone [2?.3 m at N[‘thh; 20 m at Kiam}, poor}y-ex_posed burrowed silt-
stones alternate with grey marly to arenaceous limestones and biocal-
carenites, locally showing scoured bases and containing rounded or
microbered bioclasts (pelecypods, echinoderms, brachiopads, gastro-
pods, corals) and lithoclasts, Hybrid limestones containing streaks and
lenses of bioclastic quartzarenites showing ripple or even W-dipping
megaripple cross-lamination characterize the Muth section, whereas
burrowed marly mudstones to wackestone/packstones and interbedded
caleareous sandstones displaying hummoclsy cross-lamination prevail
at Kioto,

Quartzite series.

I'he Quartzite series (34 m at Muth; 16 m at Kio-
to) consists of very fine- to lower fine-grained grey arko-
ses, upper fine-grained subarkoses and medium-grained
greenish to pinkish quartzarenites, with intercalated bur-
rowed siltstones, hybrid arenites and biocalcarenites
commonly yielding pelecypods, echinoderms, foramini-
fers (mainly aulotortids) and gastropods (119 in Fig. 7).
Megalodons are also [ound locally. Scoured bases, hum-
mocky cross-lamination and ripples, or megaripple and
herringbone cross-lamination (NW-ward to SE-ward pa-
leocurrents) are observed; dolomitic to phosphatic clasts
and peloids occur.

The upper boundary is marked by sharply decrea-
sing frequency of quartzose sandstones (Fig. 14A,B).

Para Limestone.

The base of the Kioto Group (22 m in the Muth
area; 20 m at Kioto) is sharp and marked by widespread
occurrence of large megalodontids (C11; Fig. 7 and
14C). Quartzose packstone/grainstones with ooids, coa-
ted grains, lithoclasts, bivalves, echinoderms and forami-
nifers (Fig. 12A), interbedded with burrowed grey marly
mudstones and siltstones, are followed by loca.lly dolo-
mitized burrowed mudstones to cross-laminated blue-
grey packstones with megalodons and alatochonchids.

Foraminiferal assemblages (friasina hantkeni Ma-
jzon, T oberbauseri Kochn-Zaninetti & Brénnimann,
Aulotortus ex gr. communis, Nodosaria sp.) point to a
Rhaetian age for the base of the unit.

The overlying interval (18 m in the Muth area; at
least 18 m at Kioto, where the upper part is faulted) still
includes very fine-grained arkoses to feldspathic quartza-

Tig. 12 - Microfacies of Alaror Group and base of Kioto Group. A) Recrystallized packstone/grainstone with coated bioclasts and ooids; note
Aulotortus ex gr. communis at oold core, along with Nodosaria sp. and crinoids (C11: Para Limestone, Tiling; x 25 J§ 155). B}
Bioclastic grainstone/rudstone with porostromate algae, pelecypods and iron-stained bioclasts (I4: Monatis shale, Muth; x 25 HS 139).
C} Lithoclastic grainstone with ooids, bored Aslotortus ex gr. sinuosus, gastropods and other iron-stained bioclasts (14: Monotis shale,
Muth; x 25 HS 139). D) Hybrid subarkose with chamosite-goethite ooids (I5: Monotis shale, Muth; x 25 HS 140, E) Oo-bioclastic
grainstone/rudstone with bored pelecypods, echinoids, coated grains and recrystallized tangential ocids (12: fuvavites beds, Kioto; x
11 LIS 354). F, G) Grainstone with goethitic ooids and blackened bioclasts (Aulotortus ex gr. sinmosus, echinoderms) (I2: middle
Juvavites beds, Muth; x 60 HS 120-119). H) Grainstone with blackened oeids and bioclasts (dulotartus ex gr. sinuosus, echinoderms,
Acicularia sp.) (12: middle fuvavites beds at Tiling; x 25 |§ 39). I) Bored and iron-stained mudstone cut by sedimentary dyke (Nima-

loksa/ Alaror boundary, Hal; x 11 HS 376).
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Fig. 13 - Sedimentary features of fuvavites beds and Coral limestone. A) Sharp paraconformity (arrows) at top of Nimaloksa Fm. (N} ar Muth
= fwvavites beds; i= ironstone shown in C; b= bone bed shown in I2). B) Same paraconformity in Parahio valley. €) 11-m thick
oolitic ironstone at top of middle Juvavites beds at Muth, D) Candensed bone bed with abundan ichihyosaur? ribs at base of upper

JSwvavites beds at Muth (pencil for scale). E) Coral-bearing (arrows) biocalcirudites in the Coral limestone at Muth,
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Tig. 14

renites with hummocky cross-lamination, burrowed silt-
stones and hybrid arenites with crinoids, bivalves, ga-
stropods, peloids and locally abundant corals (“Theco-
smilia” sp.), phosphate nodules, dolomitic lithoclasts
and chamositic ooids (I6 in Fig. 7). Next, bioclastic to
lithoclastic packstone/rudstones to oolitic grainstones
and dolostones commonly displaying ripple to megarip-
ple and herringbone cross-lamination (NW-ward to S-
ward paleocurrents) become exclusive (C12 in Fig, 7).

Sedimentary evolution

Tamba Kurkur Formation.

The Permo-Triassic boundary.

The base of the Tamba Kurkur Fm. is a sharp pa-
raconformity (Fig. 15). The Farly? Griesbachian is do-
cumented in the Spiti valley (Losar, Lingti) and in the
lower Pin wvalley (Guling), where the sedimentation
break across the Permian/Triassic boundary is mini-

- Sedimentary features ol topmost Alaror 1o Kioto Groups. A) Boundary at Muth between Alaror Group (m= Monntis shale; q=
Quartzite series) and light-coloured carbonates of Para Limesione {P), in turn overlain by darker Tagling Limestone (1), B) Sharp
paraconformable boundary (arrows) ar Kisto berween Quartzite series and Para Limestone. C) Large megalodontids typical of Para
Limestone at Kioto (hammer for scale).

mum. The hiatus becomes more significant in the Para-
hio valley (Gechang), where all of the Griesbachian is
missing, and even more at Muth, where the Early Die-
nerian is also absent. Scdimentary gaps of various dura-
tion, locally recorded at this stage also in central Nepal
(Bassoullet & Colchen, 1977; Nicora, 1991), by no
means imply subaerial emergence. They are rather ex-
plained with strongly reduced carbonate production as a
consequence of the biotic erisis at the end of the Per-
mian, coupled with sediment i‘ewmking during a star-
ved deepening stage. Resuspension by intruding oceanic
currents in the outer shelf (e.g., Garzanti, 1993) may
have prevented sediment accumulation in more proxi-
mal settings (upper Pin valley) ecven for much of the
Induan (4.5 Ma according to the Haq et al., 1988 time
scale) and possibly also for the whole of the Dorasha-
mian (Bhatt et al, 1980). 'The centimetric limonitic
layer, observed at the basc of the Tamba Kurkur Fm. at
Lingti (Fig. 15A) but not clsewhere (Fig. 15B; sce also
Bagati, 1990), is ascribed to superficial alteration (of an
originally ferruginous layer?), and not to exposure and
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lateritic weathering at the end of the Permian as inferred
by Bhatt et al. (1980).

Early Triassic and Anisian.

Condensed limestones with pelagic fauna were de-
posited on the outer shelf to upper slope during peak
transgressive stages. Maximum water depths were proba-
bly reached during deposition of the Nodular limestone;
pseudo-stromatolitic lamination, best displaved in this
limestone band, i1s ascribed to bacterial mats similar to
those forming close to modern shelf-breaks in zones of
coastal upwelling (Williams, 1984). Intervals with abun-
dant black mudrocks, which show little burrowing, are
instead inferred to have been deposited during regressive
stages on offshore middle-shelf bottoms deepening to-
wards the north.

The glauconitic condensed horizon close to the
top of the Muschelkalk records another major regional
transgression around the Anistan/Tadinian boundary. Si-
milar ironstones were also recognized in Zanskar (our
unpubl. data) and Kumaon (Heim & Gaasser, 1939). Si-
gnificant time gaps, recorded at the sharp transition to
the Kaga Fm. at Guling, are thought to indicate starva-
tion and prolonged non-deposition in relatively distal
settings.

Average accumulation rates, very low for the who-
le Tamba Kurkur Fm. (2.5 to 4 m/Ma), were even lower
for the First limestone band or Muschelkalk and rea-
ched 5 to 10 m/Ma only in the more pelitic Hedenstroe-
mia beds.

In eastern Zanskar, the Tamba Kurkur Fm. still
represents the Induan to Anisian with similar facies;
clay supply and thickness increase westward (Nicora et
al., 1984; Gaetani et al., 1986). In Nepal and southern
I'ibet, the I'amba Kurkur Fm. represents instead only
the Induan to earliest Aegean (Garzanti et al., 1994a,
1995), with Hanse-type marly facies (Mukut Fm.) begin-

- Permian/Triassic boundary. &) Sharp paraconformity (arrows) berween top of Kuling Group (K) and base of Tamba Kurkur Fm. (T)
at Lingti; limenitic layer just above hammer, B} Same paraconformity at Losar, where phosphate noedules occur ar base of Tamba
Kurkur Fm.

ning as carly as the latest Smithian in central Dolpo
(Garzanti et al., 1992).

Hanse Group.

The Ianse Group was deposited in deep and low-
energy offshore shelf environments, only episodically
influenced by storms. A significant increase in clay sup-
ply led 1o only slightly increased accumulation rates for
the Kaga marls (about 10 m/Ma), overlain by the Cho-
mule limestones. Renewed clay supply in the late Early
Carnian was instead associated with notably increased
accummulation rates (around 50 m/Ma),

The Ladinian succession seems to be much thic-
ker in Zanskar, where the lower-middle part of the
ITanse Group (240 m) is reported to contain Late Ladi-
nian ammonoids at the top (Baud et al., 1984; Gaetani
et al., 1986).

Nimaloksa Formation.

The Lower Member of the Nimaloksa Fm. di-
splays at the base a distinct shallowing-upward trend
from mixed carbonate/terrigenous shelf mudrocks to
high-energy subtidal calcarenites (CT1 to C3 in Fig. 7),
documenting the progradation of a carbonate ramp.

The more terrigenous Middle Member accumula-
ted on subtidal carbonate ramp to open bay storm-do-
minated settings. Shallow subtidal facies (Muth) passed
laterally to deeper-water shelf environments in the north
(Parahio valley to Kioto).

The Upper Member, representing a marker hori-
zon in the Spiti-Zanskar Synclinorium (similar thick-
ness aﬂ.d F'&Cies Chﬁrﬂctcl'i'ﬂf_‘ t]lf_‘, :/:()Zar F]’TI. in caslern
Zanskar; Jadoul et al., 1999, fig. 4), was largely deposi-
ted on a shallow-subtidal, high-energy, open-marine car-
bonate platform, deepening towards the northwest (Para-
hio valley 1o Kioto). Peritidal stromatolitic dolostones
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Fig 16 - Disconformity between Nimalolsa Fim. and Alaror Group. A) Top of Nimaloksa Fm. (N) at Hal is intensely burrowed, penetrated
by sedimentary dykes and scoured (arrows} by lenticular breccia containing abundant extraformational carbonare livhoclasts (base of
Juvavites beds; j) (hammer for scale). B) Base of Juwavites beds at Kioto, with carbonate clasts (up 10 20 em in size) derived from the

underlying Nimaloksa I'm,

document a regressive event in its lower part (C7 in Fig.
7 and 8).

The paraconformable to disconformable top of the
unit, locally testifying to major erosion and extensive
development of sedimentary dykes, records a major sedi-
mentary break (Fig. 16). Time involved was probably
minor, since very high average subsidence rates are docu-
mented by the considerable thickness of the Upper Car-
nian to Lower Norian succession. Since the top of the
Nimaloksa Fm. is characterized by commonly oncolitic
subtidal limestones and evidence of regression associated
with regional emergence is lacking, an extensional tecto-
nic phase followed by deepening is indicated.

The Nimaloksa Fm. accumulated at greatly increa-
sed depositional rates (around 100 m/Ma). Similar thick-
ness characterizes the eastern Zanskar succession, where
the upper part of the Hanse Group (lying below the
Zozar Fm. and corresponding to the Lower and Upper
Members of the Nimaloksa Fm. of Spiti) consists of
about 300 m of locally silty mudstones overlying grey
marls yielding Gondolella polygnathiformis (Jadoul et al.,
1990). The great contrast in thickness between the Ladi-
nian/TLower Carnian and Upper Carnian/Lower Norian
succession, observed also in central Nepal (Mukut Fm;
Garzanti et al., 1994a, fig.7), has been tentatively ascribed
to a stage of renewed tectonic extension (Berra et al., 1993).

Alaror Group.

In the Alaror Group, terrigenous detritus is gene-
rally coarser and packstone/grainstones are more com-
mon in the Muth area (Fig. 17), whereas the Kioto sec-
tion mostly consists of siltstones interbedded with mud-
stone/wackestones, indicating scarce in situ carbonate
productivity. Only at the top of the group (Quartzite
series) do fine- to medium-grained sandstones become
widespread.

The base of the Juvavites beds marks a major in-
crease 1n terrigenous detritus, deposited by storms and
tidal currents on a shallow-water shelf, A local erosional
event was followed by rapid deepening, as documented
by the lower lithozone, which accumulated mainly below
storm wave-base in middle (Pin valley) to outer (Kioto)
shelf environments. The overlying middle lithozone, lar-
gely deposited above storm wave-base, consists of an
overall shallowing-upward sequence capped by a major
oolitic 1ronstone horizon indicating rapid transgression,
Similar starvation events are well documented in
Zanskar (Garzanti et al., 1989; member a of Jadoul et
al., 1990). Condensed bone beds and ammonoids occur-
ring at the base of the upper lithozone suggest still redu-
ced detrital input and rapid deepening, followed by sedi-
mentation of exclusive mid-shelf muds.

Terrigenous supply was strongly reduced around
the Early/Middle Norian boundary, when the Coral
limestone was deposited. Isolated coral knoll reefs deve-
loped in cleaner waters onto the Indian passive margin
shelf (Bhargava & Bassi, 1985), and passed laterally 1o
coarse bioclastic deposits (Pin valley) and finally to
mudstone/wackstones in middle/outer shelf settings
(Kioto). Water depth never exceeded some tens of metres
in the studied localities, as documented by associated
hummocky and bipolar climbing-ripple cross-lamina-
tion. Similar patch reefs developed scemingly at the
same time in a vast area of the Tethys Himalaya, from
Zanskar (Jadoul et al., 1990) and Ladakh (Stutz, 1988)
to Nepal (Fuchs et al., 1988).

Fine-grained terrigenous supply resumed at the
base of the Monotis shale, which accumulated during the
Middle Norian on an inner to middle shelf at water
depths largely between average-storm and fair-weather
wave-base. A shallowing event is indicated by the sharp
transition from the lower lithozone, locally containing
ammonoids, to the largely storm-deposited arenites of
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Iig. 17 - The complete section of the Alaror Group at Muth, di-
splaying multiorder eyclicity. A) Thickening-upward se-
quences in the lower and middle Juvavites beds (N= top
of Nimaloksa Fm.; i= ironstone in Fig, 13C). B) Coral
limestone band (¢}, occurring between mudrocks of upper
Juvavites beds (j) and lower Monotis shale (m). C) Overall
coarsening and shallowing in the middle-upper Monutis
shale to Quartzite series (q) and Para Limestone (P).

the muddle lithozone. The occurrence of condensed
layers rich in non-carbonate intrabasinal grains (NCI
Garzanti et al.,, 1989; Garzant, 1991), including iron
ooids, chamosite, phosphate and black grains, docu-
ments starvation during rapid sea-level rise in the wpper
lithozone. The Monotis shale is broadly equivalent w the
upper part of the Tarap Shale in Nepal (“upper assem-
blage” of Garzanti et al., 1992; “upper member” of Gar-
zanti et al., 19%4a).

A major regressive stage at the close of the No-
rian is recorded by sharp increase in abundance and
grain size of quartzo-feldspathic detritus in the overlying
Quartzite series, which was sedimented in shallow subti-
dal to shoreface environments. The unit, recognized in
all Tethys Himalayan regions, from Zanskar (member ¢
of Jadoul et al., 1990} to central Nepal and Tibet {Gar-
zanti et al., 1992, 1994a; Jadoul et al., 1993), is thinnest
in Spiti.

The Alaror Group was deposited at decreasing ac-
cumulation rates, from 50 to 100 m/Ma in the late Ear-
ly Norian (Juvavites beds, Coral Limestone) to about 30
m/Ma in the Middle Norian to mid?-Rhactian (Monotis
shale, Quartzite series).

Kioto Group.

Subtidal megalodon-bearing limestones and high-
cnergy tidal calcarcnites, still intercalated with quartzo-
feldspathic sandstones locally containing dolomite litho-
clasts and chamosite ooids, document renewed transgres-
sion before the close of the Triassic. Similar facies and
thickness are displayed by the Para Limestone in the ad-
jacent Zanskar region (sublithozone al of Jadoul et al,,
1990). Next, siliciclastic supply stopped and, all along the
northern passive continental margin of the Indian subcon-
tinent, platform carbonates accumulated at average rates of
only 10 m/Ma, during the Early to early Middle Jurassic
(Tagling Limestone; Jadoul et al., 1985, 1990).

Multiorder sequence stratigraphy:
cycle hierarchy and interplaying factors

The sedimentary record of continental margins
typically consists of long-term sequences (Hubbard et
al., 1985; Boote & Kirk, 1989; Boscllini, 1989), each
made by nested sets of shorter-term sequences and cy-
clothems stacked in aggrading, backstepping, infilling
and forestepping stratal packages (Van Wagoner et al.,
1988; Mitchum & Van Wagoner, 1991).

In the complete Triassic succession of Spiti, well-
displayed multiorder cyclicity was controlled by several
paleogeographic factors including, besides regional tecto-
nic subsidence and eustatic fluctuations, also climate
and latitudinal drift. In spite of abundance of age-diagno-
stic fossils and extraordinarv exposure, stratigraphic in-
formation is generally insufficient to unravel in detail the
relative incidence of these multiple interacting {actors.

Climate and latitudinal drift.

Due to rotation of Gondwana, the Tethys Hima-
layan margin was progressively and rapidly displaced
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from the Southern Polar Circle toward the Southern
Tropic at the close of the Paleozoic (Dercourt et al.,
1993; Ogg & Von Rad, 1994). The Permian terrigenous
succession in fact first reflects climatic amclioration
(Dickins, 1993; Garzanti et al., 1994b) and next docu-
ments increasing aridity at the close of the period (Dut-
ta & Suttner, 1986; Sciunnach & Garzanti, in prep.).
Consistent with tropical arid conditions in the Triassic
is the much greater abundance of platform carbonates,
interbedded at several intervals with arkosic to subarko-
sic sandstones and commonly containing early authige-
nic mincrals grown in hypersaline environments (feld-
spars, rare gypsum, bipyramidal quartz).

More humid conditions at lower southern latitu-
des (about 14°S for Spiti in the Late Norian; Dercourt
et al., 1993), may have contributed to increasing terrige-
nous detritus in the Alaror Group. The platform carbo-
nates of the Kioto Group seem instead to indicate the
return 1o widespread arid tropical conditions, even
though available paleomagnetic data and recent paleo-
geographic reconstructions do not show significant pa-
leolatitude changes from the Late Triassic to the Early
Jurassic (Dercourt et al., 1993; Ogg & Von Rad, 1994).

Long-term transgressive/regressive sequences.

At large scale, the Triassic sedimentary succession
of the Tethys Himalaya, from the Spiti-Zanskar Syncli-
norium to central Nepal and southern Tibet (Garzant
et al., 1992, 1994a; Jadoul et al., 1995), records the pro-
gressive up- and out-building of the continental terrace
of the Northern India passive margin (Gactani & Gar-
zanti, 1991, fig.7).

The succession is part of a Permo-Jurassic megase-
quence which, according to the model of Van Wagoner
et al. (1988; Duval et al., 1992), can be subdivided into
second-order supersequences (Gaetani & Garzanti, 1991,
fig.4); these are made in turn by aggrading, backstep-
ping, infilling and forestepping stratal packages (second-
order systems tracts), each comprising several third-or-
der “Vail-type™ depositional sequences.

After initial opening of the Neotethys Occan and
subsequent rapid transgression driven by rapid thermal
subsidence in the Late Permian (second-order “transgres-
sive tract”), the Tethys Himalayan sediments record a
sharp transition from offshore shelf to outermost
shelf/upper slope environments close to the Per-
mian/'Iriassic boundary. Abrupt decrease in accumula-
tion rates and widespread prolonged hiatuses are ascri-
bed to strongly reduced carbonate production related to
the dramatic P/T biotic crisis and sediment reworking
in shelf-break settings (major “condensed section”). Ma-
ximum depth is reached during deposition of the In-
duan to Anisian Tamba Kurkur Fm. (second-order “ear-

ly highstand tract”), followed by a thick shallowing-
upward sequence, represented by the late Early Ladinian
o Lower Norian Hanse Group and Nimaloksa Fm.
(“late highstand tract™). This trend is in opposition with
respect to the long-term eustatic rise drawn on the Hagq
et al. (1988, fig.17) curve, and thus is not primarily eu-
static in nature (accomodation space created by long-
term sea-level rise is one order of magnitude less than
that provided by subsidence). Rather, it largely reflects
progressively increasing terrigenous supply o and carbo-
nate productivity along the shores of Neotethys, Accu-
mulation rates peaked during multi-phase progradation
of the Nimaloksa carbonate ramp in the latest Carnian
to Early Norian, until peritidal platform conditions
were reached at the base of the Upper Member. This
stage of rapid sediment accumulation and subsidence en-
ded with an extensional tectonic event, testified locally
by a major disconformity at the base of the Alaror
Group (II/III supersequence houndary; Gactani & Gar-
zanti, 1991),

Accumulation rates progressively decreased during
sedimentation of the Alaror Group until, during the la-
test Triassic to Middle Jurassic, slow monotonous depo-
sition of the Kioto platform carbonates reflected the at-
tained stabilization of the Indian continental margin

(supersequence III of Gaetani & Garzanti, 1991).

“Vail-type” depositional sequences.

Even though the Tethys Himalaya is a classic pas-
sive continental margin succession, seldom are third-or-
der depositional sequences unambiguously distinguished
in the field, and the eustatic signal easily inferred from
the stratigraphic record.

Index fossils are sufficiently abundant to allow
precise correlation with the eustatic cycles drawn on the
eustatic chart (Haq et al., 1988) only in the pelagic sedi-
ments of the Tamba Kurkur Fm., where cyclic alterna-
tion of carbonates and mudrocks is safely interpreted as
chiefly controlled' by global sea-level changes (Fig. 18).

Lower Triassic and Anisian.

The base of the Tamba Kurkur Fm. is a major
omission surface corresponding to the Permian/Triassic
boundary, not only in Spiti but all along the Tethys Hi-
malaya. Similar facies are exposed further to the west in
the Salt Range, where the global reference section for
the latest Permian to Early Triassic depositional sequen-
ces was established (Haq et al., 1988, fig.13). According
to the Haq et al. model, the P/T boundary corresponds
to the transgressive surface of sequence UAA-1.2, possi-
bly coinciding in Spiti, where the Dorashamian was ne-
ver documented, with the sequence boundary (hence
the long debated [requent occurrence of Permian [aunas
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Fig. 18 - Third-order “Vail-type” sequences 1n the [nduan to Early
Ladinian succession at Muth (Tamba Kurkur Fm.). Cane-
dont data from Spiti document good overall corresponden-
ce with global eustatic cycles (Haq et al,, 1988, Hirsch,
1994, fig. 4, 5). Sequences UAA-1.3 and UAA-2.1 are po-
orly constrained biostratigraphically; the transgressive tract
of sequence UAA-1.2 is documented only in the lower Pin
and Spiti valleys (Fig. 3). TS= transgressive surface; mfs=
maximum flooding surface.

at the base of the Ctoceras beds; Bhatt & Arora, 1984;
Orchard et al.,, 1994; Atudorei et al., 1995).

The First limestone band and Nodular limestone
correlate well (at conodont zone level) with transgressive
system tracts of sequences UAA-1.2 and UAA-1.4,
drawn on the Ilaq et al. {1988) chart and recognized
worldwide (Hirsch, 1994; Moerk, 1994; Paull & Paull,
1994). Only the Smithian transgression (sequence UAA-
1.3), much better documented in central Nepal (Garzan-
ti et al,, 1992, 1994a), is difficult to detect within the
ather homogeneous and concdont-poor Hedenstroemia
beds. The glauconitic greensand in the upper Muschel-
kalk records another major Tethyan transgression
around the Anisian/Ladinian boundary (Hirsch, 1994),

On the other hand, shaly intervals occurring all
along the Tethys Himalaya in the Upper Dienerian, Up-
per Smithian, Lower Aegean and Illyrian correlate well
with regressive stages (Hirsch, 1994, fig. 4, 5). Even
though such eustatic cyclicity is well-displayed, sequence
boundaries are invariably subtle and very difficult to de-
tect in the field. According to the Haq et al. (1988) mo-
del, only the base of mudrock intervals, where lime-
stones are still intercalated, represents the highstand
tract, whereas the upper part, where black shales beco-

me predominant, documents the lowstand systems tract
of the overlying sequence.

Ladinian.

Even though biostratigraphic control is poor, si-
milar third-order mudrock/carbonate sequences may be
recognized also in the Hanse Group, Correlation with
the Haq et al. (1988} chart would suggest that increasing
clay supply documented in the Kaga marls took place
during the long Late Ladinian regression (highstand of
sequence UAA-2.2 1o lowstand of sequence UAA-3.1),
whereas the predominant limestones of the Chomule
Fm. accumulated across the Ladinian/Carnian boundary
during the transgressive part of sequence UAA-3.1.

Upper Triassic.

Correlation with the Haq et al. (1988) chart
would indicate that renewed clay supply documented by
the Grey beds began during the late Farly Carnian
highstand of sequence UAA-3.1 and continued in se-
quence UAA-3.2. The overlying Lower Member of the
Nimaloksa Fm., confined to the latest Carnian and con-
taining the Carnian/Norian boundary at the top, would
correlate with the lowstand to transgressive tracts of se-
quence UAA-4, the long highstand tract of which
would include the Middle and Upper Members of the
Nimaloksa Fm. and most of the Alaror Group as well
(Juvavites beds to Monotis shale). The regressive Quartzi-
te series would document the lowstand tract of sequence
UAB-1, with the topmost Triassic basal part of the Kio-
to Group representing the transgressive to highstand
tracts of sequence UAB-1 and the lowstand of the over-
lying sequence UAB-2.

In fact, due to markedly increased accumulation
rates, a much greater number of third- to fourth-order
sequences can be recognized in the Upper Triassic suc-
cession of Spiu (Fig. 19). However, for the rather low
definition of the Haq et al. (1988) curve in this epoch,
it is difficult to evaluate the relative incidence of eusta-
tism and other geological factors in controlling the sedi-
mentary record.

Third- to fourth-order sequences in the Grey beds
and Nimaloksa Formation.

Several pluridecametric regressive/transgressive se-
quences are Grey beds (four
marl/marly limestone sequences), and in the Lower
Member (two major shallowing-upward sequences cap-
ped by platform carbonates: C1 and C3 in Fig. 19) to
Middle Member of the Nimaloksa Formation (two shal-
lowing-upward scquences beginning with silty mu-
drocks: T2 and T5 in Fig. 19). Next, the Upper Mem-
ber records a sharp regressive event in its lower part (C7

recognized in the
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(Fig. 10B), hinting at significant time gaps (cven though
well below biostratigraphic resolution).

In the Juwavites beds,
stone/marl decimetric bed couplets reflect highest-fre-
quency cyclicity, superposed to metric thickening-
upward cyclothems, arranged in turn in decametric shal-

burrowed silty  lime-

lowing-upward sequences (Fig. 17A).

Such variety of nested 4th to Sth-order cycles
(PACs or parasequences; Goodwin & Anderson, 1985;
Miwchum & Van Wagoner, 1991) is common in any sedi-
mentary succession. Even though biostratigraphic evi-
dence is generally inadequate, high-frequency repetition
of sedimentary patterns is commonly ascribed to clima-
tic fluctuations driven by orbital changes, controlling in
turn the nature and amount of sediment supply.

Conclusions

Thermal subsidence of the newly-formed Indian pas-
sive continental margin began after break-up and initial
opening of Neotethys in the mid-Permian, The Per-
mian/Triassic boundary represents a major break in scdi-
mentation, with time gaps from a few Ma 10 several Ma.

In the Induan to Anisian, the Tamba Kurkur Fm.
mainly recorded global eustatic changes, with transgres-
sive stages characterized by nodular limestone sedimen-

tation on the outermost shell/uppermost slope and re-
gressive stages marked by mudrock deposition on the
continental shell. A glauconitic condensed horizon de-
veloped at the Anisian/Ladinian boundary, and the top
of the {ormation reaches the Early Ladinian in relatively
proximal settings (Muth).

Due to greater clay supply at the close of the Ear-
ly Ladinian, accumulation rates increased only slightly
in the lower part of the Hanse Group (Kaga marls and
Chomule limestones). Another increase in clay supply
occurred in the late Early Carnian (Grey beds).

A rapid acceleration of subsidence took place in
the Late Carnian/Early Norian, when accumulation ra-
tes approached 100 m/Ma even in less subsident proxi-
mal parts of the Spiti continental margin (Fig. 20),
which deepened towards the north as documented by
facies distribution patterns in the Nimaloksa Fm. and
Alaror Group. Widespread occurrence of oncoids, coa-
ted grains and bored bioclasts nevertheless suggests
rather slow sediment burial from the Lower Member of
the Nimaloksa Fm, to the Para Limestone (Fig. 9 and
12), with prolonged starvation during flooding stages
documented by concentration of iron ooids, blackened
grains, chamosite and phosphate (Fig. 12B to H).

The Nimaloksa Fm. displays cyclical carbona-
te/terrigenous sedimentation on a subtidal carbonate
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Fig. 20 - Geochistory diagram for the complete Triassic succession of Spiti. Note sharp increase in subsidence rates 1n the Late Carnian.
Compaction not taken into account. Time scale after Haq et al. (1988).
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ramp; five third- to [ourth-order pluridecametric sequen-
ces are recognized (Fig. 19). Progradation of a carbonate
ramp in the latest Carnian (Lower Member) was fol-
lowed by largely terrigenous storm-deposited subtidal se-
diments in the carliest Norian (Middle Member), and
finally by high-energy platform carbonates in the Early
Norian (Upper Member). A major disconformity at the
top of the unit, locally marked by erosion with deve-
lopment of sedimentary dykes, points to an extensional
tectonic event followed by rapid submergence.

An increase in quartzo-feldspathic terrigenous de-
tritus since the late Farly Norian is recorded by the Ala-
ror Group, where another four third- to fourth-order
pluridecametric sequences are distinguished. Mid-shelf
muds and storm-deposited arenites are overlain by tidal
biocalcarenites; next, rapid transgression is marked by
an oolitic ironstone followed by bone beds and predomi-
nating mudrocks (fuvavites beds). Another major tran-
sgression, associated with starvation characterized by lo-
cal development of coral patch reefs, is recorded around
the Early/Middle Norian boundary (Coral limestone).
The Middle Norian begins with mudrocks yielding am-
monoids, intercalated higher up with storm-dominated
sandstones and hybrid arenites bearing chamosite-goethi-

te ooids, marking regressive and transgressive stages re-
spectively (Monotis shale). A major regression in the
Late Norian was associated with increase in grain-size of
quartzose terrigenous detritus (Quartzite serics).

Renewed transgression with gradual disappearance
of siliciclastics occurred in the mid?Rhaetian (Para
Limestone), while accumulation rates progressively be-
gan to decrease (lagling Limestone).
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