
1. Introduction
An internationally agreed definition for the base of the
Hettangian Stage and the Jurassic System is long overdue.
Research into the dramatic global environmental and biot-
ic changes that mark the Triassic-Jurassic transition has
intensified over the last decade, but the temporal relation-
ships between events are still poorly understood. We esti-
mate the interval of contentious time at less than 500kyr,
so resolving the sequence of events within this interval,
and their causes and consequences, requires stratigraphic
precision.

Precision can be attained only by employing a stan-
dard chronostratigraphic datum. Unregulated use of the
term ‘Triassic-Jurassic boundary’ as a point of reference
has undoubtedly hindered progress towards understand-
ing the mass extinction and also, ironically, the debate
about a base-Hettangian GSSP. Faunal change, an obvi-
ous characteristic of the Triassic-Jurassic transition,
should provide a marker of optimum correlation potential
that could serve as a common point of reference (Remane
et al., 1996). Indeed, the idea that the end-Triassic ‘mass
extinction’ would inevitably provide a marker is so
ingrained in the literature that the ‘mass extinction’ and
‘boundary’ concepts have become inextricably linked,
almost to the point of synonymy. Philosophically, howev-
er, they are distinct. The task of identifying a GSSP for the
base of the Hettangian Stage should rest, therefore, solely
on defining a boundary point with optimum correlation
potential.

Bloos and Page (Bloos & Page, 1997, 2000; Page &
Bloos, 1998; Bloos, 1999, 2004; Page, 2005) provided
considerable new information about the basal Hettangian
ammonite succession in NW Europe. Their findings
encouraged us, in 2006, to reinvestigate the little-known
Rhaetian-Hettangian sections in the Larne Basin,
Northern Ireland, notably at Waterloo Bay, Larne, where

we found a sequence similar to, but more expanded than,
that in SW Britain. Most significantly, the full ammonite
succession described by Bloos & Page (2000) is present at
outcrop and, in contrast to SW Britain, the material is
abundant and commonly well preserved. The purpose of
this contribution is to formally propose the Larne section
as a candidate GSSP for the base of the Hettangian Stage,
and to provide the information required by the TJBWG to
assess its potential.

Investigation of the Larne site is at an early stage. We
summarise what is known about the succession and,
where appropriate, highlight potential for further study.
Much of the detailed supporting data for our proposal has
been omitted from this paper to make it brief enough for
publication in the ISJS Newsletter. This, and additional
information, can be found on the internet at
www.habitas.org.uk/larne/gssp.

2. Geological context
The Larne Basin was initiated in the Permian as one of a
series of half-grabens formed by tensional reactivation of
pre-existing Caledonian structures (Anderson et al.,
1995). Located between the NE-SW-trending Southern
Uplands Fault Zone and the Highland Boundary Ridge,
the Larne Basin, and contiguous Lough Neagh Basin,
overlie deeply buried basement of the Midland Valley
Terrane (Figure 1).

Onshore, Palaeogene basalts (Antrim Lava Group)
largely conceal the Mesozoic basins, with Mesozoic out-
crop limited to a narrow belt around the margin of the
Antrim Plateau (Figure 2). Exposure is further limited by
landslips and Pleistocene deposits. A thick sequence of
non-marine ‘red bed’ mudstones and marls of the mid- to
late Triassic Mercia Mudstone Group are overlain by
approximately 10m of pale green siltstone and mudstone
of the Collin Glen Formation (equivalent to the Blue
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Anchor Formation elsewhere in the UK). A regional dis-
conformity marks the base of the succeeding Penarth
Group and the commencement of Triassic marine deposi-
tion, which continued without interruption into the
Jurassic.  

Late Jurassic to early Cretaceous (Cimmerian) uplift
and erosion largely removed the Jurassic sequence that
probably extended across much of Ireland. Only in the
north-eastern basins did remnants survive, ranging up to
the mid-Sinemurian in the Larne-Lough Neagh Basin, and
into the Pliensbachian in the adjacent Rathlin Basin.
These Lower Jurassic strata are overlain unconformably
by Cenomanian-Santonian greensands (Hibernian
Greensands Formation), and Santonian-Maastrichtian
chalk (Ulster White Limestone Formation). Uplift of the
entire region occurred in the Palaeocene prior to emplace-
ment of a thick succession of flood basalts across a large
area of north-east Ireland. A vast volume of lava must
have passed through the underlying sedimentary basin
fill, but thermal metamorphic and metasomatic effects are
largely absent, except adjacent to the larger feeder dykes
and sills. Such low-grade metamorphism has affected part
of the Waterloo Bay site but, in general, Triassic and
Jurassic rocks in the basin remain immature for hydrocar-
bons.

3. Previous research (Rhaetian-
Hettangian)
The Rhaetian-Hettangian succession of south-eastern
Antrim was investigated early in the history of the science
of geology (e.g. Portlock, 1843; Tate, 1867), but has
received little attention subsequently. The sinking of the
Larne borehole, 2km SE of Waterloo Bay (Manning &
Wilson, 1975; Figure 2, inset) prompted Ivimey-Cook
(1975) to briefly review Rhaetian and Hettangian expo-
sures in south-eastern Antrim, including the Larne fore-
shore section. Most of these exposures, and others known
to us but not mentioned by Ivimey-Cook (1975), are small
and of limited stratigraphic extent, but good prospects

exist for accurate correlation with the key section at Larne
(described herein). A useful contribution by Reid &
Bancroft (1986) established Larne as the type locality for
Caloceras intermedium (Portlock), figured type material
of Psiloceras sampsoni (Portlock) from the Rathlin Basin,
and mentioned the occurrence of Psiloceras erugatum at
Larne and Islandmagee. Simms (2003, 2007) described
the Cotham Member seismites at Larne and Whitehead
and demonstrated correlation with many other sites across
the UK. A general account of the Mesozoic geology of
Northern Ireland can be found in Mitchell (2004), in
which the Waterloo Bay, Larne, section is named as the
stratotype for the Waterloo Mudstone Formation.

4. The Larne section
4.1 Location
Larne is located on the east coast of County Antrim,
Northern Ireland, 28km NNE of Belfast (Figure 2). The
section is very well exposed, for approximately three
hours either side of low tide, on a wave-cut platform on
the foreshore at Waterloo Bay (centred on coordinates
54˚51’26”N, 5˚48’18”W; Irish Grid Ref. D409 037;
Figure 3). Access is via the public promenade on the east
side of Town Park and Chaine Park. The section was also
formerly exposed in a relict sea-cliff, now largely over-
grown, on the west side of the promenade. This cliff could
easily be cleared to provide a location for a permanent
boundary marker, and to provide disabled access to the
boundary section. Larne has excellent public transport
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Figure 1: Permian and early Mesozoic basins in Northern Ireland and
adjacent areas. The darker shaded areas indicate thicker successions sur-
rounding the depocentres (after Mitchell, 2004)

Figure 2: Geology and location of east Antrim showing the outcrop of
the Penarth Group and Lias Group, and of localities cited in the text or
plate captions. Inset: Map of Larne showing location of the proposed
GSSP at Waterloo Bay, and of the Larne No.1 Borehole



links by road, rail, and ferry services (Figure 2). Two air-
ports are located within a one-hour drive of the locality.  

4.2 Site ownership and management
The area below the Mean High Water Mark (MHWM) is
owned by the Crown Estates and administered on their
behalf by Larne Borough Council (LBC). Land above
MHWM is owned by LBC. The entire site has unrestrict-
ed public access and is bordered by two public parks. The
section lies within the Waterloo Geological Area of
Special Scientific Interest (ASSI), which was declared on
17th July, 1995 under the provisions of the Nature
Conservation and Amenity Lands (Northern Ireland)
Order 1985. This provides legal protection for the locali-
ty’s geological heritage. The Environment and Heritage
branch of the Department of the Environment for
Northern Ireland is responsible for ASSI protection.
Requests for permission to sample or collect from the sec-
tion should be directed to that body.  The Ulster Museum,
Belfast, is the official designated repository for material
collected from Northern Ireland’s ASSIs.

4.3 Lithostratigraphy
Waterloo Bay, Larne, provides an almost complete, con-

tinuously exposed section from the Norian to the
Sinemurian (Bucklandi Zone). Strata dip typically at 20˚-
30˚ to the NW and are cut by a few minor faults. The com-
bined stratigraphic thickness of the Penarth Group
(Rhaetian) and basal Lias Group (latest Rhaetian to top
Hettangian) in the Larne area is approximately 115m
(Ivimey-Cook, 1975). We have logged, in detail, the sec-
tion from the top of the Westbury Formation to the base of
the Johnstoni Subzone of the Hettangian (Figure 4). 

The Penarth Group is a thin, but widely distributed
and distinctive, unit. Two formations are recognised in
most areas: the Westbury Formation, which is remarkably
consistent across its outcrop (and subcrop); and the over-
lying Lilstock Formation, which is more variable.
Previous work on the group is summarised in Swift &
Martill (1999), with additional data from St. Audrie’s Bay
in Hesselbo et al. (2004) and Hounslow et al. (2004).
Predominantly dark grey mudstones and shales of the
Westbury Formation contain a low-diversity, bivalve-
dominated, marine fauna. Subordinate sandstones com-
monly contain vertebrate debris and a rich ichnofauna.
About 7.5m of strata are faulted out of the Larne section,
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Figure 3: Sketch map of the Triassic and Jurassic strata exposed on the
foreshore at Waterloo Bay, Larne (after Ivimey-Cook, 1975). Strata dip
to the northwest at 20˚-30˚

Figure 4: Lithostratigraphic log of the Penarth Group and basal Lias
Group exposed at Waterloo Bay, and its relationship to chronostratigra-
phy, cyclostratigraphy, sequence stratigraphy and tectonic events. For
further details and discussion of this diagram see
www.habitas.org.uk/larne/gssp



but are present in the Larne borehole and at outcrop at
Whitehead and Cloghfin Port. As elsewhere in the UK,
the Westbury Formation here comprises a series of coars-
ening-up and fining-up cycles (Macquaker, 1999). Our
preliminary observations in the Larne Basin suggest that
they are related to 4th-order cyclicity. An overall deepen-
ing trend (initial transgression) is apparent in the lower
9m of the Larne Basin succession, whilst the upper 5m
generally coarsens-upward into the Lilstock Formation.
Evidence of deposition above storm wave-base is ubiqui-
tous in the Westbury Formation (hummocky cross-strati-
fied sandstones, winnowed shell and vertebrate lags, con-
vex-up shell pavements).

The Cotham Member of the Lilstock Formation suc-
ceeds the Westbury Formation abruptly and can be divid-
ed into a lower part, dominated by finely interbedded
(mm-scale) mudstone and siltstone (= heterolith) and an
upper part, with limestones, calcareous marls, mudstone,
and more thickly-bedded heterolith. The lower Cotham
Member is commonly cross-bedded, with rippled sur-
faces, and represents a very shallow shoreface facies. It
exhibits frequent, and locally intense, soft sediment defor-
mation  (Simms, 2003, 2007). A prominent dark shale bed
indicates the transgressive phase of a 4th-order cycle, and
suggests that the entire lower part of the member was
deposited within two 4th-order cycles. A desiccation-
cracked emergence surface occurs near the top of the
lower Cotham Member, although there is no evidence for
erosion at this surface. Macrofossils and bioturbation are
largely absent.

The upper Cotham Member generally fines-up,
reflecting renewed deepening above the emergence
surface. Three distinctive, laminated micritic lime-
stones occur just above this surface and can be cor-
related to other sites in the basin. Above the lime-
stones, abundant bivalves reappear in marly silt-
stone and dark shale of similar facies to the underly-
ing Westbury Formation. Bioturbation is present in
the thicker-bedded heterolith at the top of the mem-
ber, along with convex-up shell pavements on dis-
continuous siltstone laminae.

At Larne, we have placed the Cotham Member-
Langport Member boundary at a distinct change
from silt-dominant to mud-dominant sediments. The
lower half of the Langport Member is of interbed-
ded siltstone and micaceous mudstone, with the fre-
quency and thickness of the siltstones decreasing
up-section. The upper half generally coarsens-
upward, with siltstone and heterolith facies similar
to those in the top of the Cotham Member. At the top
of the Langport Member, the heterolith is charac-
terised by a distinctive series of thin micritic lime-
stone ribs and laminae, containing rounded and
angular clasts of mudstone.

Above the uppermost limestone bed of the
Langport Member, a 1m-thick, dark grey, shaly
mudstone is taken to mark the base of the Waterloo

Mudstone Formation (Lias Group). This pyrite-rich unit
can be correlated with the ‘Paper Shale’ commonly found
at the base of the Lias Group in SW Britain (e.g. Wignall,
2001), which reflects rapid deepening. The base of the
Lias Group, below the first appearance of Psiloceras
planorbis, is generally referred to as the ‘Pre-Planorbis
Beds’ in the UK. 

Bivalves are abundant throughout the basal Lias
Group at Larne but, in contrast to those in the Penarth
Group, convex-up shell pavements do not occur, suggest-
ing deeper water. If salinity was reduced in Penarth Group
times (Hallam & El-Sharaawy, 1982), then stenohaline
conditions were certainly established very early in the
deposition of the Lias Group, as crinoids, an exclusively
stenohaline group, appear just over 1m from its base at
Larne (Figure 4). The Waterloo Mudstone Formation was
deposited primarily as hemipelagic marine mudstone in
the extensive, but relatively shallow, north-western
European seaway. It consists of rhythmically-bedded
mudstone, marl and shale, with variable organic carbon
and silt content, and with a diverse, fully marine fauna.
Minor limestone horizons are common from the middle of
the Johnstoni Subzone upwards.  The sedimentology and
cyclostratigraphy of the lower part of this formation are
more fully described at www.habitas.org.uk/larne/gssp.

4.4 The boundary horizon
The proposed boundary point is at the first appearance of
Psiloceras planorbis, at the base of bed 28a in the Larne
foreshore section (Figures 4 and 5; Plate 1). The highest
Neophyllites antecedens occurs near the top of bed 27,

53

Figure 5: Ammonite ranges and cyclostratigraphy of the basal Lias Group at
St. Audrie’s Bay and Larne. St. Audrie’s Bay ammonites from Warrington et
al. (1994), with additional data from Doniford Bay (Bloos & Page, 2000).
Analysis of the St. Audrie’s Bay cyclostratigraphy is ours, with highstands to
the left. For further details about the cyclostratigraphic record at this site, see
www.habitas.org.uk/larne/gssp



5cm below the lowest P. planorbis (Plate 1b), so this hori-
zon is effectively the Neophyllites antecedens/Psiloceras
planorbis junction. The boundary level is easily located,
its approximate position on the wave-cut platform being
marked by a disused outfall pipe (Plate 1a, d). It is offset
by a single normal fault, which downthrows strata ~1.5m
to the NE (Figure 3). The boundary level can also be
traced in the adjacent cliff section. 

The proposed boundary point is secondarily defined
by its position on the eustatic/cyclostratigraphic curve,
one 4th-order cycle above the widely identifiable 3rd-
order HH1 highstand surface (Figure 4), and within the
‘main’ excursion (sensu Hesselbo et al., 2002) of the car-
bon isotope curve. The latter is determined by precise cor-
relation of the horizon with the St. Audrie’s Bay record
and is supported by preliminary isotope data from Larne
(Figure 6). No suitable horizons for radiometric dating of
the proposed boundary level are present in the Larne sec-
tion. Based upon the available biostratigraphic data, and
our analysis of 3rd-order cyclicity, the boundary level is
approximately 100kyr younger than the radiometric date
of 199.6±0.3Ma, obtained by Pálfy et al. (2000) from
British Columbia. 

4.5 Biostratigraphy
4.5.1 Ammonites
Ammonites have long been the primary
biostratigraphic controls for the Triassic
and Jurassic successions of NW Europe
(Page in Simms et al., 2004) and are para-
mount for regional correlation. They are
generally considered to have been steno-
haline nektobenthos, although the precise
controls on their presence or absence
from a particular succession often remain
unclear. The preservation of early
Hettangian (Planorbis Zone) ammonite
faunas in Northern Ireland has long been
recognised as generally superior to other
sites in the UK (Portlock, 1843) but there
is very little detailed stratigraphic data for
existing collections.

At Larne, ammonites appear abruptly,
in Bed 24 and are abundant at very many
levels thereafter. A shell-rich limestone
nodule from near the base of Bed 24
yielded several well-preserved,
uncrushed, examples of Psiloceras eruga-
tum (Plate 2, a; Plate 3, a, d). This, and ex
situ material from other sites (Plate 3, a,
c) demonstrates the variability of the
species, with ornamentation varying from
inflated node-like ribs only on the inner-
most whorls through to examples in
which low regular ribbing persists
throughout the phragmocone and fades

only on the body chamber. Crushed examples, with the
distinctive nodose inner whorls, are common in the upper
part of Bed 24 and lowermost part of Bed 25. P. erugatum
probably belongs to the P. tilmanni group (Guex et al.,
2004).

Beds 25 to 27 are dominated by the genus
Neophyllites. When crushed, they can be difficult to dis-
tinguish from generic psiloceratids, but well-preserved
examples, particularly in the marl at the top of each of
these three units, invariably show the distinctive spiral
striations and/or reduced sutures characteristic of
Neophyllites (Plate 2, b, c, m). Uncrushed specimens from
Bed 25 have gently convex whorl sides and a sloping
umbilical wall, and are assigned to Neophyllites imitans
(Plate 2, b; Plate 3, e). Specimens from Beds 26 and 27
have flatter whorl sides and a steeper umbilical wall, with
most assignable to Neophyllites antecedens (Plate 2, c,
m). A few from near the top of Bed 26, and from Bed 27,
have weakly developed ribbing on inner whorls and can
perhaps be assigned to Neophyllites ex grp. becki (Plate 3,
f). Rare examples of more involute ammonites occur in
Beds 25 and 26 (Plate 2, g). They appear distinct from
Neophyllites, are significantly more involute than
Psiloceras planorbis, and are tentatively assigned to
Psiloceras sp.
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Plate 1
a, General view of the Waterloo Bay foreshore looking north towards Waterloo Cottages.
The position of Bed 24, in which ammonites (Psiloceras erugatum) first appear, and of the
junction of Bed 27 with Bed 28a, the proposed level of the base of the Jurassic, are indicat-
ed. The sewer outfall (disused!) is a useful marker, located just to the north of the proposed
boundary.
b, c, Detail of the proposed Triassic-Jurassic boundary at the junction of Bed 27 with Bed
28a, showing the proximity of diagnostic ammonite taxa. The condensed, shell-rich, top of
Bed 27 is clearly evident in the lower part of figure c.
d, The proposed Triassic-Jurassic boundary on the landward side of the foreshore, just
south of the sewer outfall, with a minor fault offset indicated.



Bed 27 is succeeded by dark shales and mudstones
(Beds 28 to 33b), in which specimens of Psiloceras are
abundant and often well preserved, although usually
crushed. The earliest examples yet found are from 4cm
above the base of Bed 28 (Plate 2, d). Specimens from
Bed 28 are moderately evolute, smooth, with well-pre-
served growth lines, but without the spiral striations of
Neophyllites (Plate 2, f, k). We assign them to Psiloceras
planorbis since they are morphologically identical to
topotypes, also crushed, from the Somerset coast, and
occur at the same stratigraphic level, above the highest
Neophyllites. Psiloceras sampsoni, the holotype of which
is from Northern Ireland (Portlock, 1843; Reid &
Bancroft, 1986), is more evolute than P. planorbis (Plate
3, h) and occurs slightly higher in the Planorbis Subzone
(Bloos & Page, 2000; Page in Simms et al., 2004).
Distinguishing the two can be difficult at diameters of less
than 4-5cm, which led Reid & Bancroft (1986) to suggest

that the two species might be conspecific.
However, at larger diameters, they are distinct
(cf. Plate 2, f; Plate 3, g; see biometric data at
www.habitas.org.uk/larne/gssp). A pyritic
specimen from Bed 29 (Plate 2, e) is clearly
assignable to P. sampsoni and establishes,
unequivocally, the presence of a highly evo-
lute Psiloceras above P. planorbis. P. samp-
soni (Portlock) is a probable senior synonym
of P. psilonotum (Quenstedt) (Bloos & Page,
2000).

Weakly plicate ammonites appear again
near the top of Bed 28b, and we have assigned
most to Psiloceras plicatulum (Plate 2, j).
These occur in moderate abundance through to
near the top of Bed 33e. Most examples at
Larne are crushed, but occasionally they are
found in excellent pyritic preservation here
and at other sites (Plate 3, j). The first definite
examples of Caloceras, albeit crushed, occur
in Bed 33e, alongside Psiloceras plicatulum.
A succession of Caloceras faunas can be
recognised in the Johnstoni Subzone at Larne,
but has yet to be documented in detail. The
genus is represented by material in excellent
preservation from here and, ex situ, from other
sites in Northern Ireland (Plate 2, l; Plate 3, i,
k).

The ammonite succession recorded at
Larne corresponds closely with that docu-
mented by Bloos & Page (2000) and Page (in
Simms et al., 2004). However, compared with
other UK surface exposures, the succession at
Larne is considerably expanded and contains
abundant and well-preserved ammonites at
many levels rather than at the discrete narrow
horizons typical elsewhere.

4.5.2 Bivalves
The Larne section preserves an abundant and

diverse, but largely unstudied, bivalve fauna (Figure 7).
Their biostratigraphic potential is probably limited, due to
facies dependence, taxonomic difficulties and limited
knowledge of their ranges and distribution. However, two
faunal events in the Larne borehole and foreshore
sequences are potentially useful.  

The first, at the top of the Cotham Member (Figure 7),
involves the extinction of some typically ‘Triassic’ forms
(e.g. Eotrapezium, Protocardia rhaetica) and first appear-
ances of ‘Jurassic’ forms (e.g. Cosmetodon hettangiensis,
Lucina sp.). This faunal event has also been recognised in
SW Britain and was suggested as a potential boundary
position (Poole, 1979), but, unlike in SW Britain, there is
no significant facies change across this level in the Larne
Basin.  

The second event records the closely synchronous
appearance of a cohort of typically ‘Hettangian’ bivalve
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Figure 6: Correlation of the Penarth Group and basal Lias Group between the St.
Audrie’s Bay and Larne Sections. St Audrie’s Bay after Warrington et al. (1994) with
carbon isotope curve and additions from Hesselbo et al. (2002). The St. Audrie’s Bay
curve has been modified to fit the Larne lithostratigraphy and biostratigraphy by
expanding, or compressing, five correlateable segments, which occur between six
reliable points of correlation (labelled A-F). The actual sample results for the
Waterloo Bay section are indicated by crosses; note that four of these lie virtually on
the proxy curve. For further details see www.habitas.org.uk/larne/gssp
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a, Psiloceras erugatum. Large uncrushed plicate example, nodule in middle of Bed 24. 
b, Neophyllites imitans. Uncrushed example, marl in middle of Bed 25. 
c, Neophyllites antecedens. Pyritic internal cast, 6cm below the top of Bed 26.
d, Psiloceras planorbis. Crushed examples, 4cm above base of Bed 28a. These are stratigraphically the earliest examples of this species found at
Larne.
e, Psiloceras sampsoni. Partly crushed pyritic example, 6cm above the base of Bed 29.
f, Psiloceras planorbis. Crushed example, 20cm above base of Bed 28a. This is the large specimen in the centre of Fig k.
g, Psiloceras sp.. Crushed involute specimen, 15cm above base of Bed 25 or possibly Bed 26. A specimen of Modiolus minimus and part of an ambu-
lacrum of Diademopsis, are visible in the lower part of the block.
h, Isocrinus sp. nov. Intact noditaxis, 20cm below top of Bed 22a. 
i, Isocrinus sp. nov. Symplectial articulation, Bed 23.
j, Psiloceras plicatulum. Crushed example associated with Caloceras sp., 30cm below top of Bed 33e.
k, Psiloceras planorbis. Crushed examples from 20cm above base of Bed 28a.
l, Caloceras johnstoni. Uncrushed example ex situ from limestone, Johnstoni Subzone. A specimen of Pinna cf. similes obscures the right hand side
of this specimen.
m, Shelly limestone block with 15 complete or partial, mostly uncrushed, Neophyllites antecedens; several show characteristic spiral striations. Top
of Bed 26.

Plate 2
All specimens from Waterloo Bay, Larne, Co. Antrim

All specimens to same scale, except figs k and m (x0.5), and figs h and l (x2.5). Scale bar = 5cm
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a, d, Psiloceras erugatum. From single nodule in middle of Bed 24, Waterloo Bay, Larne, Co. Antrim. 
b, c, Psiloceras erugatum. From single nodule, ex situ, shore below Mullaghdubh House, Islandmagee, Co. Antrim. Specimen b shows the typical
nodose inner whorls found in many examples of this species.
e, Neophyllites imitans. Faintly ribbed specimen from marl in middle of Bed 25, Waterloo Bay, Larne, Co. Antrim. 
f, Neophyllites sp. ex grp. becki. Strongly ribbed specimen from top of Bed 26, Waterloo Bay, Larne, Co. Antrim.
g, Psiloceras ? sampsoni. Crushed, faintly plicate example, top of Bed 28b, Waterloo Bay, Larne, Co. Antrim.
h, Psiloceras sampsoni. Typical uncrushed example from ex situ nodule, Collin Glen, Belfast, Co. Antrim.
j, Psiloceras plicatulum. Uncrushed pyritic internal cast, ex situ, Minnis North, near Glenarm, Co. Antrim.
i, Caloceras intermedium. Partly crushed example, Johnstoni Subzone, Waterloo Bay, Larne, Co. Antrim.
k, Caloceras intermedium. Uncrushed example from limestone, ex situ, Minnis North, near Glenarm, Co. Antrim.

Plate 3
All specimens to same scale. Scale bar = 5cm
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Figure 7: Faunal biostratigraphy for the Penarth Group and basal Lias Group at Larne. Data from Ivimey-Cook (1975) and our own observations



taxa in the upper Pre-Planorbis Beds, just below the first
appearance of P. planorbis. It was first recognised, again
in SW Britain, by Hodges (see Hodges & Simms in
Simms et al., 2004), who noted, with reference to the first
appearance of Plagiostoma giganteum (op. cit., p. 35) that
“In the absence of ammonites, it can be used as a bios-
tratigraphical marker for the approximate base of the
Planorbis Zone”. Plagiostoma giganteum appears at very
similar positions in the Tiefengraben section (Kuerschner
et al., 2007, fig.10), and in the main shell bed of the
Germig section (Yin & McRoberts, 2005). At Larne, P.
giganteum first occurs at the base of Bed 24. Cardinia
ovalis, another member of this cohort, makes its first
appearance in Bed 23. Both occurrences are less than 2m
below the FO of Psiloceras planorbis, as are Hodge’s
records from SW Britain. Hodges & Simms (in Simms et
al., 2004, fig.1.14) also identified Pteromya tatei,
Chlamys pollux, Ctenostreon philocles, Pholadomya
glabra and Camptonectes punctatissimus as common
members of this cohort. The potential for the first appear-
ance of this group of bivalves to provide a reasonably
accurate proxy for the base of the Planorbis Zone in sec-
tions lacking ammonites has yet to be tested outside the
NW European province, but would seem promising.

4.5.3 Echinoderms
Echinoderms, although not a conspicuous element of the
fauna at Larne, are more common in the Lias Group than
generally thought (Simms et al., 2004). Echinoid plates
and spines are common at certain horizons and were
reported by Ivimey-Cook (1975) from the upper Planorbis
Subzone and lower Johnstoni Subzone. We have found
them throughout the Lias Group. Most can be assigned to
Diademopsis (Plate 2, g), with Miocidaris lobatum occur-
ring less commonly. Disarticulated spines and plates of
Diademopsis are especially common in the Liostrea shell
pavements that occur in the ‘Pre-Planorbis Beds’ here and
elsewhere in the UK. Small, intact ophiuroids have been
found in the Westbury Formation (Aplocoma damesi) and
in the Johnstoni Subzone (? Sinosura sp.; Ulster Museum
coll.). Neither echinoids nor ophiuroids have significant
biostratigraphic value (Simms et al., 2004), and ophi-
uroids at least are moderately euryhaline and poor indica-
tors of fully marine salinity.

Crinoids are the most common echinoderms in the
Lias Group. At Larne, columnals and other ossicles of a
small isocrinid (Plate 2, h, i) appear in some abundance,
about a metre above the base of Bed 22a, continuing in
moderate abundance into at least the lower part of the
Johnstoni Subzone. Simms (1989) recognised only a sin-
gle isocrinid species, Isocrinus psilonoti in the
Hettangian, but preliminary analysis indicates that the
material from Larne is a distinct, as yet undescribed,
species. In Lias Group isocrinids, the number of colum-
nals per noditaxis (from one nodal columnal to the next)
is variable, but characteristic, for each species. Isocrinus
psilonoti has typically 14-18 columnals in large speci-

mens, with rarely fewer than 12 in even the very smallest
examples. In contrast, the columnals from Larne, mostly
less than 4mm in diameter, have only 7 or 8 columnals per
noditaxis (Plate 2, h). Crinoids have some biostratigraph-
ic value within the Lias Group (Simms et al., 2004), but
the significance of this new isocrinid, which also occurs
in the Hinteriss/Kuhjoch section (Hillebrandt, written
comm., 2006), remains uncertain until Rhaetian/
Hettangian material from elsewhere can be taxonomical-
ly reassessed.

4.5.4 Palynomorphs
Samples from the Larne borehole (Harland & Warrington,
1975) established the presence through the boundary
interval of a moderately diverse, and generally well-pre-
served, assemblage of miospores, dinoflagellates and
acritarchs. Their distribution is plotted in Figure 8, and
correlated with the Larne shore section. Although of low
resolution, the data is consistent with that from the much
better known record in SW Britain (Hounslow et al.,
2004). 

Six samples from the foreshore exposure were collect-
ed, and organic residues recovered by Trinity College
Dublin Palynology Laboratory, using standard palynolog-
ical processing techniques. The locations of these samples
are indicated on Figure 8. All the organic residues are
dominated by amorphous organic matter (AOM) though,
in some cases, the AOM appears to have formed from
degraded higher-plant tissues, including cuticle.
Palynomorphs constitute <1% total organic matter, except
for a sample from the upper part of Bed 19 that contains
ca.5% palynomorphs. Relatively rare phytoclasts include
vitrinite and inertinite particles. Dinoflagellate cysts,
acritarchs, spores and bisaccate pollen were recognised
though most are indeterminate. Preservation is poor due
to a combination of exine pyritisation and high thermal
maturity. A vitrinite reflectance survey of the section
could help to locate less mature parts of the section for re-
sampling. Photomicrographs of typical specimens can be
seen at www.habitas.org.uk/larne/gssp.

4.5.5 Calcareous microfossils
No detailed data are yet available for calcareous micro-
fossils through the boundary interval. Benthic
foraminifera and ostracods are frequently abundant in the
Pre-Planorbis Beds and Planorbis Zone of the Larne sec-
tion, but the indurated mudstone and marl lithologies are
not conducive to processing. However, basal Lias Group
sections close to Larne are known to contain well-pre-
served assemblages. In a Report of the Belfast
Naturalists’ Field Club (Proc. Belfast Nat. F. C., Vol. 1,
1873-1880, p.269), five localities are cited. Faunal lists
were provided for Barney’s Point, Islandmagee (12 spp.),
and Ballygalley Head (10 spp. foraminifera, 6 spp. ostra-
cods). So far, we have only processed a single sample
(from beds containing Neophyllites antecedens at
Whitehead). In addition to abundant echinoderm remains,
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the sample residue contains common foraminifera, ostra-
cods, sponge spicules, scolecodonts, micro-bivalves,
micro-gastropods, fish teeth, scales and otoliths, and phy-
toclasts, including well preserved cuticle. These records
demonstrate clear potential for further work on the cal-
careous microfossils of the Larne Basin.

4.5.6 Conodonts
Small samples (300g) from the upper Cotham Member
(Bed 5a) and the top of the Langport Member (Bed 18)
have been processed, but no conodonts have yet been
recovered. The presence of abundant fish teeth and scales
in the Langport Member sample suggests that conodonts,
if present, should be preserved, but those reported from
the Langport Member in southern Britain are very small
in size and low in abundance (Swift, 1989), and hence
might easily be missed in small samples.

4.5.7 Trace fossils
Ichnofossils are known to have potential for correlation,
particularly associated with mass extinction events, when
macrofauna is rare or absent (Twitchett & Barras, 2004).
Trace fossils often occur in facies which do not preserve
body fossils and which cannot therefore be easily corre-
lated by other methods. At present, relatively few data are

available for the Triassic-Jurassic boundary interval
(Olsen et al., 2002; Barras & Twitchett, 2007).

The Larne succession preserves a good trace fossil
record spanning the proposed boundary.  In the upper part
of the Westbury Formation, a diverse ichnofauna includes
Diplocraterion, Rhizocorallium, Thallassanoides,
Planolites, Palaeophycus, Spongeliomorpha, Taenidium,
Chondrites, Lockeia, Asteriacites, Rusophycus, a variety
of limulid traces, occasional fish traces, and many small
unassigned burrows and trails. They are best preserved in
the Cloghfin Port section, but some are also present in the
correlative sandstones at Larne.

Trace fossils, and evidence of bioturbation, are absent
from the lower Cotham Member, suggesting adverse
environmental conditions. They reappear in the Larne
section near the top of the Cotham Member (Beds 11-12),
but at very low diversity (?Diplocraterion, Arenicolites,
Planolites) and numbers, and continue through into the
Langport Member. Compared with the ichnofauna of the
Westbury Formation, trace fossils in the upper part of the
Lilstock Formation are ‘dwarfed’. Two taxa, Chondrites
and Thallasanoides, reappear at very small size in the Pre-
Planorbis Beds at Larne. Through the Waterloo Mudstone
Formation, there is a gradual increase in diversity and
size, similar to that observed in SW Britain (Barras &
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Figure 8: Palynostratigraphy of the Penarth Group and basal Lias Group in the Larne Borehole (data from Warrington & Harland, 1975) correlated
with the section at Waterloo Bay. Larne Borehole: figures in italics indicate lithostratigraphic markers; figures in grey, and associated arrows, indi-
cate location of samples within borehole. Larne foreshore: arrows indicate locations of preliminary samples processed by Geoff Clayton



Twitchett, 2007).
4.5.8 Vertebrates
Disarticulated fish remains are common in the Westbury
Formation at Larne, Whitehead, Cloghfin Port, and the
Larne borehole. The diverse assemblage is closely com-
parable to that found elsewhere in the UK (e.g. Duffin,
1999). They also occur sparsely in the Cotham Member
limestones and are common in some of the limestone ribs
at the top of the Langport Member, and in the Lias Group.
Each of these assemblages is distinctive, suggesting bios-
tratigraphic potential.  Isolated marine reptile bones occur
in the Westbury Formation, the top of the Langport
Member, and the basal Waterloo Mudstone Formation,
with an articulated ichthyosaur collected from the middle
of the Langport Member at Larne. These reptile remains
are unlikely to be of biostratigraphic significance.

4.6 Other correlation methods
4.6.1 Cyclostratigraphy/sequence
stratigraphy
The Larne section preserves an excellent record of 3rd-
and 4th-order sedimentary cycles (Figures 4 and 5) that
should prove extremely useful for correlation. We provi-
sionally attributed this cyclicity to eustatic change, specif-
ically to variations in rates of sediment supply and depo-
sition that would be anticipated by a sequence stratigraph-
ic model.  However, the bundling of approximately twen-
ty 4th-order cycles within each 3rd-order cycle strongly
suggests a causal link to orbital climatic forcing. At pres-
ent, there is a fundamental difference between sequence
stratigraphy and cyclostratigraphy in the way that 3rd-
order cyclicity is interpreted (see Perlmutter & Azambuja
Filho, 2005). Sequence stratigraphic models suggest that
3rd-order cycles (sequences) are due to low-frequency,
high-amplitude, eustatic changes. By contrast,
cyclostratigraphy views 3rd-order cycles as modulated
bundles of higher frequency cycles (4th-order cycles), not
as a separate, higher-amplitude phenomenon. Under the
cyclostratigraphic interpretation, the 4th-order cyclicity at
Larne is most likely related to a precession signal of 21±
2kyr, with the 3rd-order cyclicity representing eccentrici-
ty modulation of the precession signal to produce a
413kyr periodicity. In Figure 4, we present both interpre-
tations. It should be noted that, in the sequence strati-
graphic interpretation, the identified sequence boundaries
(Figure 4) are distal-equivalent (lowstand) surfaces,
where a sequence boundary could be expected in an up-
dip situation. The only unconformity identified at Larne is
at the base of the Westbury Formation. The sequence
stratigraphy is further complicated by a tectonic uplift
event (see below) that has superimposed a ‘tectonic’
sequence boundary (emergence surface) in the Cotham
Member and a secondary maximum flooding surface in
the middle of the Langport Member. Clearly there is much
scope for further work on the cyclostratigraphic record at
Larne, particularly extension of the analysis up-section to
confirm the number of 4th-order cycles per 3rd-order

cycle and, potentially, to test the conflicting cyclostrati-
graphic/sequence stratigraphic models.

Although the cyclostratigraphic record at Larne is par-
ticularly clear, we suggest that the 3rd-order, and some-
times the 4th-order, signal can also be detected in many
other sections. This opens up the prospect of very high-
resolution correlation across the boundary interval,
through the construction of a calibrated time frame, with-
in which boundary events can be analysed. We have taken
a first step towards this by identifying ‘highstand’ and
‘lowstand’ (3rd-order) surfaces from the published logs
and descriptions of sections with a carbon isotope record
(Figure 9). These surfaces maintain a high degree of con-
gruency with the available biostratigraphic data, suggest-
ing that they are isochronous. If our cyclostratigraphic
analysis is correct, the surfaces are spaced at intervals of
~206kyr, and at Larne they can be further subdivided by
intervals of ~21kyr. Cyclostratigraphic studies in the
Jurassic are becoming increasingly important for correla-
tion (e.g. Smith, 1989) and cyclochronology (e.g. Hinnov
& Park, 1999). A complete cyclochronology for the
Hettangian to Pleinsbachian, rooted in Lias Group GSSPs
already established at East Quantoxhead (base
Sinemurian) and Wine Haven (base Pliensbachian)
(Simms et al., 2004), with the addition of Larne (base
Hettangian), constrained by detailed biostratigraphic con-
trol down to the level of biohorizons, is an attractive, and
achievable, possibility. Radiometric calibration, as recom-
mended by Meyers et al. (2001), may also be practical,
because the cyclostratigraphic record is preserved in the
Queen Charlotte Islands section. At Kennecott Point, it is
broadly expressed by the distribution of shales and tur-
bidites in the section and, on Kunga Island, by the distri-
bution of nodular limestones.

A more complete account of the cyclostratigraphic
record at Larne, and the derivation of Figure 9, may be
found on the internet (www.habitas.org.uk/larne/gssp). 

4.6.2 Event stratigraphy
Superimposed on a long-term (2nd-order) rise in RSL in
Europe, from the Rhaetian into the Hettangian, are short-
er-term changes in RSL (Figure 4). Some of these can be
related to tectonic events ranging from regional to intra-
basinal in extent and have applications to correlation.
Simms (2003, 2007) described a soft-sediment deforma-
tion event in the lower Cotham Member that extends right
across its UK outcrop and subcrop, and possibly beyond.
Comparison of the UK and Austrian Rhaetian succes-
sions, particularly with reference to carbon isotope curves
(Figure 9), indicates that this corresponds closely to the
timing of rapid tectonic uplift in the Northern Calcareous
Alps (see Krystyn et al., 2005). Bolide impact has been
suggested as the cause of the soft-sediment deformation,
but the evidence for this remains inconclusive (Simms,
2007). Here, we consider it more probable that the wide-
spread Cotham Member deformation is due to seismic
events associated with region-wide uplift and basin inver-
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sion, and is coupled to the event recorded in the Northern
Calcareous Alps. A minor emergence surface above the
deformed strata also appears to be correlateable across the
UK. A minor transgression above this emergence surface
correlates closely with the ‘initial’ carbon isotope excur-
sion of Hesselbo et al. (2002; cf. Figures 4 and 6). If, as
these authors suggest, the isotope excursion is linked to
the initiation of CAMP volcanism, then this short rise in
RSL may reflect regional subsidence as the magma that
had pooled beneath and within the crust was extruded.
Clearly, this implies that tectonic activity associated with
the emplacement and extrusion of CAMP lavas extended
beyond the limits of the magmatic province.

In the Larne area, seismically disturbed strata are also
present in the upper few metres of the Westbury
Formation. Deformation in the Cotham Member appears
to represent a single event (Simms, 2007), but preliminary
observations at Cloghfin Port, and comparison with sites
in southern England, suggest these lower deformation
horizons are due to an earlier series of shocks which are
less widely recorded.  

4.6.3 Magnetostratigraphy
Very little has been published on the magnetostratigraphy
of the Penarth Group and Lias Group in the UK other than

for the Somerset coast (Hounslow et al., 2004). Six sam-
ples collected from the Larne foreshore (from Beds 5b, 7,
18, 19 and 28) are currently being processed by Oxford
University to assess the magnetostratigraphic potential of
the section.

4.6.4 Isotope stratigraphy
Carbon isotope stratigraphies have been published for
many sections through the Triassic-Jurassic boundary,
including the proposed base Hettangian GSSP at St
Audrie’s Bay (Hesselbo et al., 2002). A proxy curve for
the Larne succession has been produced from the St.
Audrie’s Bay isotope curve, which has been modified to
fit the Larne lithostratigraphy and biostratigraphy by
expanding, or compressing, five correlateable segments,
defined by six reliable points of correlation (A-F in Figure
6).

Using this proxy curve as a guide, seven samples from
the Larne foreshore succession were selected, and
processed by Oxford University with a view to establish-
ing the potential for an isotope stratigraphy at this site.
These are plotted separately against the Larne proxy
curve and show a remarkable correspondence with the
predicted values (Figure 6). This is highly significant
since it establishes that a clear δ13C signal is present at
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Figure 9: Global correlation of the Triassic-Jurassic boundary interval. Carbon isotope curves are all reproduced at the same vertical and horizontal
scales, except for the Germig curve, which has scales exactly as in Yin et al. (2006), and Tiefengraben, which has a slightly reduced horizontal scale.
The lowstand/highstand surfaces are based upon our interpretation of a 3rd-order cyclostratigraphic/eustatic signal that can be detected in the origi-
nal authors’ logs and descriptions of these sections, and are spaced at intervals of ~206kyr. Grey shading indicates the ‘initial’ negative carbon iso-
tope excursion, as identified by authors, except for the Csovar curve, where we suggest a possible earlier start to the excursion. Note that the posi-
tions and durations of the excursions identified in the curves to the right of the Larne proxy curve are inconsistent with each other and with the
European curves. The cross-hatched area indicates the interval of CAMP-related uplift where there is continuous sedimentation. For a full explana-
tion of this chart, and details of how we have derived the data from individual sections, see www.habitas.org.uk/larne/gssp



this site, where the significantly expanded section could
potentially provide greatly enhanced resolution of the
Triassic-Jurassic isotope excursions.

5. Potential for further study
In general, Triassic and Jurassic rocks throughout the
Larne Basin have been unaffected by Palaeocene thermal
metamorphism. However, the Larne section is locally
indurated to a variable degree by low-grade thermal meta-
morphism, making it more resistant to erosion and slump-
ing than correlative strata elsewhere in the basin. Thermal
effects across the outcrop show a pronounced gradient.
Alteration is greatest at the southern end of the outcrop,
from the Collin Glen Formation into the lower part of the
Cotham Member, and progressively decreases up-section.
At its most extreme, the mudstones and siltstones have
been altered by the growth of low-grade metamorphic
minerals, such as diopside, and conspicuous analcime
‘spherules’ in the siltstones. The Lias Group, within
which the proposed boundary lies, is only mildly altered.
Moderate hardening of mudrocks, some calcite recrys-
tallisation, and growth of euhedral pyrite, are the princi-
pal effects seen in this part of the section.

This thermal alteration may limit the potential for
some studies at the Larne section. Micropalaeontological
investigations are most likely to be affected, due to ther-
mal degradation of organic-walled microfossils and
recrystallisation of calcareous microfossils. It is not yet
known if a primary remnant palaeomagnetic record can
be retrieved.

Other unaltered exposures in the Larne area (Figure 2)
can be correlated accurately with the Larne section and
offer viable alternatives for sampling affected parts of the
succession. However, only at Larne are the Langport
Member and much of the Pre-Planorbis Beds currently
exposed, although they could be investigated by trenching
a suitable locality nearby, or by sinking a shallow bore-
hole specifically for this purpose.

6. Discussion
6.1 The end-Triassic ‘mass extinction’
and the T-J boundary
Ten to 15 years ago, when the co-ordinated international
effort to investigate the Triassic-Jurassic boundary inter-
val really started to gather momentum, perceptions of the
boundary interval were somewhat different from those of
today. The T-J boundary was seen as being marked by a
significant mass-extinction event (Raup & Sepkoski,
1982) that, in the marine realm, was exemplified by the
ammonite record. Put simply, the highest Triassic
ammonite zonal indices (Choristoceras spp.) were sepa-
rated by a faunally impoverished boundary interval from
the lowest Jurassic zonal indices (Psiloceras spp.).
Naturally, the end-Triassic ‘mass extinction’ was pre-
sumed to lie close to the base of this interval. However,
traditionally, the base of the Jurassic has been taken as the
first appearance of the genus Psiloceras. Although no cos-

mopolitan species was known, the first appearance of
Psiloceras was thought to be globally synchronous “with-
in practical limits of stratigraphical resolution”
(Warrington et al., 1994, p.198).

Since then, careful documentation of the most contin-
uous marine sections available has provided important
new data. Ammonite faunas that clearly lie within the
boundary interval have been discovered in North and
South America, northern Europe, the Alpine region, and
Tibet, creating considerable overlap between the ranges
of ‘Triassic-type’ ammonites (e.g. Choristoceras,
Odoghertyceras, Eopsiloceras, Rhacophyllites) and that
of Psiloceras. The prima facie case for the globally syn-
chronous appearance of Psiloceras to serve as a marker
for the T-J boundary has been refuted by the discovery of
Psiloceras species, mainly of the P. tilmanni group, at
various stratigraphic levels below the FA of P. planorbis,
in several faunal provinces.

With these discoveries, the concept of a single corre-
lateable mass-extinction at ‘the T-J boundary’ has gradu-
ally faded. None of the stratigraphically expanded bound-
ary interval sections shows convincing evidence for a sin-
gle large end-Triassic extinction event (Tanner et al.,
2004). Current evidence suggests that many extinction
events had already occurred by the Norian-Rhaetian
boundary, and last appearances of various other taxa are
staggered through the Rhaetian. By the base of the T-J
boundary interval (i.e. the top of the Marshi/Crickmayi
Zones), surviving faunas were depauperate and sparse,
with a mixed aspect comprising remaining elements of
the Triassic fauna and new elements that were to become
characteristic of the Jurassic. Adverse environmental con-
ditions continued through the boundary interval, perhaps
a consequence of massive volcanism in the Central
Atlantic Magmatic Province (e.g. Ward et al., 2001;
Hesselbo et al., 2002; Guex et al., 2004), and some oppor-
tunistic species originating at this time may constitute a
discrete ‘boundary fauna’ that became extinct as environ-
ments recovered (Ciarapica, 2007). It is against this back-
ground of protracted biotic change, rather than a major
abrupt extinction event, that the T-J boundary needs to be
defined by a Global Stratotype Section and Point.

6.2 Selecting a boundary index
In selecting a GSSP, it is the potential for unequivocal
correlation that is the paramount consideration (Cowie et
al., 1986; Remane et al., 1996; Walsh et al., 2004).
Despite this, relatively little progress has been made
regarding the general problem of correlation within the T-
J boundary interval (Bloos, 2004b). Most sections contain
bioevents that potentially might be correlateable but, for
some reason, correlation has yet to be achieved. We sug-
gest that this is a consequence of the low resolution of the
stratigraphic data set, which does not bode well for the
correlateability, potential or otherwise, of any GSSP or its
proxies (see below), if it is located within the faunally
impoverished boundary interval.
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There are two reasons why the dataset is poor: 
1. There are relatively few complete sections, due to a
widespread regression (RL1 in Figures 4 and 9).
2. After a protracted period of extinction, faunas were
generally sparse and of low-diversity. Ammonites, in par-
ticular, are extremely rare below the top of the boundary
interval.  

These points are important because the accuracy and
confidence limits of correlations are determined by the
size and resolution of the available dataset. It might be
argued that there is no need for accuracy and confidence
when it comes to correlation within the boundary interval;
the number of sections is relatively low, and the interval
is well-constrained between the HO of Triassic zonal
indices and the LO of P. planorbis and its presumed sister
species. Indeed, if the boundary point is placed near the
eustatic lowstand it will lie within a hiatus at most locali-
ties, with unequivocally Triassic rocks below, and
Jurassic above. To accept this argument is to accept that
the entire duration of the faunally impoverished boundary
interval is a reasonable error bar to attach to specific cor-
relations from the boundary point, and that this level of
stratigraphic resolution is ‘good enough’ for a Stage and
System boundary. However, its weakness is that it disre-
gards the scientific imperatives for accuracy and confi-
dence.

There is general consensus that: 
1. The GSSP for the base of the Hettangian Stage, and
thus for the base of the Jurassic System, should be placed
above the highest occurrence of established Triassic zonal
index species; 
2. Ammonites offer the best prospect for a globally corre-
lateable biostratigraphic definition of the boundary (e.g.
Lucas et al., 2005; Bloos, 2006).
3. The lower limit for placement of the boundary is at the
top of the Marshi/Crickmayi Zones, with the upper limit
the traditional ‘working’ base of the Jurassic System at the
first appearance of Psiloceras planorbis (Warrington et
al., 1994). We estimate the duration of this boundary
interval, based upon the Larne cyclostratigraphic record
(Figure 4), at approximately sixteen 4th-order cycles, or
~340kyr. This is the margin of error that would have to be
accepted if the boundary point is placed near the data-
poor eustatic lowstand. It is represented by 15-20m of
sediment in expanded sections, so it can hardly be regard-
ed as trivial or insignificant.

6.3 Proxy horizons
Chronostratigraphic correlation is the identification of
points that lie on the same time plane. It does not equate
to the vague correlation of biostratigraphic zones, but
demands that we are able to demonstrate the isochrony of
specific points in two or more sections. There is always a
margin of error attached to correlations but, because
chronostratigraphy is a science, not an art, we should
strive to minimise, and preferably quantify, that error. 

Even approximate correlation by ammonites within

the boundary interval is barely possible, so it has been
suggested that correlation might be achieved using prox-
ies (Lucas et al., 2005; Bloos, 2006). Most suggested
proxies are events occurring at different horizons to the
proposed boundary point. However, the use of temporally
displaced events to correlate the GSSP knowingly intro-
duces chronostratigraphic error at source, without any
means to determine its magnitude. Stratigraphic thickness
is not a chronostratigraphic measure, so the ‘closeness’ of
proxy horizons to a proposed boundary point is relatively
meaningless. 

Whilst proxy horizons certainly have a role to play in
helping to locate the boundary in sections that lack the
primary defining event, their availability in a potential
GSSP section in no way compensates for a lack of corre-
lation potential of the defining event itself. Remane et al.
(1996, p.79) state clearly that it is the primary defining
event of a GSSP that should be of optimal correlation
potential. This is to ensure that chronostratigraphic error
is minimised as far as possible at the start of a correlation
chain. Obviously, the greater the number and geographi-
cal spread of correlative points linked directly to the
defining event of the GSSP, the more accurately the
boundary can be correlated.

Relying upon proxy horizons from the outset to corre-
late the boundary level beyond the GSSP location under-
mines the basic principle of a GSSP as a chronostrati-
graphic datum. Proxy horizons should be used as far
down a correlation chain as possible, when no accurate
alternative is available. Indeed, if proxy horizons in a
potential stratotype section really have any significant
correlation potential, why they were not selected as the
primary defining event from the outset?

6.4 Ammonites and the boundary
No cosmopolitan ammonite species are known, either in
the boundary interval or in the basal Hettangian (Bloos,
2006), so whatever ammonite event is employed to define
the GSSP, the use of proxy species is unavoidable.
However, if ammonites are the most suitable group for
defining the boundary itself, then it follows that they must
also be the most suitable group for providing proxies and,
indeed, the use of ammonite proxies has been all but
assumed in previous Jurassic GSSP proposals (e.g. Bloos
& Page, 2002). From the Planorbis Zone upwards,
ammonites are generally widespread and abundant in
Jurassic marine strata, i.e. the dataset is very good. In our
proposal, ammonite proxies are required to correlate the
proposed boundary level to sections outside the NW
European Province. These are ‘time-equivalent’
ammonite events, in the sense that, within the present
limit of stratigraphic resolution, they can be demonstrated
to occur at the same time as the FO of P. planorbis (Figure
9). Within the NW European Province, ammonite proxies
(P. sampsoni/psilonotum and Neophyllites spp., respec-
tively) above and below the proposed boundary point can
be employed where P. planorbis is absent, so the bound-
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ary is easily recognised at very many localities. Most
importantly, the chronostratigraphic separation of these
proxies from the boundary level at Larne is known, and is
very small.  

The base of the Planorbis Zone is effectively the ear-
liest point above the top of the Marshi/Crickmayi Zones
that can be correlated worldwide by ammonites (Bloos,
2006).  Although cosmopolitan species are unknown, reli-
ably correlateable sequences of ammonites occur in most
regions. These sequences provide a biostratigraphic con-
text within which the proposed boundary level, the GSSP,
can be located with a good degree of accuracy. The base
of the Planorbis Zone in NW Europe can be correlated
with the base of the Calliphyllum Zone in the Alps (and
Tibet) because both zones are immediately underlain by
species of Neophyllites. The Neophyllites/Psiloceras
junction may also be recognisable in North America
(Guex et al., 2003, 2004), although the identification of
Neophyllites there is unconfirmed (Bloos, 2006).
Correlation of the bases of the Planorbis, Calliphyllum,
and Pacificum Zones is supported by their positions just
above a eustatic highstand surface (HH1 in Figures 4 and
9) and, to some extent, by carbon isotope curves (Guex et
al., 2004; Figure 9).  

The base of the Tilmanni Zone in South America was
formerly thought to correlate with the base of these three
regional zones (e.g. Hillebrandt, 1994), but the discovery
of significantly earlier material in Nevada suggests that
the range of P. tilmanni extends below the base of the
Pacificum Zone. Hillebrandt (1994, p.305) noted that
some evolute forms of P. tilmanni in Peru “are identical to
P. pacificum”, while Guex et al. (2004) recorded possible
P. tilmanni at the base of the base of the Pacificum Zone
in Nevada. Hence the ranges of P. tilmanni and P. pacifi-
cum may well overlap. Further research on the well-pre-
served South American faunas may enable recognition of
a level equivalent to the base of the Pacificum Zone,
above the HO of Odoghertyceras, but probably still with-
in the Tilmanni Zone.

6.5 Non-biostratigraphic correlation
methods
A variety of non-biostratigraphic signals are potentially
available for correlating the T-J boundary interval. They
include magnetostratigraphy, cyclostratigraphy and
chemostratigraphy. However, such data are an ‘equivocal’
tool in stratigraphy (Remane et al., 1996; Odin et al.,
2004), in the sense that potentially correlateable charac-
teristics (excursions, trends, reversals, etc.) are not unique
to that time interval but are repeated cyclically or random-
ly through time. By contrast, geochronology and bios-
tratigraphy can be considered ‘unequivocal’ tools since
they provide unique values in time. These equivocal tech-
niques can be very useful in supporting unequivocal data
but should not be used to define the boundary.   

Carbon isotope stratigraphy has been the non-bios-
tratigraphic method most widely applied to the issue of

the T-J boundary, and has been suggested as a possible
means to define the boundary at the level of a distinctive
negative excursion (Hesselbo et al., 2002). To test the
validity of correlations based on the carbon isotope
record, we have cross-correlated the cyclostratigraphic
record with a number of isotope curves and their associat-
ed biostratigraphic data (Figure 9). Four 3rd-order high-
stand/lowstand surfaces in the boundary interval constrain
three independently correlateable segments of the isotope
curves, and a tectonic uplift surface provides an addition-
al datum in the CAMP-influenced area. These surfaces
maintain a highly congruent relationship to the available
biostratigraphic data, and illustrate clearly how sedimen-
tation rates vary in different sections through the progres-
sion of a cycle. Significantly, the cyclostratigraphic data
suggest that the radiolarian turnover recorded in the
Queen Charlotte Islands may occur within the ‘main’ iso-
tope excursion of Hesselbo et al. (2002), not the ‘initial’
excursion.

6.6 Candidate GSSP sections in the UK:
St Audrie’s Bay and Larne
Two candidate GSSP sections within the UK, at Larne and
at St. Audrie’s Bay, propose the FO of P. planorbis as the
primary defining criterion. These successions are very
similar and can be correlated accurately (Figures 5 and 6).
St. Audrie’s Bay has a long history of study and there is
currently a considerable array of data available from that
locality. Ammonites traditionally regarded as ‘Triassic’
(i.e. Choristoceras spp.) are absent, as elsewhere in NW
Europe. However, this does not detract from the definition
or correlation of the proposed boundary point because the
top of the Marshi/Crickmayi Zones corresponds to the
start of the ‘initial’ carbon isotope excursion (Figure 9).
The position of this excursion was first established in the
St. Audrie’s Bay section (Hesselbo et al., 2002) at a level
that can be correlated very reliably with the Larne section
(Figure 6).  

Ammonite preservation, diversity, and abundance (see
Plates 1 and 2) around the proposed boundary level are all
considerably better in the Larne section than at St.
Audrie’s Bay. Moreover, at St Audrie’s Bay the proposed
boundary occurs within a strongly condensed interval
(Figure 5) where species identifications are uncertain due
to poor preservation (Bloos & Page, 2000, p.32). Because
the boundary horizon, its immediate stratigraphic context,
and the sequence of ammonites on either side of the
boundary can be established at Larne with much greater
clarity and confidence, it should take priority over St.
Audrie’s Bay as a potential GSSP.

It might be supposed that the greater availability of
alternative methods of correlation established for the St.
Audrie’s Bay section means that it has higher correlation
potential than the Larne section. Actually, this is not the
case, particularly since none of the other methods can
achieve the same degree of stratigraphic resolution as that
provided by ammonites. The two sections can be correlat-
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ed reliably by lithostratigraphy, biostratigraphy,
cyclostratigraphy and event stratigraphy (Figures 5 and
6). Thus, events in the carbon isotope, magnetostrati-
graphic and palynological records at St. Audrie’s Bay can
be accurately correlated with the Larne section. In
essence, because they can be correlated with such preci-
sion, the two sections have equal correlation potential, but
the defining criterion is much clearer in one (Larne) than
the other (St. Audrie’s Bay).

At present, we have only limited data concerning the
availability of non-ammonite biostratigraphic proxies
(other than those previously mentioned) for the proposed
boundary point at Larne, but the large number of sections
at which this level can be confidently identified maximis-
es the potential for discovery. For example, the base of the
TPi Palynozone in Austria correlates closely with the pro-
posed boundary level, according to our correlation of the
carbon isotope curves of Tiefengraben and St. Audrie’s
Bay (Kuerschner et al., 2007, Figs 8, 9; Figure 9), and
therefore is a potential proxy. As noted above, the radio-
larian turnover may also be a late boundary interval event,
chronostratigraphically closer to the FA of P. planorbis
than to the FA of P. tilmanni group ammonites.

The clear cyclostratigraphic record (Figures 4 and 5)
allows events at Larne, and in correlative sections else-
where, to be located accurately relative to the boundary.
The ‘initial’ carbon isotope excursion, for example, starts
14 to 15 4th-order cycles below our proposed boundary
level, while the SA5r Magnetozone lies eight cycles
(ca.168kyr) below it. This means that there is a high prob-
ability that the boundary level can be located in similarly
cyclical sequences, either marine or lacustrine, by cycle
counting from known proxy levels (cf. Hinnov & Park,
1999). Potential for correlating the proposed marine
boundary at Larne with the terrestrial record (cf. Olsen,
1986) would therefore seem to be good.

The Larne section fulfils nearly all of the GSSP
requirements listed by Remane et al. (1996). All major
facies changes in the extended section occur below the
Lias Group and therefore do not affect the defining crite-
ria. Synsedimentary deformation is similarly confined to
the Penarth Group and adds to, rather than detracts from,
correlation potential of this section. The only uncertainty
surrounds the extent to which thermal alteration may limit
the potential for micropalaeontological, geochemical and
palaeomagnetic investigations, specifically at Waterloo
Bay. Our preliminary investigations indicate that, for the
carbon isotope curve at least, this is not an issue, and the
potential of this section to provide a precise, stable, and
widely correlateable boundary definition is clear. 

7. Concluding remarks
The selection and definition of a GSSP is an exercise in
chronostratigraphy that should be undertaken independ-
ently of any questions surrounding perceived extinction
events. It is the correlation potential of the boundary point
that is the guiding principle (Walsh et al., 2004). In the

specific case of the GSSP for the base of the Hettangian
Stage, the debate surrounding which level to select cen-
tres on one key question: is it better to define the bound-
ary point at a time when the stratigraphic record is at its
highest resolution, or at its lowest? The correlation poten-
tial, precision, and confidence limits of a GSSP are max-
imised by an abundance of data in the former instance.
Conversely, where stratigraphic resolution is low through
lack of data, correlation is achieved only through compro-
mising on precision and confidence. Whatever the specif-
ic attributes of individual sections, potential for correla-
tion of a boundary point is related to the quantity and
quality of the wider stratigraphic record. When the bound-
ary point can be correlated only as a wide boundary
‘zone’, compromise has gone too far.

Of the available options, the first appearance of
Psiloceras planorbis offers a boundary point definition
that has proven potential for accurate and reliable correla-
tion, and already has a history of use as the defining point
of the base of the Jurassic System (Cope et al., 1980). As
such, what is to be gained by adopting an earlier level
where the stratigraphic resolution is demonstrably much
lower? It is irrelevant whether or not the boundary posi-
tion renders some psiloceratids Triassic and others
Jurassic; or if conodonts survive the boundary; or if the
boundary does, or does not, coincide with a mass extinc-
tion horizon. It is not the function of a GSSP to give
chronostratigraphic meaning to any event traditionally
perceived to be of significance unless, coincidentally, that
event has optimum correlation potential.  

We therefore advocate that the base of the Hettangian
Stage be defined by the first appearance of Psiloceras
planorbis in the section that best documents the ammonite
faunas and events in the vicinity of the proposed bound-
ary. That section is at Waterloo Bay, Larne, in Northern
Ireland.
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