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Foreword

Dienerian (Early Triassic) ammonoids and the Early Triassic
biotic recovery: a review

DAVID WARE AND HUGO BUCHER

It has been estimated that about 90% of all marine
species disappeared during the end-Permian mass
extinction (Raup & Sepkoski 1982). It is the biggest
known biodiversity crisis in the history of Phanero-
zoic life, and it led to the replacement of typical
Palaeozoic faunas by typical modern communities
(Sepkoski 1984). The recovery which followed in the
Early Triassic is an intensively studied topic. This
recovery is traditionally considered as delayed in
comparison with other mass extinctions (Erwin
1998, 2006) as several major marine clades such as
corals (Stanley 2003), foraminifers (Tong & Shi
2000) or radiolarians (Racki 1999) recovered only in
the late Spathian (Early Triassic) or in the Anisian
(Middle Triassic), ca. 5 My after the Permian–Trias-
sic boundary. This delay is interpreted as the conse-
quence of persisting anoxic conditions (Wignall &
Twitchett 2002) and unstable environmental condi-
tions during the entire Early Triassic (Payne et al.
2004). However, several recent studies suggest a
more complex scenario, with pulses of recovery
interrupted by periods of additional extinctions. For
example, conodonts (Orchard 2007; Goudemand
et al. 2008) first underwent an important turnover
at the Griesbachian–Dienerian boundary, followed
by an explosive radiation in the early–middle
Smithian, a dramatic extinction in the late Smithian,
and another radiation during the early Spathian.
Ammonoids also recovered very fast compared to
other groups, reaching pre-extinction levels of diver-
sity already during the Smithian (Fig. 1; Brayard
et al. 2009). Hofmann et al. (2014) showed that
benthic ecosystems started to recover already in the

Griesbachian, but this recovery has been interrupted
by a return to harsh environmental conditions (e.g.
anoxia, warm temperatures) during the Dienerian.
Recovery of the benthos resumed during the
Smithian. Based on palynological and carbon iso-
topes analysis, Hermann et al. (2011a,b, 2012a,b)
and Schneebeli-Hermann et al. (2012, 2015) contra-
dicted the idea of persistent widespread anoxia and
showed that this anoxia was restricted to the mid-
dle–late Dienerian and late Smithian. Late Permian
and Early Triassic ecological crises of terrestrial
plants also immediately predate extinction crises of
marine organisms, and the Dienerian diversity low is
no exception as documented by Hochuli et al.
(2016).

Many studies addressing the recovery are based
on insufficiently resolved age controls. The construc-
tion of a detailed time-scale for the Early Triassic is
the cornerstone on which any study addressing this
biotic recovery must be based. Ovtcharova et al.
(2006) and Galfetti et al. (2007) established a dura-
tion of ca. 4.5 Myr for the Early Triassic and showed
that the four Early Triassic ages were of very uneven
duration, the Spathian representing more than half
of this interval (Fig. 2). Galfetti et al. (2007)
obtained a maximal duration of ca. 1.4 � 0.4 Myr
for the Griesbachian–Dienerian time interval. No
duration of the Dienerian alone is available, but it
can be reasonably assumed that it is <1 Myr. A new
generation of high-resolution U-Pb ages for the Per-
mian–Triassic boundary (Burgess et al. 2014) and
for the Early–Middle Triassic boundary (Ovtcharova
et al. 2015) indicate a duration of 4.83 � 0.19 Myr

DOI 10.1111/let.12275 © 2018 Lethaia Foundation. Published by John Wiley & Sons Ltd



for the Early Triassic. However, the respective dura-
tion of each of the four Lower Triassic substages
may not be significantly changed because these new
U-Pb ages are consistently younger than those of the
previous generation.

Brayard & Bucher (2008) proposed a new detailed
biostratigraphical scheme based on ammonoids for
the Smithian of South China. Br€uhwiler et al. (2010a)
constructed the most highly resolved biostratigraphi-
cal scheme for the Smithian based on ammonoids
from the Northern IndianMargin. This work showed
that ammonoids underwent an explosive radiation
in the early Smithian, with constant high diversity
associated with extremely high turnover rates
throughout the middle Smithian and a major extinc-
tion in the late Smithian. This extinction could not
be detected by Brayard et al. (2009) due to the coar-
ser time-scale of this study. Conodonts also suffered
from a drastic extinction in the late Smithian.

The stage subdivisions of the Lower Triassic are a
subject of debate (Fig. 2). In the latest version of
The Geologic Time Scale (Ogg 2012), the twofold
subdivision of the Lower Triassic introduced by
Kiparisova & Popov (1956), with the Induan and
Olenekian, is endorsed. The four stages defined by
Tozer (1965) are then considered as substages, the
Induan being subdivided into Griesbachian and
Dienerian, and the Olenekian into Smithian and
Spathian. This twofold scheme is however strongly
criticized (e.g. Shevyrev 2006), mainly as it does not
reflect the end Smithian crisis, the most important
extinction event known for both ammonoids and
conodonts within the entire Triassic in every locality
where this question has been addressed (e.g. Stanley
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2009; for ammonoids: Brayard et al. 2006; Br€uhwiler
et al. 2010a; Brayard & Bucher 2015; for conodonts:
Orchard 2007; Chen et al. 2013; Komatsu et al.
2016). Moreover, having the Induan defined in the
Tethyan realm and the Olenekian in the Boreal
Realm makes the correlation of this stage boundary
across such a broad palaeolatitudinal range an ardu-
ous task. Tozer (1965) provided a broad definition
of the Dienerian–Smithian boundary (corresponding
to the Induan–Olenekian boundary), explaining that
it was probable that in Canada, the oldest known
Smithian fauna may be younger than typical
Smithian faunas from other areas. Krystyn et al.
(2007a,b) proposed the Mud section (Spiti valley,
India) as a GSSP candidate for this boundary. They
based their definition of the boundary on the first
occurrence of the conodont Novispathodus waageni
(Sweet 1970) sensu lato. However, Br€uhwiler et al.
(2010b) demonstrated the presence in the same sec-
tion of ammonoid genera typical of the Smithian
below the boundary as defined by Krystyn et al.
(2007a,b) and thus proposed to use the first occur-
rence of Flemingites bhargavai Br€uhwiler et al.
(2010b) as the index fossil for this boundary.

Tozer (1965, 1994) originally subdivided the
Dienerian of Canada into two parts (lower and
upper), each composed of one zone (the Proptychites
candidus Zone and the Vavilovites sverdrupi Zone),
and with the second one being further subdivided
into three subzones. However, this zonation is based
on scattered occurrences of the faunas, often without
superpositional information (a fact which can be
checked in the list of localities provided in Tozer
1994). Other zonations have been proposed for
Northern Siberia (Dagys & Ermakova 1996) and Pri-
morye, Russia (Shigeta & Zakharov 2009), but
uncertainties in correlating these persist. Based on
material from Nepal, a biozonation has been pro-
posed by Waterhouse (1994, 1996) for the northern
Gondwana margin. Unfortunately, this Nepalese
material is poorly preserved and does not allow con-
structing a robust taxonomy (see Gaetani et al.
1995). Jenks et al. (2015) presented a review of the
biostratigraphy of Triassic ammonoids and men-
tioned that Dienerian ammonoid faunas were still
poorly known and in need of an extensive revision.

The Northern Indian Margin has long been recog-
nized as a key area for the study of Early Triassic
ammonoids and the establishment of the Early Tri-
assic time-scale. During the Early Triassic, it was sit-
uated in southern Tethys, at a palaeolatitude of ca.
40°S (Fig. 3). The very first Dienerian ammonoids
were discovered in the Salt Range by Andrew Flem-
ing in the mid-19th century, and this material was
described by de Koninck (1863). Waagen (1895)

conducted the most impressive and exhaustive study
on Early Triassic ammonoids from the Salt Range.
Diener (1897) and von Krafft & Diener (1909) pub-
lished two monographs describing ammonoids from
the Early Triassic of the Indian Himalayas, many of
them from the Spiti Valley. The very first ammonoid
biozonation of the Lower Triassic has been pub-
lished by Mojsisovics et al. (1895) based on these
two regions. They recognized only two zones in what
we consider here as Dienerian, and this biozonation
did not change in the absence of any subsequent
detailed work on Dienerian ammonoids of the Salt
Range and Spiti. For the Salt Range, Noetling (1905)
and Spath (1934) added a few species and proposed
slightly different classifications. Griesbachian ammo-
noids were first discovered by Schindewolf (1954) in
the Salt Range. Kummel provided a detailed history
of the stratigraphical and palaeontological investiga-
tions on the Permian and Triassic of the Salt Range
(Kummel 1966; Kummel & Teichert 1966, 1970). He
also mentioned that he collected numerous Diener-
ian ammonoids and that he intended to publish this
material later on, a task he unfortunately never com-
pleted. Since Kummel’s work, only two contribu-
tions on Early Triassic ammonoids from the Salt
Range were published. The works by Guex (1978)
and by the Pakistani-Japanese Research Group
(PJRG 1985) only include scarce material of Gries-
bachian and Dienerian ages. Concerning ammo-
noids from the Indian Himalayas, only Bando
(1981) described a few ammonoids from Kashmir,
and Krystyn & Orchard (1996) and Krystyn et al.
(2004, 2007a,b) gave some details concerning
ammonoid biostratigraphy of Spiti, but without any
description of ammonoids. A few poorly preserved
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ammonoids from South Tibet were also described by
Wang & He (1976), and Dienerian ammonoids from
Nepal were described by Waterhouse (1996). Out-
side the Northern Indian Margin, well-preserved
Dienerian ammonoid faunas have been studied from
British Columbia and Arctic Canada (e.g. Tozer
1994), the Verkhoyansk basin (Siberia, e.g. Dagys &
Ermakova 1996), Primorye (Russia, e.g. Shigeta &
Zakharov 2009), South China (e.g. Br€uhwiler et al.
2008) and Nevada (Ware et al. 2011).

Present work

The two articles included in this volume re-investi-
gate the taxonomy of Dienerian ammonoids from
the Salt Range (Pakistan) and Spiti (India). The data
presented in the two contributions form the basis of
the biochronology and diversity study published by
Ware et al. (2015).

From 2007 to 2010, the research group at the
University of Z€urich carried out intensive fieldwork
in the Salt Range and in Spiti. Bedrock-controlled
high-resolution sampling (i.e. sampling ammonoids
bed-by-bed, with the drawing and measuring of each
section) of several sections in these regions was
performed to revise the Dienerian ammonoid taxon-
omy and build a new, highly resolved biostratigraph-
ical scheme. Whenever permitted by the sample size,
great care was taken to integrate ontogenetic changes
and intraspecific variation within the definition of
species, in contrast to the traditional typological
approach. Hence, the number of resulting valid taxa
is more conservative and more robust than that of
previous work.

The first article of this volume mainly addresses
Dienerian ammonoids from the Salt Range. As the
Salt Range is the type locality of most Dienerian
ammonoid taxa, it was the region where the most
intensive fieldwork was done, and where the most
abundant material was found. Hence, this article
includes an in-depth revision of Dienerian ammo-
noid taxonomy, including emended diagnoses of
families, genera and species whenever possible. It
also includes the description of the few rare Gries-
bachian ammonoids found in this region. The sec-
ond article addresses Dienerian ammonoids from
Spiti (Himachal Pradesh, India) and their compar-
ison with the Salt Range.

Definitions of stages and substages

In the present work, the stage and substage subdi-
vision of the Lower Triassic follows the

recommendations of Ogg (2012), lowering the
rank of the four Lower Triassic stages of Tozer
(1965) to that of substage. The Induan stage is
then subdivided into the Griesbachian and Diene-
rian substages, and the Olenekian into the
Smithian and Spathian. There is however presently
no consensus regarding the definitions of the sub-
stages boundaries relevant for the present work
(the Griesbachian–Dienerian and Dienerian–
Smithian boundaries).

The problem of the Dienerian–Smithian bound-
ary was already briefly discussed. Here, the definition
proposed by Br€uhwiler et al. (2010b) is adopted, the
base of the Smithian being then defined by the first
occurrence of F. bhargavai and its co-occurring spe-
cies characterizing UA-Zone SM-1 (Br€uhwiler et al.
2010a). This zone has been recognized in every sec-
tion described herein.

The Griesbachian–Dienerian boundary is prob-
lematic and less well documented. It was originally
defined by Tozer (1965) with the first occurrence of
‘Meekoceratidae’ (i.e. Gyronitidae). In Spiti, Krystyn
& Orchard (1996) placed this boundary within the
Lower Limestone Member, considering the fauna
from the upper part of this interval (their Pleurogy-
ronites planidorsatus Zone) as typically Dienerian,
based on the presence of abundant Gyronitidae, the
absence of the typically Griesbachian Ophiceras and
the occurrence of the conodont Sweetospathodus
kummeli (Sweet 1970). In Spiti, this definition of the
boundary coincides generally with a minor facies
change, with the appearance of thin shale intervals
and less massive, finer grained limestones than in the
lower part of the Lower Limestone Member. This
definition of the Griesbachian–Dienerian boundary
was subsequently questioned by Krystyn et al.
(2004), who considered these beds as late Gries-
bachian but proposed to use instead the Gangetian
substage for the whole Lower Limestone Member.
Krystyn et al. (2004) also reported some rare
Gyronitidae (listed under the genus name ‘Pleurogy-
ronites’) associated with typical Griesbachian
Ophiceras in the bed just below the Griesbachian–
Dienerian boundary as defined by Krystyn & Orch-
ard (1996). The same ammonoid association is here
documented in the Salt Range (Ware et al. 2018)
where it is interpreted as condensation. However,
both Krystyn & Orchard (1996) and Krystyn et al.
(2004) reported exclusively Griesbachian conodonts
in this bed, thus questioning the condensed nature
of this association. The definition of the Gries-
bachian–Dienerian boundary is thus still problem-
atic, and more expanded sections spanning this
boundary are necessary to solve this question. Here,
we decided to place the Griesbachian–Dienerian
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boundary in agreement with the definition of Krys-
tyn & Orchard (1996). This definition can easily be
applied both in the Salt Range and in Spiti, the first
Dienerian faunal association corresponding in both
cases to the Gyronites dubius Regional Zone (equiva-
lent of UA-Zone DI-1 of Ware et al. 2015).

Biochronology: the Unitary
Association Method and
terminology

Following the recommendations of Monnet et al.
(2015), the construction of the biochronological
scheme is here based on the Unitary Association
Method of Guex (1991) and Guex et al. (2016). As
already mentioned, the two papers presented in this
volume constitute the base of the biozonation estab-
lished by Ware et al. (2015). As the present work is
only the first step in building this biozonation, we
here present the construction of ‘Regional Zones’,
which are then used to construct ‘Unitary Associa-
tion Zones’ of Ware et al. (2015). Regional Zones
correspond to ‘Unitary Association Zones’ built for
only one basin, without addressing the lateral repro-
ducibility of these zones outside of the studied basin.
Regional Zones are customarily termed ‘beds’ by
previous authors (e.g. Brayard & Bucher 2008;
Br€uhwiler et al. 2012). Here, the term ‘Regional
Zone’ is preferred to avoid any confusion with the
term ‘beds’ as it was used in Spiti by previous
authors to designate small lithological subdivisions
of the different units within the Mikin Formation
(e.g. the ‘Otoceras’ and ‘Meekoceras’ beds of von
Krafft & Diener 1909; ‘Gyronites’ beds of Krystyn &
Orchard 1996). The term ‘Local Maximal Horizon’
designates maximal associations of species as directly
observed within each section.

In the two papers presented here, the list of char-
acteristic species and pairs of species is given for each
regional zone. A species is said to be characteristic if
and only if its range is equal to the zone. A pair of
species is said to be characteristic if and only if the
overlapping part of their ranges is equal to the zone.
Additionally, the number of specimens of each spe-
cies within each zone is indicated in brackets. This
latter information gives an idea of the robustness of
the different species ranges. When a species is
restricted to one regional zone but represented only
by a few rare specimens, its relevance for correlations
must be a priori taken with caution as its stratigraph-
ical range is likely to be longer. On the other hand, a
species represented by many specimens and
restricted to one regional zone provides a priori
more robust information.

Each regional zone presented here is named after
the most abundant of the species whose range is
strictly restricted to the corresponding zone. Formal
‘Unitary Association Zones’ for the Dienerian of the
Northern Indian Margin were constructed by Ware
et al. (2015), and their correlation with each regional
zones described herein is systematically provided
here.
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