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By 1849, Alcide d’Orbigny had proposed a very modern looking global subdivision of
a Jurassique ‘System’, into a sequence of 10 �etages. D’Orbigny’s stages were based on a
basic biostratigraphical framework, but there were still a number of issues with its
actual demonstrable applicability internationally. In 1856, Albert Oppel took
d’Orbigny’s framework and, as stated by W.J.Arkell in 1933, ‘breath[ed] new life into
it. . .placing the whole science of stratigraphical geology on a new footing’. Oppel recog-
nized eight ‘Etagen’, divided into a sequence of ‘zones’ which he considered to be
time-related to correlation units of theoretically universal application – a very clear
and unambiguous statement of what now would be considered to be chronostrati-
graphical practice. Subsequently, evolution of Jurassic stratigraphy had, by the end of
the 18th century led to S.S Buckman’s high-resolution ammonite correlation schemes
using hemera – essentially the same as modern biohorizons. Although some of this
detail was subsequently lost in his syntheses, from around 1933–1956, W.J. Arkell took
many pre-existing ‘zonal’ schemes and began to develop global ‘standard’ ammonite
correlation schemes – again explicitly chronostratigraphical. Nevertheless, the poten-
tial for very high-resolution ammonite-based correlation schemes – with a resolution
of only around 100,000 or less – was soon rediscovered and promoted by J.H. Cal-
lomon and by a very active ‘French School’. Despite all this activity, however, we still
have not quite realized the ordered stratigraphical dreams of Oppel and his successors.
Of the 11 stages now formally recognized within the Jurassic, four still do not have a
ratified GSSP, and within the entire system, there still appear to be no formal agree-
ments on what really are the ‘standard’ zones for each stage. Crucially, however, con-
fusion is still widespread as to the ‘meaning’ of these zones – Jurassic ‘Standard Zones’
are chronozones not biozones – they have been explicitly so since Oppel’s day, and as
the stratigraphical building blocks of all ‘modern’ Jurassic stages, they must still
be. □ Ammonites, Jurassic, Oppel, stratigraphy, zones.
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The geological pioneer Alexander von Humboldt
(1769–1859) is credited with the first use of ‘Jura’
as early as 1799, in connection with the thick car-
bonate successions typical of the Jura Mountains
of the NE Switzerland–French border territory
which he initially termed the ‘Jura Kalkstein’. By
1823, however, he was using the more specific
terms ‘Jurassique’ and ‘Jura Formation’ (Woodward
1893), but still in a geographical and lithological
sense, rather than chronological. Indeed, von
Humbolt actually believed that these limestones
were older than the Triassic Muschelkalk (Ogg &
Hinnov 2012a).

By 1813, the English pioneer W.D. Conybeare
had already compared (i.e. correlated) the lime-
stones of the Jura Mountains with the Middle to
Upper Jurassic ‘Oolitic’ formations of England,
although basing his conclusions on earlier descrip-
tions by Giovanni Arduinno from 1759 (teste

Woodward 1893, p.1). When Alexander Brong-
niart (1770–1847) made the same comparison in
1829, however, he used the term ‘Terrains Juras-
siques’, more explicitly linking back to Humbolt’s
original use of the term Jurassique. That such
links could be made, however, is a consequence
of earlier studies, most notably including the Eng-
lish pioneer of stratigraphical practice, the canal
engineer William Smith (1769–1839), who, by
1799, already had a working fossil-based correla-
tion scheme for the named, lithological units that
he had mapped around the city of Bath in SW
England (and which would later be recognized as
being of Jurassic age). This mapping – and his
more famous 1815 map of England and Wales –
was supported by his milestone biostratigraphical
atlas and guide of 1816, Strata identified by Orga-
nized Fossils. As stated by John Phillips in 1829
(p. vii), Smith’s ‘affectionate nephew and grateful
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pupil’ (and later professor of geology at the
University of Oxford):

‘The first person in England who studied, and
who taught others to study, the structure of the
earth. . . Having provided himself with the methods
of identifying the strata by the attentive examination
of all the circumstances which distinguish the one
from the other, and especially by a comparative sur-
vey of their organic contents, he extended his obser-
vations to districts far distant from that in which
they were originally commenced, and fixed at length,
on a substantial basis, the important doctrine of
general formations’.

Smith’s scheme of lithologically and palaeontolog-
ically defined ‘formations’, however, is not readily
applicable outside of England, and even in Great Bri-
tain, his methods were not initially widely accepted.
Strongly influential in this lack of progress was the
state Geological Survey whose: ‘. . . authors [had]
rejected the principle of identification [of rock units]
by the organized fossils, a principle which I consider
as the most important yet established in geological
science’. (Phillips 1829, pp. xi–xii).

Curiously, however, even as late as 1871, Phillips
himself continued to use divisions of ‘Liassic’, ‘Bath
Oolite’, ‘Oxford Oolite’ and ‘Portland Oolite’ periods
to group rock units which elsewhere had already
been referred to a Jurassic System for many years
(cf. Woodward 1893, p.1).

Although the Smith’s original English scheme of
subdividing what was to later become known as
the ‘Jurassic’, the relatively simple southern Ger-
man tripartite lithological subdivision of Leopold
von Buch (1774–1853) from 1839 into ‘Black’ (i.e.
mudrock-dominated), ‘Brown’(sandstones and fer-
ruginous limestones) and ‘White’ (pure limestone)
Jura (later ‘Lias’, ‘Dogger’ and ‘Malm’) has sur-
vived, as these broad units (equivalent perhaps to
modern lithostratigraphical ‘groups’ or ‘super-
groups’) broadly correspond to ‘Lower’, ‘Middle’,
‘Upper’ Jurassic as already in use by the late 19th
century in the UK (Woodward 1893) and still in
use today.

Alcide d’Orbigny and the origin of
Jurassic stages

Alcide D’Orbigny (1802–1857) was based at the
Museum National d’Histoire Naturelle in Paris, and
extensively toured South America, eventually
becoming professor of palaeontology in 1853. In
1840, the first volume of his methodical description
of French fossils – La Pal�eontologie Franc�aise – was

published, eventually running to eight volumes
(Rioult 1971).

From 1842 to 1851, d’Orbigny proposed a very
modern looking global subdivision of a ‘Jurassique’
System into a sequence of 10 ‘�etages’ (Fig. 1),
inspired by many pioneering works from across Eur-
ope and further afield. To a certain extent, his
attempt to develop subdivisions was born of a sense
of despair: ‘How are groupings based only on litho-
logical characters to be dealt with when they have
been seen to be misleading? . . .how can one rely on
the nomenclature of the fossils recorded. . . when
one sees these fossils identified by authors with such
irresponsibility that it is often necessary to ignore
half of the identifications?’ He continued: ‘Con-
fronted with these insurmountable difficulties I have
found only one solution possible, and that was to
consult nature herself’. (1842–1849, pp.600–603;
translated by W.J. Arkell 1933).

To such ends, D’Orbigny travelled extensively
around France examining local sections – but his
correlations of sequences elsewhere were based pri-
marily on published records by those people he
obviously considered were not quite so ‘irresponsi-
ble’ in their fossil identification.

Although D’Orbigny’s stages were based on a
biostratigraphical framework composed of a
sequence of ‘zones’, the faunal changes between the
stages he recognized were envisaged as being more
due to global catastrophes and replacement rather
than continuous evolution (no doubt influenced by
Georges Cuvier’s – Professor of Comparative Anat-
omy at the Museum of Natural History in Paris from
1802 (Gayrard-Valy 1994) – persuasive presentation
of his catastrophist view of the progression of life on
Earth):

‘Geologists in their classifications allow themselves
to be influenced by the lithology of the beds, while I
[utilize] for my starting point. . . the annilation of an
assemblage of life-forms and its replacement by
another. I proceed solely according to the identity in
the compositions of the faunas, or the extinction of
genera or families . . .the expression of the division
which nature has delineated with bold strokes across
the whole Earth’. (loc. cit.: trans. W.J. Arkell 1933).

We can discuss this philosophy now in the light of
modern attempts to find mass extinctions and other
global events at every tick-tock of the geological
clock (cf. Raup & Sepkoski 1984 ‘periodicity’ of mass
extinctions), but as W.J. Arkell observed in 1933, in
his unsurpassed review of the development of Juras-
sic stratigraphy: ‘These are the words of an enthusi-
ast carried away by his subject and un-fettered by
too much knowledge’.
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Nevertheless, d’Orbigny’s contribution to the devel-
opment of the geological time-scale cannot be
overemphasized, even though some of the detail of his

schemes was flawed and not all of his claims of corre-
lations could be substantiated – as already pointed out
by Friedrich August von Quenstedt in 1858.

Fig. 1. The evolution of Jurassic Chronostratigraphical subdivisions from d’Orbigny to Oppel to Arkell correlated against the standard
geochronological calibration of Jurassic Stages by Ogg & Hinnov (2012a) in GTS2012. The available resolution at a substage level is indi-
cated by Z (Zone/Chronozone), S (Subzone/Subchronozone), H (Horizon), B (Biohorizon) (but noting that d’Orbigny’s ‘zones’ are not
sufficiently well defined to be included).
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Friedrich August von Quenstedt –
attention turns to detail

Friedrich August von Quenstedt (1809–1889) was
professor from 1837 at the Eberhard Karls Univer-
sit€at in T€ubingen, Germany. In his classic and
detailed study of Jurassic sequences in W€uttenberg,
Der Jura, published in 1858, he had no pretentions
to use his findings to model the world, as
D’Orbigny had, stating: ‘[the] task which we have
to fulfil in connection with the Jurassic is to draw
up sections as faithfully as possible in the different
districts. . . The accurate comparison of two succes-
sive beds three inches thick by means of their
actual contents can contribute more fruitfully to
the development of the science than the catalogu-
ing of stages from the farthest corners of the Earth,
when it has to be admitted, as a matter of course,
that they are not correct. (1858, p.23; translated by
W.J. Arkell 1933)’.

His eight pages of criticism of d’Orbigny were
withering, but certainly coloured by the way
d’Orbigny had often ignored the priority of the
work of others, including Quenstedt’s own: ‘. . .of
what avail is it if a man has seen the whole world,
and he does not understand aright the things which
lie in front of his own doors? Let us not weary of
our searching our strata; let each of us collect as
much as he can in his own neighbourhood, label-
ling the specimens exactly with their localities; then
at least the first goal of all geological research
should not remain far from our reach – a true table
of the succession of the strata’ (1858, p.823; trans.
W.J. Arkell 1933).

Quenstedt’s other great contribution to Jurassic
stratigraphy is his large format Die Ammoniten des
Schwabischen Jura (1883–1888), arguably the most
beautifully and artistically arranged ammonite
monograph ever produced.

Carl Albert Oppel and the birth of a
rigorous stratigraphical geology

Quenstedt’s plea for careful and systematic obser-
vation, and an evidence base for broader conclu-
sions, clearly inspired one of his pupils, Albert
Oppel (1831–1865). Oppel was born at Hohen-
heim in W€urttemberg and went on to study at
the University of T€ubingen, where he graduated
with a Ph.D. in 1853. As WJ Arkell put it, Oppel
was ‘Young gifted [and] with more than ordinary
powers of observation, generalisation and exposi-
tion’. He was ‘The man. . .who was to place the

whole science of stratigraphical geology on a new
footing and to breathe new life into it’ (1933,
p.15).

Oppel studied first the Jurassic rocks of his south-
ern German, Swabian home and then, in 1854, he set
out to travel across Europe – to Switzerland, France
and England – to try and establish a reliable correla-
tion between each region using fossils chosen for
their wide horizontal (i.e. geographical) but small
vertical (i.e. chronological), range. His results were
published in his seminal Die Juraformation Englands,
Frankreichs and des s€udwestlichen Deutschlands
(1856–1858; Fig. 1 here),

He stated the problem as follows: ‘Comparison
has often been made between whole groups of beds,
but it has not been shown that each horizon identifi-
able in any place by a number of peculiar and con-
stant species is to be recognized with the same
degree of certainty in distant regions’. . . ‘The task is
admittedly a hard one, but it is only by carrying it
out that an accurate correlation of a whole system
can be assured’. . . ‘It necessarily involves exploring
the vertical range of each separate species in the
most diverse localities, while ignoring the lithologi-
cal development of the beds; by this means will be
brought into prominence those zones which,
through the constant and exclusive occurrence of
separate species, make themselves of from their
neighbours as distinct horizons. In this way is
obtained an ideal profile of which the component
parts of the same age in the various districts are
characterized always by the same species’ (1856–
1858, p.3; translated. WJ Arkell 1933).

According to Arkell, ‘This passage represents one
of the most important landmarks in the progress of
stratigraphical geology, for it contains the first germ
of the conception of a detailed time-scale, abstracted
from local considerations, either lithological or
palaeontological’.

Within each of his eight ‘Etagen’ (or ‘Zonengrup-
pen’), Oppel established a sequence of ‘zones’ each
to be identified by a characteristic fossil indicator
species. Although he was not the first to use this
term in the context of characterizing, even correlat-
ing parts of a stratigraphical sequence, he greatly
refined its use: ‘emanciating. . .zones from the thralls
both of local facies, lithological and palaeontological,
and of cataclysmic annilations, thus giving them an
enormous extension and transferring them from
mere local records of succession to correlation-
planes of much wider and (theoretically) universal
application’. (Arkell 1933, p.17 – a very clear and
unambiguous statement of what today we would
call chronostratigraphy (see also Balini et al., this
volume)).
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Of all the available indicator species for his fossil
zones, Oppel clearly recognized that ammonites
were the most useful and of his 33 zones, 22 were
based on ammonites (and all of remainder were
subsequently assigned ammonite indices by later
authors). Oppel was not, of course, the first to rec-
ognize the great potential of ammonites for corre-
lation, William Smith used some ammonites
species to establish his correlations (1816–1819)
and they were a notable part of d’Orbigny’s
scheme, but it can be argued that Oppel finally
established the group as the Jurassic stratigraphical
tool, par excellence.

Subsequently, however, Oppel’s relatively simple
scheme was added to by a myriad of local studies,
not least to help make sense of regional, biogeo-
graphically influenced variations. Nevertheless, as
noted by Arkell (1933 p. 17): ‘. . .complete indepen-
dence of action is allowed to the individual author,
and he is at liberty to cumber terminology with as
many new zones as may seem to him desirable, no
matter how local his requirements, his knowledge,
his outlook’ (and it was this proliferation of termi-
nologies that Arkell sought to rationalize in his two
most remarkable works on Jurassic stratigraphy,
firstly on the United Kingdom in 1933, and subse-
quently the world in 1956).

After T€ubingen, Oppel went on to Munich in
1858, firstly as an assistant in the Palaeontological
Museum, but from 1860 as the Professor of Palaeon-
tology in the University. He died in December 1865
at the tragically young age of 34.

S.S. Buckman and high-resolution
ammonite stratigraphy

If Oppel established the principles of a modern
approach to chronostratigraphical practice, it was
S.S. Buckman (1860–1930) who really began to real-
ize the full potential of fossils to take such chronolo-
gies to their ultimate, high-resolution expression.

Sydney Savory Buckman was the son of Professor
James Buckman, a well-known botanist and geolo-
gist of the time, and a teacher at the Royal Agri-
cultural College in Cirencester. Although largely
self-employed, S.S. Buckman followed his father’s
geological interests and by 1881 had already pub-
lished a paper on the brachiopods and ammonites of
the Aalenian-Bajocian, subsequently commencing a
comprehensive monograph of the ammonites in
1887. Buckman was particularly fascinated by these
ammonites and soon realized that the great variety
of forms that he observed in the local quarries of
North Dorset and South Somerset were, at least in

part, related to a stratigraphical succession of closely
related species that he could actually describe (just
like Quenstedt and Oppel before, he made himself
master of his own district before applying himself
further afield).

He soon realized that he could recognize very
fine stratigraphical divisions based on this sequence
of ammonite faunas, for which he coined the term
‘hemera’, explicitly calling them ‘chronological divi-
sions’ in 1893, recognizing that this time-scale was
entirely independent of the deposits actually pre-
served. In discussing hemera, Buckman explained:
‘. . .its meaning is “day” or “time”; and I wish to
use it as a chronological indicator of the faunal
sequence’. (1893): Successive ‘hemerae’ should
mark the smallest consecutive divisions which the
sequence of different species enables us to separate
in the maximum development of a strata. . ..It is
designed as a chronological division and will not
replace the term zone or be a subdivision of it, for
that term is strictly a stratigraphical [i.e. rock]
one. . .It must be particularly understood that it is
used in a chronological sense as a subdivision of
an ‘age’ (Buckmann 1902).

Buckman grouped his hemera into ‘ages’, but as
the council of the Geological Society of London – a
major power in UK geology at the time – were not
happy with this use of stratigraphical terms in a
chronological sense as (they believed it would lead
to confusion), Buckman became the first to intro-
duce a dual rock-time/geological time terminology
in 1898, as we still use today.

Nevertheless, he remained widely misunderstood
– not least as he largely operated outside of the geo-
logical establishment at the time – and the difference
between the preserved rock succession and the actual
passage of time was still not grasped by many. In an
attempt to try and explain his ideas, he published an
explanation in 1902, using the story of a Dorset
quarryman’s lunch.

‘Sir, your dawg a bin an yet my fittle’ must be
one of the best discussions of the relationship
between geological time and the rock-record ever
published. In this scenario, the quarry owner’s dog
had eaten the quarry worker’s lunch, and hence,
there was nothing remaining to represent his 13:00
‘lunchtime’ and there was, therefore, a gap in the
sequence of his lunches. Nevertheless, lunch or no
lunch, 13:00 had still arrived and passed, even
though the (edible) ‘deposit’ representing lunch no
longer existed (it had been removed by the ‘erosive’
force of dog). Based on this analogy, Buckman
argued that it was essential, therefore, to distinguish
between a deposit of ‘lunchtime’ (i.e. ‘rock-time’ or
chronostratigraphy) and the actual passage of real
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time (i.e. with respect to a geochronological time-
scale). As he later concluded in 1922, ‘Geological
strata are made as the net result of a constant battle
of addition versus subtraction, in which are seen,
locally, the small, slow victories of addition, after
many vicissitudes’.

Buckman introduced many other terms such as
biozone and faunizone, although both would have
a meaning closer to a modern usage of biozone,
and most have not stood the test of time (see dis-
cussion by Arkell 1933, pp.17–25). His high-resolu-
tion ammonite-based chronology, however, is still
very relevant, even if, ultimately, his sequencing of
faunas became increasingly hypothetical (as in his
Type Ammonites series published from 1909 to
1930).

Crucially he grouped his hemera into ‘ages’ which
were explicitly the time period over which a ‘stage’
was deposited, and these were further grouped into
‘epochs’, another time-related term still very much
in use today. He also seems to have been in little
doubt that each hemera could be of different actual
chronological duration but were certainly very short
geologically, possible ranging from 100s to 1000s of
years.

W.J. Arkell and the Jurassic world

Inevitably, however, considerable confusion
remained over use of the term ‘zone’ in Jurassic
stratigraphy, despite the efforts of Oppel, Buck-
man and others to clarify, even crystallize an
explicit meaning. Buckman’s ideas, in particular,
were poorly understood by most of his contem-
poraries and it was not until 1933, that W.J.
Arkell brilliantly synthesized the development of
Jurassic stratigraphy, truly setting the record right
concerning all that had developed beforehand,
from von Humbolt to S.S. Buckman, and provid-
ing a clearly stated stratigraphical meaning for the
myriad of pre-existing terms, both conceptual
(e.g. in the sense of zonal terminology) and
chronological (e.g. the many new stage names cre-
ated by various authors for parts of the Jurassic
post-Oppel).

W.J. Arkell (1904–1958) was born into a well-
known beer-brewing family in Wiltshire, and just
like the others before him, set out to describe the
rich Upper Jurassic sequences around both his fam-
ily home at Highworth in Wiltshire and their holi-
day home at Ringstead on the Dorset coast (e.g.
1936, 1935–1948, 1941 – see listings in Arkell 1956,
pp. 644–645). He was awarded a lectureship in geol-
ogy at New College in Oxford in 1927 and was made

a Senior Research Fellow of the same College in
1929. However, as his College duties were limited,
he was able to devote a lot of his time to research –
one of the few examples of where brewing has subsi-
dized geological activity, rather than the other way
round.

His first real landmark in Jurassic stratigraphy was
the publication in 1933, at the age of only 29, of The
Jurassic System of Great Britain, in which he reviewed
and synthesized virtually everything that had hap-
pened in the UK since the pioneering days of Wil-
liam Smith, at the end of the 18th century. This
work firmly established Arkell as an authority on the
Jurassic, not least because in the introductions to the
book, he reviewed the development of Jurassic strati-
graphical terminology – including at zonal and at
stage level – thus providing probably the first real
attempt at a consolidation and standardization since
Oppel’s time.

His other milestone contribution, was his Jurassic
Geology of the World, published in 1956. In it he
applied the principles established in 1933 – along
with his tremendous knowledge and experience – to
provide a rigorous stratigraphical framework within
which to compare Jurassic sequences across the
entire planet (Fig. 1). In this context, Arkell firmly
established Jurassic stages as globally applicable
units, consolidating what Oppel had attempted to
prove so long before.

Nevertheless, as part of the process to find globally
applicable standards, some of the very fine detail that
Buckman had laboured so hard to demonstrate, was
almost lost.

The ‘French school’: horizons and
‘zonules’

In the UK Jurassic stratigraphy largely remained
fixed on zonal schemes largely consolidated prior to
1960 in true Arkellian style. Meanwhile, however,
across the Channel things continued to develop, as
a new generation of ammonite biostratigraphers
went back to their local rocks – as Quenstedt and
Oppel had done before in Germany – and started
to the describe the very real detail present in succes-
sions of Jurassic ammonite assemblages in France.
The first wave of results was presented at the 1967,
Colloque du Jurassique �a Luxembourg – the first
really significant international Symposium on
the stratigraphy and palaeontology of the Jurassic
System.

The conference proceedings were not published
until 1974, but include some of the first
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descriptions of a high-resolution framework which
is well-established today. After what is effectively a
‘key-note’ introduction by Gabilly (1974) on the
methodology adopted, a suite of detailed
summaries of the sequence of ammonite assem-
blages present in key regional sequences followed
(including Gabilly et al. (1974) on the Toarcian;
Mangold et al. (1974) on the Bathonian; Cariou
et al. (1974) on the Callovian; and Enay et al.
(1974) on the Oxfordian), each stage with a
detailed sequence of sub-subzone correlative units
termed ‘horizons’.

This French concept of ‘horizons’, however, has
often been confused with other infra-subzonal
units, in particular biohorizons – a modern term
for the faunal ‘events’ that S.S. Buckman’s called
hemera (as discussed below). French ‘horizons’ are
effectively sub-subzones as they completely fill the
stratigraphical column (see Fig. 2), without gaps or
overlaps, and hence should be defined in exactly
the same way, with a basal boundary stratotype in
true chronostratigraphical fashion (i.e. with their
top being ‘defined’ by the base of the succeeding
division of the same scale; see http://www.stratig
raphy.org/index.php/ics-stratigraphicguide).

Phelps (1985), realizing the distinction between
French ‘Horizons’ and other high-resolution units
equivalent to biohorizons, adopted the term
‘zonule’ to distinguish them – this distinction was
maintained by some subsequent authors such as
Page (1995, 2003). As pointed out by J.H. Cal-
lomon (pers. comm. 2006), however, the term
‘zonule’ as originally proposed by Fenton and Fen-
ton in 1928 in the sense of the vertical range of a
defined fauna and its geographical extent, has more
to do with biostratigraphy than chronostratigra-
phy.

Whatever, the philosophy behind the type of
infra-subzonal unit adopted, however, what is cru-
cial in the process is that fine-scale chronology-
related changes in fossil assemblages with correlative
potential (at least regionally), can still be recognized,
described and used without disrupting the nomen-
clatural stability (and hence wider utility) of schemes
of higher stratigraphical units at the level of zone
and subzone.

Although developments and refinements have of
course continued, the definitive expression of the
development of these French horizontal schemes
(now only excluding the Tithonian) is presented in
the extremely useful Biostratigraphie de Jurassique
ouest-europ�een et m�editerran�een, edited by E. Cariou
and P. Hantzpergue in 1997 (and crucially integrated
with stratigraphical reviews for other key fossil
groups present through the System).

J.H. Callomon and a standard
chronstratigraphy

As the potential for high-resolution stratigraphy
using ammonites was being realized in France, a par-
allel Anglo-German approach was developing
inspired by J.H. Callomon (1928–2010). Born in
Berlin, John Callomon’s family moved to the UK in
1937, where he attended Oxford University, meeting
W.J. Arkell. Although Callomon ultimately gradu-
ated in Chemistry – becoming a Professor of Inor-
ganic Chemistry at University College London – he
had a parallel career as one of the world’s leading
specialists on Jurassic ammonites (encouraged ini-
tially by Arkell himself). Crucially, being fluent in
English, German and French – and with a working
knowledge of several other languages – he had an
almost unique access to classical geological litera-
ture, including d’Orbigny, Quenstedt, Oppel and
many others. And as a disciple of W.J. Arkell, he was
also a staunch proponent of a formal chronostratig-
raphy, and it is the very clear concept of time and
stratigraphy that Callomon had which should live on
and guide us into the future.

Callomon had a characteristic disdain for interna-
tional committees, continuously reminding con-
gresses of the principles of a formal
chronostratigraphy, his exasperation at times show-
ing – not least in his 1984 presentation at the Erlan-
gen International Symposium on Jurassic
Stratigraphy, entitled: ‘Biostratigraphy, Chronos-
tratigraphy and all that – again!’. In his published
text he stated: ‘. . .to help allay some of the confusion
still regrettably to be found on such occasions, it
seems worthwhile at a colloquium on Jurassic
Stratigraphy to recapitulate some basic princi-
ples. . .To date rocks (other than radiometrically)
requires the construction of standard chronostrati-
graphical scales of reference. . .The commonest, most
versatile and most powerful tools in Phanerozoic
correlation are fossils, because some biozones or
their boundaries approximate closely to time-planes’
(Callomon 1995).

He discussed primary and secondary standards for
stratigraphical units and identified three basic stages
in the process of ‘practical’ chronostratigraphy, for
example: 1, evaluation of stratigraphical indicators;
2, construction of standard chronostratigraphical
scales; and, 3, choosing a primary standard; conclud-
ing, ‘Which is what we have been doing since
Oppel’s time, even if we have not been aware of it’.

As part of this process, Callomon also re-instated
Buckman’s concepts of a high-resolution ammo-
nite-based biochronology, undoubtedly strongly
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influenced by R. Brinkmann’s famous and irrefuta-
ble 1929 demonstration of the successive fine-scale
changes that can be observed in a systematically
sampled sequence of ammonite faunas (reference to
Brinkmann’s work surfaces in many of his general
ammonites and time papers, for instance Callomon
1963, 1995, etc.). Callomon adopted the term ‘fau-
nal horizon’ to describe his concept of high-resolu-
tion biochronological units, which he considered to
be the rock (i.e. a chronostratigraphical unit)
equivalent of Buckman’s original hemera (i.e.
geochronological units) (1995). Nevertheless, in a

practical context, Callomon’s ‘faunal horizons’ were
virtually the same as Buckman’s hemera being the
‘smallest consecutive divisions which the sequence
of different species enables us to separate in the
maximum development of a strata’, although freed
of some of Buckman’s baggage of species ‘acm�e’
(i.e. his perception of the successive flourishing and
dominance of a single species) and other miscon-
ceptions (1985a,b, 1995, pp.50–53).

Callomon explicitly referred to such faunal
‘events’ as being like ‘frames in a moving picture’
– taking an analogy from Bather (1927) – literally
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BVM 75b-76 (no record)
Sn29: birchi BVM 75a (u) Ilchester/?Limingt.
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(no record)
Sn28: pseudobonnardi BVM 75a (l)

BVM 74s-74w
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Brooki
(Sn24-26+)

BVM 74g-74q
(no record)
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Sn26: hartmanni BVM 74e-f

BVM 74d/e (pt?)
Sn25: brooki BVM 74c-d Knole/Queen 

Camel (BVM.)
BVM 74a-b

(no record)Sn24: sulcifer BVM 73
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Sauzeanum 
(Sn20-23+) 

Sauzeanum
(Sn20-23+) 

BVM 72/73 (pt?) Ilchester/Hatch 
Beauchamp/ 
?Broadway/Knole 
(BVM)

Sn23: semicostatum BVM 71-72

BVM 70d-70h
Sn22: alcinoeiforme BVM 70c

BVM 70a-70b
Sn21: Euagassiceras sp. BVM 64-69

BVM 57-63
Sn20: cf. resupinatum BVM 56

Scipionanum 
(Sn18-19+) 

Nodulatum 
(Sn19-19+)

BVM 54-55 Chilton/Ilchester (BVM)
Sn19: pseudokridion BLF 53

Scipionanum 
(Sn18-18+)

BLF 50-52
Sn18: acuticarinatum

Non sequence
Lyra 
(Sn15a-17b+) 

Alcinöe 
(Sn17b-17b+)

Babcary (BLF or BVM?)
Sn17b: alcinöe

Crossi 
(Sn16-16+)

BLF 48-49
Sn17a: ‘Paracoroniceras’

Sn16: bodleyi

Charlesi 
(Sn15b-15b+) Sn15b: cf. charlesi

Lyra 
(Sn15a-15a+) Sn15a: lyra

Fig. 2. Correlating with biohorizons; an example from the upper part of the Lower Sinemurian of south-west England (modified from
Page 2009; BLF = Blue Lias Formation, BVM = Black Ven Marls Formation). Note that intervals between biohorizons are also correlated
on the Devon-Dorset coast and can be indicated by including a ‘+’ symbol after the biohorizon immediately below, for example Sn 32
and Sn32+. Records from East Somerset, however, are based, on spot faunas from temporary excavations collected by H.C. Prudden near
the named settlements, and hence, they may be grouped according to the stratigraphical range of the components of these faunas, where
assignment to a single biohorizon is not possible.
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‘snapshots’ through time of evolving ammonite
populations which could be valuable for correla-
tion (1985b, 1995). Crucially, however, as in movie
film there is a time ‘gap’ between each image, dur-
ing which things have, in an evolutionary sense,
moved on – and hence, any table of such horizons

must show stratigraphical gaps between each suc-
cessive unit (cf. Page 1995; p.803; Fig. 2). To help
distinguish between Callomonian ‘faunal horizons’
and French ‘Horizons’ (which are effectively sub-
subzones), the term biohorizon is preferable as
adopted by Page (1992, 1995) – although hemera

CORRELATIVE 
TECHNIQUE

RESOLUTION 
(e.g. when 
correlating 
boundaries/
changes)

AVERAGE 
DURATION OF 

UNITS

INDEPENDENCE 
FROM OTHER 
TECHNIQUES

DISTANCE FOR 
CORRELATIONS

NUMBER OF 
POTENTIALLY 

CORRELATABLE 
UNITS

(duration of Jurassic
= 56.3 Myr)

Biostratigraphy: 
Ammonoidea

Larval distribution via 
oceanic currents with 
a surface speed of up 
to 0.5 m/s (see 
http://oceanmotion.org
/html/resources/oscar.
htm) could allow a 
circumglobal
distribution in just over 
30 months (2.56 
years). 

Potentially less than 
40 000 years 
(Hettangian); or 
110 000 for 
Sinemurian, 130 000 
for Aalenian-
Bajocian, etc (this 
work)

Yes (independent 
biochronological 
time- scale 
established)

Can be circum-
global, with varying 
degress of  
bioprovincial control
in marine 
environments

80 Chronozones/161  
Subchronozones/395  
Horizons/Biohorizons
(could potentially be 
increased to over 500 
at current resolution 
for the Sinemurian or 
over 1500 at current 
Hettangian resolution) 
(this work)

Chemostratigraphy 
(Sr isotopes)

c.50 ka maximum 
resolution at 2016 
analytical capacity 
(McArthur et al. 2012, 
2016)

Continuous change No - may require 
calibration against 
biochronological and 
radiometric time- 
scales.

Global (marine only) Continuous change 
(resolution suggests at 
least 1156 resolvable 
correlations might 
possible)

Chemostratigraphy 
(C isotopes)

c.1500 years for 
oceanic mixing (in 
current oceanic 
configuration; Heinze
et al. 2015); δC13 
peaks have a duration 
(e.g. c. 120 000 years
for  the Toarcianevent, 
according to Kemp et 
al. 2011).

Probably variable No - requires 
calibration against 
biochronological and 
radiometric time- 
scales.

Global (marine and 
non-marine)

At least 15 potentially
correlatable 
excursions (both –ve 
and +ve) extrapolated 
from Jenkyns et al. 
(2002)

Magnetostratigraphy 10 000 years for 
complete reversal

Variable No - requires 
calibration against 
biochronological and 
radiometric time- 
scales.

Global 52 polarity chrons
(Ogg and Hinnox 
2012a)

Geochronology 
(radiometric dating)

Typical dating errors 
quoted in Ogg and 
Hinnox (2012a) vary  
from around ±0.2 
upwards (e.g. from c. 
400 000 years). See also
discussion of Schmitz 
(2012).

Continuous change Yes Global (marine and 
non-marine) also 
extra-terrestrial 

Continuous change 
(current resolution  
suggests at least 140 
distinguishable 
intervals possible)

Cyclostratigraphy 
(Milankovitch)

20 000 year cycles
potentially resolvable. 

c. 20 000 years cycles 
potentially 
resolvable.

No - requires 
calibration against 
biochronological and 
radiometric time- 
scales.

Basin limited Cyclostratigraphy is a 
callibration tool rather 
than correlative (cf. 
Weedon et al. 1999)

Volcanic ‘events’ A few weeks for ash to 
settle.

Depends on 
duration of eruption, 
but large eruption 
typically last only a 
few weeks although 
large igneous 
provinces may be 
active for several 
My.

Yes – potential for 
radiometric dating

Continental scale 
(c.3000 miles plus
for ‘supervolcanoes’; 
Self 2006) but more 
likely to be 
detectable regionally 
or locally for most 
typical eruptions.

In Jurassic two major 
provinces developed
(Central Atlantic  
Magmatic Province) 
and Karoo-Ferrar 
(Ogg and Hinnox 
2012). Most other 
volcanic activity only 
regionally valuable for 
correlations.

Large extra-terrestrial 
Impact events

A few weeks for ejecta
to settle.

A few weeks for
materials to settle.

Yes – although 
limited potential for 
radiometric dating, 
infrequency can 
make event 
distinguishable in 
sedimentary record

Potentially global, 
depending on size of 
impact.

At least 3 possible 
events recorded (Ogg 
and Hinnox 2012a) –
no significant 
correlation potential 
yet proven in the 
Jurassic.

Fig. 3. Comparative resolution of the range of key tools used to correlate Jurassic rocks.
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would still be its time duration on a geochronolog-
ical scale.

Publishing mainly on non-UK successions, Cal-
lomon’s work included studies of the ammonites of
East Greenland (e.g. Callomon & Birkelund 1980,
1982; Birkelund et al. 1984; Callomon 1993) and
from Southern Germany– the latter in collaboration
with colleagues from the Staatliches Museum fur
Naturkunde in Stuttgart (e.g. Dietl & Callomon
1988; Callomon et al. 1989a,b; etc.). This work also
includes many stages in the development of a bio-
horizonal scheme for the Lower Callovian of the lat-
ter area, as published in correlation with a scheme
then under development for the UK Lower Callovian
(Callomon et al. 1989a,b). Probably the most com-
plete biohorizonal scheme Callomon contributed to,
however, was that for the Aalenian-Bajocian of
southern England, based on the extremely detailed
and systematic sampling by Robert Chandler of the
same sequences that S.S. Buckman had first studied
(Callomon & Chandler 1990).

Application of a similar methodology subse-
quently led to the establishment of further biohori-
zonal schemes in the UK and biogeographically
related areas for the Hettangian, Sinemurian, Lower
Toarcian, Bathonian, Lower Callovian and across
the Callovian–Oxfordian boundary and part of the
Middle Oxfordian (Page 1992, 2004, 2005, 2009;
Dommergues et al. 1994; Bloos & Page 2000; Page &
M�elendez 2000; Page et al. 2010a; Page et al. 2015).
This is not to imply, however, that other advances
have not been made in the UK, as J.C.W. Cope’s
detailed sampling of the classic Kimmeridge Clay
sequences (Kimmeridgian – Tithonian) of Dorset
(1967, 1978), SW England, laid the foundation for a
new and detailed Boreal zonation – its just that the
new correlative units were recognized at the level of
‘subzone’ and ‘zone’, rather than ‘horizon’. Refine-
ments at the level of ‘biohorizon’ have also contin-
ued in Germany, in particular for the Callovian by
M€onnig (2010, 2014, this volume).

What has become very clear from this work is that
an original ‘standard zonal’ (i.e. chronozonal) frame-
work for these intervals could be refined at least four
times, sometimes more, as between 2 and 7 biohori-
zons can be recognized within almost every pre-exist-
ing subchronozone. For instance for the Sinemurian,
from an original 17 subzones (following Dean et al.
1961), around 77 biohorizons can currently by recog-
nized – an 94.5 increase in available stratigraphical
resolution. And for the Hettangian, work in progress,
indicates that around 55 biohorizons can recog-
nized within standard eight subchronozones and
chronozones (see Weedon et al. 2017) – a nearly
seven-fold increase in available resolution.

Surprisingly, however, it has taken a long time for
any of these available high-resolution schemes –
both French and UK – to permeate UK Jurassic-
focussed stratigraphical literature, which has often
continued to use Arkellian-style ‘standard zona-
tions’, some dating from the early 1960s (e.g. in
Howarth 1992; Jenkyns et al. 2002; Ruhl et al. 2010;
etc.). Elsewhere, however, high-resolution correlative
schemes using ammonites, including using biohori-
zons, are gradually being established and applied
(e.g. Blau & Meister 2000; Kiselev et al. 2006; Pel-
lenard et al. 2014; Wiezbowski & Matyja 2014; von
Hillebrandt & Kment 2015, etc.).

The resolution of biohorizons

But when we talk about high resolution, however,
what exactly does this mean in terms of geologi-
cal time and correlative potential? Callomon
(1985b) using the then available stratigraphical
resolution for the Boreal ammonite family Car-
dioceratidae (terminal Bajocian to near the top of
the Kimmeridgian), as well as latest ‘calculated’
duration for the Jurassic System and its compo-
nent stages, estimated that each faunal horizon
had an average duration of around 200,000–
250,000 years (although the figure of 120,000 in
his Table 1 for an average duration for faunal
horizons across the entire System, is an unsub-
stantiated ‘guestimate)’.

Page (1995) also attempted to calculate a figure
for the duration of Jurassic ‘Horizons’ sensu gallico
and biohorizons in Europe using either existing or
inferred biohorizonal and horizontal schemes (but
note that for biohorizons, the ‘duration’ should be
‘biohorizon-plus-interval’, as the actual fauna con-
taining beds could be of greatly different durations,
as already realized by Buckman), However, unlike
Callomon, the sources from which the ‘inferred’
horizontal schemes were derived were explicitly sta-
ted (in the legend to Text-Fig. 2). Average durations
were calculated in two ways, firstly using the calcu-
lated stage durations of the then available global
time-scale (e.g. Harland et al. 1990) and secondly,
using the very few radiometrically dated geochrono-
logical tie-points, which the same authors had used
to estimate the ages of stage boundaries. The figures
obtained of between around 165,000–300,000 years,
perhaps most reliably from the second method,
were, however, not very dissimilar from Callomon’s
estimations.

Things have moved on, however, and the Jurassic
time-scale (for instance of Ogg & Hinnov 2012a)
has continued to be refined, including through both
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new radiometric dating and calibration against
recorded Milankovitch cyclicity (see Weedon et al.
1999). In the case of the Hettangian, where current
estimates of duration vary between around 2.0 mil-
lion years (based on radiometric dating of
interbedded volcanics and assumed North Amer-
ica–Europe ammonite-correlations; Schaltegger
et al. 2007) and 1.8 million years (derived from a
study of Milankovitch cyclicity in the limestone–
mudrock alternations of the Blue Lias Formation
on the West Somerset coast, SW England and an
assumption of continuous sedimentation; Ruhl
et al. 2010), the new sequence of 55 biohorizons
for the Stage, suggests an average biohorizon-inter-
val duration of only a little over 36,000 years at
this level (if Ogg and Hinnov’s arbitrary addition
of 0.2 My to compensate for Ruhl et al. incorrectly
identified base of the Jurassic System is accepted).
Weedon et al. (2017), however, demonstrate that
sedimentation rates were not uniform throughout
the West Somerset sequence, hence implying that
the Hettangian might actually be slightly longer.
Nevertheless, preliminary figures calculated for an
average biohorizon-plus-interval duration still indi-
cate minimum durations of around 60,000 years
or less.

This must surely be the ‘ultimate in a resolv-
able chronology’ to quote Callomon (1985a,b),
and it is intriguing to speculate just how refined
a time-scale for the Jurassic might become once
the use of ammonite-correlated horizons and bio-
horizons become more widely used – and is more
accurately calibrated against established
geochronological dating and Milankovitch cyclic-
ity. But ammonites are almost certainly not
unique in this respect, as already hinted at by
Callomon (1995). In particular, as long ago as
1993, Loydell was able to estimate that most of
the graptolite ‘biozones’ in the Telychian Stage of
the Lower Silurian could be of ‘only a few hun-
dred thousand years’ duration’. Similarly, using
the dates for the Turonian Stage of the Upper
Cretaceous provided by Ogg & Hinnov (2012b),
in the Western Interior of North America, ammo-
nite ‘zones’ apparent provide a correlative resolu-
tion averaging around 300,000 years. Indeed,
methodological changes to the way in which these
and some other fossil groups (e.g. conodonts, for-
aminifera, pre-Jurassic ammonoids, etc.) are bios-
tratigraphical categorized could undoubtedly
achieve similar or even more refined results
throughout the Phanerozoic, for example through
the recognition of correlative units equivalent to
biohorizons.

But what factors might underpin the recognition
of such fine time divisions as biohorizons and hori-
zons? Some review of ‘definitions’ might be useful at
this point.

Standard zones and chronozones

As ammonite-correlated ‘Standard Zones’ (sensu
Arkell) in the Jurassic are conceptually Chronozones
– and have been ever since they were first ‘formal-
ized’ by Oppel – they should be formally defined at
their base within a (lithostratigraphical) reference
section (their top being correlated from the defined
base of the next successive chronozone, which is very
likely to have been defined at a different location).
Exactly the same principle also applies to sub-
chronozones and to all higher divisions in a standard
chronostratigraphical hierarchy, from Stage to Sub-
system to System, and so on (see: http://www.stratig
raphy.org/index.php/ics-stratigraphicguide.).

Unfortunately, however, this meaning for Jurassic
ammonite zones has confused many for a very long
time (as observed by Ogg & Hinnov 2012a; p.748–
749), and despite efforts by Buckman (1893, etc.),
Arkell (1933, etc.), Callomon (e.g. 1965, 1985a,
1995, etc.) and others, they are still commonly
referred to as ‘biozones’ (e.g. in Whittaker et al.
1991). This interpretation is categorically wrong for
the following reasons:

1 Ammonite ‘standard zones’ are correctly defined
only at their base in a stratotype section. Cru-
cially, most ammonite zones and subzones in the
Jurassic now have such reference sections,
although they were not necessarily always explic-
itly stated in their original descriptions (see Cox
1990).

2 The base of every proposed and/or ratified Juras-
sic stage-level GSSP corresponds, or will corre-
spond, to the base of an ammonite ‘standard
zone’ (e.g. see Ogg & Hinnov 2012a).

3 Ammonite ‘standard zones’ completely fill every
Jurassic chronostratigraphical stage and hence the
entire Jurassic chronostratigraphical time-scale
without gaps or overlaps (e.g. see stratigraphical
columns in Ogg & Hinnov 2012a).

4 Ammonite ‘standard zones’ are composite units
and are not defined or correlated solely on the
presence or range of any index or other ammonite
species or assemblage. They do not, therefore,
correspond to the basic properties of conventional
biozones (e.g. as classified by Whittaker et al.
1991, e.g. ‘Total Range Biozone’, ‘Concurrent
Range Biozone’, ‘Assemblage Biozone’, etc).
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5 Ammonite ‘standard zones’ can be correlated by a
wide range of other stratigraphical tools and
methods, including brachiopods, micro-fossils
(i.e. biostratigraphy), stable isotopes (i.e.
chemostratigraphy) and magnetostratigraphy.
This principle is firmly established and demon-
strable within the establishment of every Jurassic
stage-level GSSP, where proxies other than
ammonites can be used to correlate the base of
the lowest standard ammonite zone within the
stage. Notable amongst these correlations is the
use of carbon isotope stratigraphy to correlate the
base of the Tilmanni Chronozone at the base of
the Jurassic System, across Europe from the Aus-
trian GSSP, as the index-species (Psiloceras spelae
Guex) is unknown elsewhere in Europe (see
Cl�emence et al. 2010; Page 2010; Weedon et al.
2017).

6 As with the base of a stage established through a
ratified GSSP, a ‘standard zone’, or chronozone
correlated primarily with ammonites, can be con-
sidered to mark an isochronous surface, or time
plane. This is possible using fossils such as ammo-
nites, as the rapidity of the geographical spread of
the correlating nektonic-planktonic fauna is
potentially much more rapid than the processes
that facilitate the use of most other correlative
tools (see Fig. 3), even direct isotopic dating. This
migration or other distribution event will, there-
fore, for all practical intents and purposes, appear
to be ‘instantaneous’ within a geological time-
scale and no diachroneity will be apparent. For
example, larval distribution via oceanic currents
with a surface speed of up to 0.5 m/s equatorially
(http://oceanmotion.org/html/resources/oscar.
htm) could conceivably allow a circum-global dis-
tribution equatorially in just over 30 months
(2.56 years), assuming that no continental barri-
ers existed. This figure is entirely consistent with
observed larval distribution rates of modern mar-
ine faunas, for instance as quoted by Winkelmann
et al. (2013), e.g. Brazil to mid Atlantic in
50 days) and was used by these authors to help
explain how the giant squid Architeuthis dux
(Streenstrup) could have a global distribution
with a low genetic diversity (e.g. larval drifting
and adult migration allows all populations glob-
ally to mix genetically).

An interesting point to note, however, is just how
many other correlation schemes using fossils
throughout other parts of the stratigraphical column
are, or could be, defined in a similar way? For
instance, should ‘standard’ graptolite zones in the
Silurian (e.g. as used by Melchin et al. 2012) or

‘standard’ conodont zones in the Devonian (see
Becker et al. 2012), actually be considered to be
chronozones as well? After all, many have defined
reference sections and have been used to define and
correlate stage-level subdivisions – and they also fill
their respective system’s time-scale without gaps or
overlaps. . .

Horizons

A horizon, sensu gallico, is a sub-subchronozone and,
therefore, should be treated as simply the finest sub-
division of a standard chronostratigarphical hierar-
chy. As noted previously, the term zonule in the
sense of Phelps (1985) and Page (1995, 2003) is syn-
onymous, but as originally defined has a meaning
closer to biostratigraphy (see below). Crucially, as
with all other divisions in this hierarchy, horizons
completely fill the stratigraphical column with no
gaps or overlaps (and this is very evident from the
way such units are tabulated, for instance in Cariou
& Hantzpergue 1997). The use of horizons – and
biohorizons – to facilitate higher resolution correla-
tions at a regional scale helps ensure nomenclatural
stability (and reduce confusion!) at a level of sub-
chronozone and chronozone.

Although most horizons have been established on
the basis of the presence of a specific ammonite
assemblage and/or index-species (which may or
may not always be present), correlation does not
depend on those assemblages being present, and
hence beds above the recorded assemblage can still
be included within the horizon, up to the level with
the characteristic assemblage of the next, successive
horizon.

Biohorizons

A biohorizon, however, is the smallest consecutive
division which can be recognized on the basis of a
single index-species or assemblage within a maxi-
mum development of a stratigraphic interval (Page
1995). Biohorizons are synonymous with ‘faunal
horizons’ sensu Callomon (1985a,b) and are effec-
tively defined at both their base and top, that is the
base of the biohorizon corresponds to the first
occurrence of the correlating fauna and the top to its
last occurrence. As such a biohorizon could be con-
sidered to be a ‘hybrid’ between biostratigraphy and
chronostratigraphy, but it is conceptually considered
to represent a ‘faunal event’, the expression of which
may locally be modified by such factors as environ-
mental controls of ecological significance or preser-
vation, including diagenetic factors. Crucially, the
same argument of practical isochroneity applies to
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Fig. 4. Palaeobiological ‘events’ underlying the recognition of Lower Sinemurian biohorizons in the UK, potentially linked to periodic
preservational control (for instance sequence stratigraphic or Milankovitch cycles; see text for discussion).
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the base of a biohorizon, just as it does for the base
of an ammonite-correlated chronozone – it is just
that the top of the former unit is defined as well. As
such, a biohorizon can be considered to be a
chronostratigraphical unit, the time ‘content’ of
which is equivalent to a ‘hemera’ sensu Buckman
(1893) (following Callomon 1985a,b).

In addition, and part of the ‘power’ of using bio-
horizons, is that the ‘gaps’ between each defined unit
can allow the correlation scheme to evolve as new
information on the faunal sequence is revealed by
later studies. This information can be ‘inserted’ into
the existing scheme without disrupting its overall
structure, including crucially at a subchronozone/
chronozone level. In this context, as well as using a
diagnostic index-species to identify each biohorizon,
a consecutive numbering system can be used to
identify successive units (e.g. Bj-1, Bj-2, etc. for the
Bajocian in Callomon & Chandler 1990 and Sn1–
Sn77 for the Sinemurian, see Fig. 2) and helps avoid
the need to remember long lists of ammonite species
names.

As indicated previously, these explicit gaps or ‘in-
tervals’ between each successful unit are where the
‘changes’ that allow each successive biohorizon to be
recognized have taken place. But what are these
observed ammonite ‘events’ and what is controlling
them and facilitating their observation in the geolog-
ical record? An attempt at answering this question
considered the Upper Sinemurian biohorizonal
sequence of Page (1992, as consolidated by Dom-
mergues et al. 1994) and recognized five main con-
trolling factors (Page 1995; see Fig. 4 here but
renumbered following Page 2009, 2010):

1 Stages in the evolution of index genera, as
recorded by periodic preservation (literally the
‘frames in a moving picture’ of Bather 1927), for
example Echioceras rhodanicum S.S. Buckamn ?
E. raricostatum (Zieten) ? E. crassicostatum
(Trueman and Williams) (Sn61 to Sn63).

2 Speciation ‘events’ where an evolving lineage (i.e.
genera) ‘splits’ into two or more genera/subgen-
era, for example divergence of Asteroceras/Epari-
etites and Asteroceras/Aegasteroceras lineages from
Sn41.

3 ‘Arrival’ of new genera/lineages (e.g. after origina-
tion in a separate biogeographical region), for
example arrival of Eparietites in Sn44 followed by
residence and continued evolution (e.g. in the
context of 1. above) to Sn47 (= XVI in 1995) and
beyond (as Oxynoticeras ex grp simpsoni (Simp-
son), etc.

4 Short-lived migration/residence of genus/species
from a different biogeographical region, followed

by disappearance, for example Arnioceras semi-
costatoides (Young and Bird) in Sn34.

5 Short-lived dominance or relative abundance of a
genera/species (i.e. its ‘acme’ sensu Buckman), for
example ‘Bouhamidoceras’/‘Galaticeras’ in Sn36.

Factors 1, 2 and 5 are underwritten by basic eco-
logical and evolutionary processes, although 3 and 4
may be controlled by much bigger, non-biological
processes such as sea-level changes opening up and
closing migration pathways (including through
effects on oceanic currents). However, as an ammo-
nite-correlated biohorizon can only be recognized
when ammonites are preserved, there must also be
sedimentological factors at work. Indeed, the very
common and apparently ‘periodic’ preservation of
ammonite assemblages in many areas (i.e. it is very
unusual for ammonites to be uniformly abundant
through any great thickness of sediment), must have
some controlling factors. Obviously, there must be
an interplay between ecological, sedimentological
(including rates of sedimentation) and diagenetic
factors, but what seems increasingly apparent is that
processes way beyond pure biology are crucial for
the ‘expression’ of a sequence of recognizable
ammonite biohorizons.

For example, in a sequence stratigraphic context,
during a low stand, preservation of sediment con-
taining an index fauna would be more likely in dee-
per, more offshore areas with more continuous
sedimentation than in shallower areas where inter-
mittent gaps (i.e. non-sequences) could be present.
In addition, such scenarios can also help explain the
characteristic cyclical changes in ammonite abun-
dance that help characterize a sequence of biohori-
zons as the slowing down of sedimentation rates
during high-stands and transgressions could periodi-
cally concentrate ammonite specimens in deeper
water areas and hence facilitate characterization of
the morphological variation of assemblages with
correlation potential (assuming a more or less con-
stant rate of dead ammonite ‘rain’ onto the sea-
floor). The comparative sparsity of specimens in
intervening levels and the resultant problems in
characterizing the variability of those few records
obtained, would then be represented by the ‘gap’
between the defined biohorizons in the established
biohorizonal scheme.

Additional factors will also be at work, and poten-
tially the effects of extra-terrestrially driven climate
cycles may well be an important factor. It has long
been established that such Milankovitch cycles can
create a very strong impression in the sedimentary
record as the cycles of climate change that they gen-
erate are recorded in the rocks as changes in rock
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type reflecting cyclical changes in environmental
conditions. Such cycles are particularly obviously in
mudrock-dominated sequences with a significant
planktogenic carbonate input such as the famous
‘Blue Lias’ mudrock–limestone alternations in the
Hettangian to Lower Sinemurian of SW England
(Weedon 1986; Weedon et al. 2017). These cyclical
changes in ecological and diagenetic conditions
could have had strong controls on ammonite pres-
ence and also, crucially, preservation (cf. Weedon
et al. 2017).

These changes would have been most strongly
experienced amongst the shallower shelf seas of
northwest Europe, with their scattering of further
restricting islands, rather than in the deeper areas of
the margins of the Tethys Ocean to the southeast
(hence it is perhaps unsurprising that most of the
currently recognized biohorizonal schemes have
been established in the former region. . .). Neverthe-
less, many Tethyan sequences (e.g. pelagic lime-
stones including ammonitico rosso facies) are also not
uniformly rich in ammonite specimens, so there is
no fundamental reason why biohorizonal schemes
could not be established in such regions as well, pro-
viding that any potential reworking and mixing of
assemblages of different ages can be appropriately
assessed (for instance using the methodology of
Fern�andez-L�opez 1991, 2000).

Returning to the actual duration of the observed
biohorizon with its preserved fauna (as opposed to
the average duration of a biohorizon-plus-interval as
discussed previously), this will depend very much on
this interplay between biological and sedimentologi-
cal processes and even Buckman (including as
reported by Arkell 1933) was under no misconcep-
tion that this could vary from perhaps hundreds to
many thousands of years, or more. In addition, it is
quite likely that at different localities, the actual
duration of the ‘preservational event’ recording the
characteristic ammonite fauna might vary, for
instance due to local sedimentological factors. Nev-
ertheless, this variation is likely to be virtually
impossible to quantify and is certainly well below
anything which is likely to be resolvable through any
other dating of correlative technique.

Since 1995, however, only a relatively few addi-
tional radiometric dates have been added to more
meaningfully constrain Jurassic time (although, as
observed there may still be large errors due to the
current lack of closely spaced, geochronologically
dated levels), but there may be other ways to more
accurate calibrate Jurassic time. As noted previously,
work in progress suggests that the average duration
of the biohorizon-interval couplet in the Hettangian
is likely to be somewhere between 36,000 and

60,000 years, but integration with cyclostratigraphi-
cal analysis offers the potential to estimate some-
thing much closer to the actual duration of each
separate couplet, which are certainly highly unlikely
to be all of a similar duration. In addition, a poten-
tial for direct U-Pb dating of well-preserved arago-
nite from ammonite shells (cf. Li et al. 2015)
provides an exciting potential for even more directly
linking chronostratigraphical and geochronological
time-scales – but this is something for the future.

The most important aspect, however, is that bio-
horizonal schemes actually work for correlation pur-
poses, suggesting that whatever are the controlling
factors, many individual biohorizons could have a
very wide geographical application. In the UK Sine-
murian, for instance, the scheme of Page (1992) can
be applied from northwest Scotland to southwest
England – and after further collaborative investigation
and tweaking was also found to work very well across
France to Switzerland as well (Dommergues et al.
1994) – effectively across the entire North West Eur-
opean ammonite Bioprovince (sensu Page 2008).
Inevitably, however, some of the finest (bio-)stratigra-
phical detail might only be recognizable within parts
of basins where more continuous sedimentation has
provided a more complete record. Crucially, however,
some of the more widely recognizable biohorizons
can have a great potential for use as markers for the
base of ammonite chronozones and subchronozones,
hence ensuring a much wider applicability of a zonal
scheme than might currently be available.

Two examples of the latter are firstly, the arrival
of Neophyllites and hence the base of the Hettangian
Hn3 biohorizon which was taken by Page (2009) to
mark the base of the second chronozone (i.e. Planor-
bis) of the Hettangian (and hence the Jurassic)-
thereby facilitating the correlation of the chronozone
across the entire northern margin of Tethys, from
the north of Ireland to Scotland, England, Germany,
Austria and ultimately the Himalayas (based on
records of Bloos 1999; Bloos & Page 2000; Yin et al.
2007; von Hillebrandt & Kment 2015). Secondly, the
short-lived migration of the Tethyan ammonite,
Vermiceras grp. scylla (Reyn�es) across Europe was
taken by Page (2003) to mark the base of the Lower
Sinemurian, Bucklandi Subchronozone, facilitating
its correlation from, at least, SW England (Page
1992), across eastern France (based on records in
Gu�erin-Franiatte 1966) to the French Alps (Corna
et al. 1997 – as Vermiceras kiliani Corna, Dommer-
gues, Meister and Page) and beyond to Italy (as
recorded by Fucini 1902).

In these two cases, the underlying process behind
the observed palaeobiological ‘events’ must be the
palaeoeceanographical control of migration
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pathways. But what seems more generally evident,
however, is that the observed sequence – or record –
of ammonite biohorizons across different sedimen-
tary basins has as much to do with basin evolution,
sequence stratigraphy and Milankovitch cyclicity, as
it does with biological evolution. It is perhaps not
surprising, therefore, that ammonites make such
good correlation tools.

Standardizing stratigraphical
nomenclature, GSSPs and the future

D’Orbigny and Oppel had both tried to establish an
internationally applicable framework for correlating
Jurassic rocks when they first established their stages,
but it was not really until the publication of Arkell’s
1956 study that the global potential of this frame-
work was really demonstrated. However, debates,
often across national borders, of precisely how the
actual boundaries between these stages should be
recognized continued and it was not until the late
1960s that the concept of defining ‘boundary strato-
types’ was first applied in an attempt to stabilize the
meaning of the globally recognized stages which had
been long established within the Jurassic.

The proposal was presented by a British group at
the 1967 Jurassic Symposium in Luxembourg (Mor-
ton 1971) and not surprisingly most of all the

proposed definitions for Jurassic stages were based
on UK – specifically English – sequences. The term
‘Global Stratotype Section and Point’ (i.e. GSSP) is
not yet used and the same volume confusingly
publishes both a gallic and an anglo-celtic perspec-
tive on Jurassic stratigraphic nomenclature (Cal-
lomon & Donovan 1971; Gabilly 1974) – but a
desire to standardize and stabilize nomenclature is
clear from both. Although an International Com-
mission of Stratigraphical terminology had been first
established in 1952 (Hedberg 1954) at what was
already the 19th International Geological Congress
(IGC), followed by the founding of the International
Union of Geological Sciences in 1960, it was not
until 1976 that an agreed International Stratigraphic
Guide was eventually published (Hedberg 1976) and
comprehensive guidelines for formally establishing
GSSPs were not available until 1986 (Cowie et al.
1986; now superseded by Remane et al. 1996 and
Gradstein et al. 2004).

Although the first ever GSSP was formally ‘golden
spiked’ in 1972 to define the base of the Devonian
System – at the very appropriate named ‘Klonk’ in
the Czech Republic (Becker et al. 2012) – it was not
until 1996 that the first GSSP for a Jurassic Stage was
ratified for the Bajocian at Cabo Mondego in Portu-
gal (Henriques et al. 1994; Pavia & Enay 1997). This
was followed by the Sinemurian (Quantoxhead,
Somerset, UK; Bloos & Page 2002) and the Aalenian

Fig. 5. Ammonite biohorizons in use – the provisional scheme for the Callovian–Oxfordian boundary at the Redcliff Point candidate
GSSP, Weymouth, Dorset, SW England (including the selected index fossil for the base of the Oxfordian Stage, Cardioceras (Pavloviceras)
redcliffense Page et al. (2010a). Biohorizons LL2a to LL3d are distinguished by species of Quenstedtoceras and Ox 1 to Ox3 by its direct
descendent, Cardioceras – an excellent example of Bather’s ‘frames in a moving picture’. Section taken from Page et al. 2010a,b
(Schz = Subchronozone). J.K. Wright provides a scale whilst indicating the proposed boundary level. [Colour figure can be viewed at
wileyonlinelibrary.com]
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(Fuentelsaz, Guadalajara, Spain; Cresta et al. 2001)
in 2000, with the Pliensbachian in 2005 (Robin
Hood’s Bay, North Yorkshire, UK; Meister et al.
2006), the Bathonian in 2008 (Bas-Auran, Haute-
Provence, France; Fern�andez-L�opez et al. 2009), the
Hettangian in 2007 (i.e. basal Jurassic; Kuhjoch,
Northern Calcareous Alps, Austria; Hillebrandt et al.
2007) and the Toarcian in 2010 (Peniche, Portugal;
Rocha et al. 2016). In addition, formally designation
of the GSSP for the base of the Kimmeridgian Stage
is close (at Flodigarry, Isle of Skye, Scotland; Wierz-
bowski et al. 2015) and work on the two candidate
Oxfordian stratotypes (e.g. Redcliff Point, Wey-
mouth, England; Page et al. 2010a,b; – see Figure 5
– and Thoux, Diois area, France; Pellenard et al.
2014) is nearing completion. Only the Callovian,
Tithonian and the top of the system (i.e. the base of
the overlying Berriasian Stage of the Cretaceous Sys-
tem) are outstanding, but progress is being made.

But are the ordered dreams of d’Orbigny and
Oppel and their successors and disciples really this
close to being realized? The answer has to be ‘not
quite’. Although only three boundaries remain to be
formally established as GSSPs for the Jurassic, there
are still no formal agreements on what really are the
‘Standard’ [ammonite] zonations’ for each studied
bioprovincial realm or province, that is the chrono-
zones that are the correlative building blocks of the
System. And even within existing zonations, many do
not yet have an appropriate sequence of described
horizons or biohorizons – and many non-ammonite
workers continue to virtually ignore the possibilities
of these highly refined chronologies even where they
do exist. What is perhaps more worrying, however, is
the all too common confusion – even commonly
forced on authors by editors – about the true nature
of ammonite zones. As John Callomon continuously
reminded congresses, they are chronozones not bio-
zones, they have been implicitly chronozones since
Oppel’s day, and as the stratigraphical building blocks
of all ‘modern’ Jurassic stages, they must still be!
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