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Abstract

The breakup of the former Pangea supercontinent culminated in the
modern drifting continents. Increased rifting caused the establishment
of the Atlantic Ocean in the middle Jurassic and significant widening
in Cretaceous. An explosion of calcareous nannoplankton and fora-
minifers in the warm seas created massive chalk deposits. A surge in
submarine volcanic activity enhanced supergreenhouse conditions in
the middle Cretaceous with high CO, concentrations. Angiosperm
plants bloomed on the dinosaur-dominated land during late
Cretaceous. The Cretaceous dramatically ended with an asteroid
impact, which resulted in a mass extinction.
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27.1 History and subdivisions

The stratigraphic unit of the “Terrain Crétacé” was estab-
lished by d’Omalius d’Halloy (1822) to encompass the
Chalk (creta in Latin) that characterizes a major unit of
strata in the Paris Basin and across much of northern
Europe. Smith (1815) had already mapped four stratigraphic
units between the “lower clay” (Eocene) and the “Portland
Stone” (Jurassic). These units were grouped by Conybeare
and Phillips (1822) into two main divisions—a higher
Chalk and the dominantly clastic formations beneath. This
twofold division, adopted in England and France at an early
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stage, has persisted as the two Cretaceous series and
epochs, Lower and Upper. Attempts to introduce a Middle
Cretaceous in the 1980s were unsuccessful.

D’Orbigny (1840) divided the Cretaceous fossil
assemblages of France into five divisions, which were
termed ‘“étages” (stages): Neocomian, Aptian, Albian,
Turonian and Senonian. Later D’Orbigny (1849—1850)
added “Urgonian” between the Neocomian and Aptian
and “Cenomanian” stage between the Albian and
Turonian. The term “Neocomian” had been coined by
Thurmann (1836) for strata in the vicinity of Neuchatel,
Switzerland. This Neocomian interval has subsequently
been subdivided into three stages—the Berriasian,
Valanginian and Hauterivian—following the recommen-
dation of Barbier and Thieuloy (1965), and the term
Neocomian abandoned. In this definition the “Urgonian”
stage has been replaced by a “Barremian” and an
expanded Aptian stage. The “Senonian,” named by
d’Orbigny (1842) after the town of Sens in the
Départments of Yonne and Seine et Marne is also no lon-
ger used, being replaced by four stages, the Coniacian,
Santonian, Campanian and Maastrichtian.

The uppermost units of the chalk of Denmark,
which had traditionally been included in the
Cretaceous, are now classified as a Danian Stage of the
lowermost Paleogene (Cenozoic). The termination of
the Cretaceous is now defined by a major mass extinc-
tion and impact-generated iridium anomaly horizon at
the base of the Danian Stage.

The boundaries of the 12 historical Cretaceous stages were
primarily defined by ammonites in France (Birkelund et al.,
1984; Kennedy, 1984). Refined recognition or proposed defini-
tions of the basal boundaries of these stages have encompassed
other globally identifiable criteria, including geomagnetic
reversals, carbon-isotope excursions, and microfossil levels
(Fig. 27.1; and also Fig. 27.12 later in this chapter).

Historical usage, coupled with the expertise of members
of the various boundary working groups, has dictated a pref-
erential selection of boundary stratotypes [Global Boundary
Stratotype Section and Points (GSSPs)] for most stages and
substages to be within Western European basins. A major
problem in Cretaceous chronostratigraphy was, and still is,
the correlation of regional biostratigraphic events and associ-
ated stage boundary definitions to other paleogeographic and
paleoceanographic areas. At the time of completion of this
chapter (October 2019) only 6 of the 12 Cretaceous stages
had ratified GSSPs (Hauterivian, Albian, Cenomanian,
Turonian, Santonian, and Maastrichtian).

27.1.1 Subdivisions of the Lower Cretaceous

The subdivisions of the Berriasian through Aptian stages of
the Lower Cretaceous are based on exposures in southeast
France and adjacent northwest Switzerland. The Vocontian

Basin preserves a nearly continuous record, either as clay and
limestone—marl successions (basin center) or carbonate domi-
nated deposits (basin margin). The marine fauna and micro-
flora thriving in the warm ocean of the northern Tethyan
Realm only rarely extended into the Boreal Realm of
Northwest Europe, Greenland, Siberia, and other northern
regions. The northern higher latitudes were characterized by
taxonomically different organisms, causing a distinctive fau-
nal and floral provincialism throughout most of the Early
Cretaceous. The segregation, which culminated in the latest
Jurassic to earliest Cretaceous, was exacerbated by a global
sea-level low stand and resulted in the application of different
stage names for the Jurassic/Cretaceous boundary interval in
the two realms. The ongoing discussion on the positioning of
the Jurassic/Cretaceous boundary at global scale is related to
this strong provincialism. A subsequent transgression in the
Valanginian allowed a limited exchange of marine biota via
marine gateways during certain short-lived periods, but the
Tethyan and Boreal Realms persisted through the Cretaceous.

Traditionally, the primary markers that were considered for
defining stage and substage boundaries of the Berriasian
through Aptian were lowest or highest occurrences of ammo-
nite species. In an effort to achieve global correlation, these
macrofossil datums have been replaced or enhanced by magne-
tostratigraphic, geochemical, or microfossil events. For exam-
ple, the base of the Albian stage is now taken at the first
occurrence of a planktonic foraminifer and the proposed base
of the Aptian Stage will probably be a magnetic reversal. The
base of the Berriasian Stage (base of the Cretaceous) is a
microfossil level. Fig. 27.2 shows a probable correlation
between western Tethys and the Boreal realm, using this
information.

27.1.1.1 The Jurassic/Cretaceous boundary and
the Berriasian Stage

The Cretaceous is the only Phanerozoic system that does not
yet have an accepted global boundary definition, despite over
a dozen international conferences and working group meet-
ings dedicated to the issue since the 1970s (e.g., reviews
by Zakharov et al., 1996; Cope, 2007; Wimbledon, 2017).
Difficulties in assigning a global Jurassic/Cretaceous
boundary are the product of historical usage, the lack of any
major faunal change between the latest Jurassic and earliest
Cretaceous, a pronounced provincialism of marine fauna and
flora and a concentration of previous studies on often
endemic ammonites (Fig. 27.2). Another problem is the
occurrence of widespread hiatuses or condensations in many
European and Russian epicontinental successions caused by
the long-term “Purbeckian regression.”

The Tithonian Stage of the latest Jurassic was defined by
Oppel (1865) to include all deposits in the Mediterranean
area that lie between a restricted Kimmeridgian and



“Valanginian,” but no representative section or upper limit
were designated. Coquand (1871) coined the “Berriasian” for
a limestone succession near the village of Berrias (Ardeche,
southeast France) (reviewed in Rawson, 1983). This unit was
originally conceived as a subdivision of the Valanginian, sub-
sequently often referred to as “Infra-Valanginian.” It was only
during a colloquium in Lyon during 1963 that the Berriasian
was formally established as a stage below the Valanginian.
This Berriasian Stage overlapped to some degree with the
original concept of the Tithonian Stage. The historical lower
boundary of the Berriasian Stage lacks any significant faunal
change, indeed the basal part of the Berrias stratotype lacks
any diagnostic ammonites (Cope, 2007). The Colloque sur la
limite Jurassique-Crétacé (1975) voted to define the base of
the Berriasian at the base of the Berriasella jacobi ammonite
subzone. This was a shift downward from the 1963 vote to
use the base of the Pseudosubplanites grandis ammonite
subzone (reviewed in Wimbledon et al., 2011).

Some workers raised the Jurassic/Cretaceous boundary
to the beginning of the current Valanginian Stage (e.g.,
Zakharov et al., 1996). An alternative suggestion assigns
the lower part of the historical Berriasian Stage to the
Jurassic, and defines the Jurassic/Cretaceous boundary at
the base of the “middle Berriasian” Subthurmannia occita-
nica ammonite zone (Remane, 1991). This proposal takes
intervals with reworked sediments below that zone into
account (Hoedemaeker et al., 2003). Using the S. occitani-
ca zone has the advantage in that it can be correlated to the
southern part of the Boreal Realm where it approximately
coincides with the base of the Runctonia runctoni ammo-
nite zone.

The current Berriasian Working Group of the
International Commission on Cretaceous Stratigraphy
has worked to integrate regional ammonite zonations,
calpionellid zones, calcareous nannofossil datums, paly-
nomorphs, and magnetostratigraphy (e.g., Schnabl et al.,
2015; Wimbledon, 2017; summarized in Fig. 27.2).
Their emphasis is on identifying a GSSP level near mar-
kers of both regional and global significance.

The absence of the ammonite species B. jacobi
(=Strambergella jacobi) in the lower part of the nominal
B. jacobi Subzone rules this taxon out as a GSSP marker
(Frau et al., 2016; Wimbledon, 2017). It further appears
that there are no ammonite-zone boundaries that are syn-
chronous among the main European regions within the
basal Cretaceous transition interval.

The lowest occurrence of the small, globular calpio-
nellid species Calpionella alpina, which marks the base
of the C. alpina Subzone, has been documented as a
useful event for dating deep-shelf to pelagic limestone
sequences. This event, which falls into the middle of
magnetozone M19n.2n, has been recorded from south-
ern Europe, Arabia, Iran, and Argentina. The base of
the C. alpina Subzone has therefore been proposed as
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the primary Tithonian—Berriasain boundary marker
(Wimbledon, 2017).

Calcareous nannofossils underwent a rapid diversifica-
tion in the interval under discussion. The lowest occur-
rences of several species bracket the base of the C. alpina
Subzone. Hexalithus strictus (=H. geometricus) predates
and Nannoconus steinmannii minor postdates the base of
the C. alpina Subzone. Other nannofossils taxa can be
used as secondary markers (Casellato, 2010).

Magnetostratigraphy has proven to be a reliable method
for placing biostratigraphic events into a common frame-
work (e.g., Channell et al., 2010). In the GTS2012, the
base of Chron M18r was used a temporary assignment for
the Jurassic/Cretaceous boundary. However, this datum,
even though it can be recognized in both marine and terres-
trial deposits in tropical to boreal settings, does not coin-
cide with any consistent biotic marker, and the same is true
of the base of M19n.2n. The Berriasian Working Group
therefore voted to adopt the turnover in calpionellids from
Crassicollaria to Calpionella as the primary marker for the
base of the Berriasian Stage. This datum coincides with the
base of the C. alpina Subzone, which falls in the middle of
Chron M19n.2n and may correspond to the base of the
Arctoteuthis tehamaensis belemnite zone of Siberia. U—Pb
radioisotopic dates zircons in volcanic ash beds from
Argentina and Mexico suggested an age of 140.2 = (0.1 Ma
for the base of the Berriasian (Lena et al., 2019). However,
this does not fit with regional magnetostratigraphy and
with the duration of the Berriasian Stage as indicated by
cyclostratigraphy (see later).

In October 2019, following a decade of international col-
laboration, the Berriasian Working Group of ICS submitted a
proposal to define the GSSP for the Berriasian Stage and the
Cretaceous System at Bed 14 in the lower section at Tré
Maroua (Le Saix, Hautes-Alps), which is about 30 km south-
east of Gap in southern France (Wimbledon et al., 2019,
2020). The GSSP level would coincide with the appearance
of small, orbicular C. alpina calpionellids (base of the
Calpionella Zone). This section yielded macrofossils (mainly
ammonites) and abundant, well-preserved microfossils in the
context of magnetozones M20n—M17n. As of April 2020,
this formal proposal was still under consideration by the ICS
and TUGS.

27.1.1.1.1 Portlandian—Purbeckian and
Volgian—Ryazanian
d’Orbigny (1849—1850) introduced the Portlandian and
Purbeckian stages for the Portland Limestone and the
nonmarine Purbeck facies of England and northern
France. This usage has been largely discontinued, as both
facies types are of only regional relevance (Cope, 2007).
The marked provinciality found across the Jurassic/
Cretaceous boundary interval lead to the establishment of
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FIGURE 27.2 Possible correlation of the Jurassic—Cretaceous boundary from Western Tethys into the Boreal Realm. Relative placement of selected index
fossils for defining the Jurassic—Cretaceous boundary among different paleogeographic regions of the Western Tethys, the Sub-Boreal (North Sea, Dorset), the
Boreal (Nordvik, Russian Platform). Yellow line is the proposed GSSP (Global Boundary Stratotype Section and Point). Modified from Wimbledon (2017)
and Wimbledon et al. (2019).
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FIGURE 27.1 Cretaceous overview. Main markers or candidate markers for GSSPs of Cretaceous stages are currently a combination of calpionellids
(Berriasian, Valanginian), ammonites (Hauterivian, Barremian, Aptian, Turonian, Maastrichtian), polarity chron (alternate candidates for Aptian and
Campanian), planktonic foraminifers (Albian, Cenomanian), inoceramus bivalve (Coniacian, Santonian), and microcrinoids (Campanian); details are
in text and Fig. 27.12. (“Age” is the term for the time equivalent of the rock-record “Stage.”) Magnetic polarity column is the C- and M-sequence
pattern as scaled in GTS2020 (Ogg, 2020, Ch. 5: Geomagnetiic polarity time scale, this book). Schematic sea-level, coastal onlap curves, and sequence
nomenclature are modified from Haq (2014). See also review in Simmons et al. (2020, Ch. 13: Phanerozoic eustasy, this book). The 8'3C curve with
major named-excursions (and widespread anoxic events) from Cramer and Jarvis (2020, Ch. 11: Carbon isotope stratigraphy, this book) had compiled
numerous studies, including Sprovieri et al. (2006, 2013), Herrle et al. (2004, 2015), Gale et al. (2011), Thibault et al. (2012, 2016), and Jarvis et al.
(2006). The oxygen isotope curve and implied sea-surface temperature trends is the statistical mean curve from a synthesis of numerous belemnite and
planktonic foraminifera studies (see Grossman and Joachimski, 2020, Ch. 10: Oxygen isotope stratigraphy, this book), although some temperature
trends derived from other proxies have more detailed excursions. Strontium isotope curve is modified from McArthur et al. (2020, Ch. 7: Strontium
isotope stratigraphy, this book). The vertical scale of this diagram is standardized to match the vertical scales of the period-overview figure in all other
Phanerozoic chapters. GSSP, Global Boundary Stratotype Section and Point; VPDB, Vienna PeeDee Belemnite §'°C standard; VSMOW, Vienna
Standard Mean Ocean Water §'%0 standard.




1028 PART | IV Geologic Periods Phanerozoic

two biogeographic units, the Tethyan and the Boreal
Realms. This has resulted in the application of different
stage names for the two realms. The Tithonian and
Berriasian stages of the Tethys correspond approximately
with the Volgian and Ryazanian stages of the Boreal
Realm. The ongoing discussion on the positioning of the
Jurassic/Cretaceous boundary at global scale is a result of
this strong provincialism. The Volgian Stage was defined
by Nikitin (1881) and later extended downward to approxi-
mately coincide with the base of the Tithonian (see Cope,
2007). On the Russian Platform and in Siberia, the Volgian
is followed by a Ryazanian regional stage (Sazonov, 1951);
subsequently the use of a “Volgian—Ryazanian” interval
has been applied to the North Sea and high northern latitude
regions. At Nordvik (North Siberia), magnetozone M19n.2n
is situated in the Taimyroceras taimyrensis ammonite zone,
which corresponds to the Late Volgian Craspedites nodiger
ammonite zone of the Volgian type area on the Russian
Platform (Schnabl et al., 2015; Wierzbowski et al., 2017).
Accordingly, the Tithonian/Berriasian boundary in North
Siberia is positioned in the middle part of the 7. faimyrensis
Zone, in the upper Volgian (Dzyuba et al., 2013). The top
of the regional Ryazanian is probably close to the base of
the Valanginian Stage, as revised by Hoedemaeker et al.
(2003).

The Berriasian Working Group of the Cretaceous
Subcommission recommends the lowest occurrence of
C. alpina in a section at Tré Maroua in the Vocontian
Basin, southeast France, as the GSSP for the base of the
stage, and the base of the Cretaceous (Wimbledon
et al., 2019, 2020).

The base of the Berriasian is taken at 143.1 Ma, by
extrapolation from the probable cyclostratigraphic dura-
tion of the stage and spline-fitting (Section 27.3.2).

27.1.1.1.2 Berriasian substages

No formal substages or boundary stratotypes have yet
been recommended for the Berriasian Stage. The four
ammonite zones of the Berriasian of the Mediterranean
area have been used as informal substages (e.g., Reboulet
and Atrops, 1999).

The base of the Middle Berriasian S. occitanica
ammonite zone correlates to the middle portion of
polarity-Chron M17r. This level falls near the base of the
Chetaites sibiricus ammonite zone of North Siberia
(Dzyuba et al., 2013).

The base of the Upper Berriasian Substage is currently
placed at the base of the Subthurmannia boissieri
ammonite zone. This event approximates the base of
Zone D of the calpionellid zonation and lies in the middle
of magnetic polarity zone M16r (M16r.5). It falls amidst
the Heteroceras kochi ammonite zone of the Russian
Platform and North Siberia (Dzyuba et al., 2013).

27.1.1.2 Valanginian

27.1.1.2.1 History, definition, and boundary
stratotype

The original type section of the Valanginian stage is the
Seyon Gorge near Valangin (Neuchatel, Switzerland). Desor
(1854) included all post—Jurassic strata up to the base of the
“Marnes d’ Hauterive” in this definition. The “Marnes a
Astieria,” which were either attributed to the uppermost
Valanginian or to the lowermost Hauterivian, were finally
included in the Upper Valanginian by Baumberger (1901;
reviewed in Rawson, 1983). Because the shallow-water car-
bonates of the Seyon Gorge are poor in ammonites, two
“hypostratotypes” at Angles (Alpes-de-Haute-Provence) and
Barret-le-Bas (Hautes-Alpes) in southeast France have been
proposed as reference sections (Busnardo et al., 1979). The
base of the Valanginian was placed at the lowest occurrence
of the ammonite Thurmanniceras otopeta (Busnardo et al.,
1979; Birkelund et al., 1984).

Taxonomic and correlation problems with the ammo-
nites led the Valanginian Working Group (Hoedemaeker
et al.,, 2003) to move the base of the Valanginian stage
upward to the base of Calpionellid Zone E, defined by the
lowest occurrence of Calpionellites darderi (Bulot et al.,
1996; Aguado et al., 2000). The C. darderi level can be
traced from France to Mexico (Lopez-Martinez et al.,
2017). This transfers the T. otopeta ammonite zone into
the Berriasian stage. The potential GSSP section near
Caravaca in southern Spain has integrated ammonoid,
nannofossil, and magnetostratigraphy, but poor preserva-
tion of calpionellids (Aguado et al., 2000).

Cyclostratigraphic studies based in the Vocontian
Basin suggest a 5.1 Ma duration of the Valanginian
(Table 27.2), with anchoring points for the base of the
Valanginian near the base of Chron Ml4r (Martinez
et al.,, 2013). The previous estimate that the top of the
Valanginian was near the base of Chron M10n (e.g.,
Weissert et al., 1998) as used in GTS2012 is not consis-
tent with this astronomical-tuned duration, therefore is no
longer used as a constraint. Corresponding absolute ages
are 137 =1Ma for the base of the Valanginian and
131.3 £0.25 Ma for the base of the Hauterivian, based on
U—Pb ages (Aguirre-Urreta et al., 2015, 2017, 2019).

Correlation of the base of Valanginian from the Tethys
into the Boreal Realm is problematic, both areas are charac-
terized by a distinctive faunal and floral provincialism. In
the Tethys the interval of the Tirnovella pertransiens Zone
is marked by the presence of the ammonite genus
Platylenticeras, which is quite common in northern Europe.
The base of the T. pertransiens Zone is therefore correlated
with the lowest occurrence of the genus Platylenticeras in
northern Europe (England, Germany; Mutterlose et al.,
2014). ¥'Sr/*°Sr values of 0.707300—0.707355 are typical
for the Lower Valanginian of both realms.



The base of the Valanginian is taken at 137.7 Ma
based on cyclostratigraphical tuning of the duration of the
stage anchored to the base of the Barremian (Martinez
et al., 2015).

27.1.1.2.2 Upper Valanginian substage

In the Tethys the base of the Upper Valanginian is tradi-
tionally placed at the base of the distinctive Saynoceras
verrucosum ammonite zone. Rare specimens of S. verru-
cosum have also been recognized in the West European
Province of the Boreal Realm, allowing for correlation. In
the Boreal Realm S. verrucosum first appears in the upper
part of the Prodichotomites hollwedensis Zone. This
observation and the record of earliest specimens of boreal
Prodichotomites from the top of the Lower Valanginian
in southeast France (Thieuloy, 1977; Kemper et al., 1981)
support a placement of the base of the upper Valanginian
in northern Europe in the middle of the P. hollwedensis
ammonite zone.

The Weissert isotope excursion started and peaked in
the S. verrucosum Zone (135—134 Ma; Martinez et al.,
2013, 2015). 37Sr/%°Sr values increase from 0.707355 to
0.707379 near the Valanginian/Hauterivian boundary.

Potential boundary stratotypes in southeast France
(section at Vergol) and in the Betic Cordillera of Spain
are being considered (Bulot et al., 1996; Subcommission
on Cretaceous Stratigraphy, 2009).

27.1.1.3 Hauterivian

27.1.1.3.1 History, definition, and boundary
stratotype

The original definition of the Hauterivian Stage in the
area of Hauterive (Neuchatel, Switzerland) by Renevier
(1874) includes from bottom to top three lithological
units: the ‘“Marnes a Astieria” (later transferred to the
Valanginian), the “Marnes d’ Hauterive a Ammonites
Radiates,” and the “Pierre Jaune de Neuchatel” (see
Rawson, 1983). In the Tethys the base of the Hauterivian
is recognized by the lowest occurrence of the ammonite
species  Acanthodiscus  radiatus (Reboulet, 1996;
Mutterlose et al., 1996). This event coincides with the
lowest occurrence of the ammonite genus Acanthodiscus,
which accordingly marks the base of the Hauterivan.
In the La Charce GSSP section (southeast France,
Fig. 27.3), the presence of Acanthodiscus in bed number
189 marks the base of the Hauterivian Stage (Mutterlose
et al., in press).

In the Boreal Realm the early Hauterivian shows major
influxes of ammonite faunas from the Tethys, events which
can be used for correlation. These indicate that the tradi-
tional definition of the base of the Hauterivian in the
Boreal Realm by the lowest occurrence of Endemoceras
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amblygonium is nearly coeval with the suggested GSSP
level in the Tethyan Realm (Mutterlose et al., 1996). The
lowermost part of the boreal E. amblygonium Zone corre-
sponds to the uppermost part of the Criosarasinella furcil-
lata ammonite zone of the La Charce section. The
characterization of the base of the Hauterivian by ammo-
nites is extremely difficult outside Europe and North
Africa. In Argentina the base of the Holcoptychites neu-
quensis ammonite zone is correlated with the base of the
A. radiatus Zone, based on rare ammonite taxa occurring
both in Europe and Argentina (Aguirre-Urreta et al., 2005).
Magnetostratigraphy had suggested that the base of the
Hauterivian was near the top of Chron M10Nn (e.g.,
Weissert et al., 1998; Sprovieri et al., 2006), but those
studies were not directly calibrated to the bases of
ammonite zones. The cycle-scaled duration of the
Hauterivian was calculated at 5.9 = 0.4 Ma (Martinez
et al., 2015), attributing the base of the Hauterivian an
absolute age of 132 *1 Ma and the top an age of
126 +1Ma (Table 27.2). Published *’Sr/*°Sr data
(McArthur et al., 2007; Meissner et al., 2015) suggest
Sr-values of >0.707380 for the lowermost Hauterivian
for the Tethys and the Boreal Realm.

The base of the Hauterivian is taken at 132.6 Ma
based on cyclostratigraphic projection down from the
base of the Berriasian (Martinez et al., 2015) and spline
fitting. For details see Section 27.3.2.

27.1.1.3.2 Upper Hauterivian substage

The base of the Upper Hauterivian substage in the Tethyan
Realm is defined by the highest occurrence of
Neocomitinae ammonites and the lowest occurrence of the
ammonite species Subsaynella sayni. None of these events
can be recognized in the Boreal Realm, where the base of
the Upper Hauterivian is approximated by the lowest
occurrence of the ammonite Simbirskites. A correlation tie-
point is provided by the Tethyan ammonite Crioceratites
duvali. Tts presence in both realms correlates the base of
the Upper Hauterivian of the Tethyan Realm to the upper
part of the Boreal Simbirskites inversum ammonite zone of
the Boreal Realm. The highest occurrence of the calcareous
nannofossil species Cruciellipsis cuvillieri may serve as an
alternative marker for the base of the Upper Hauterivian
(Mutterlose et al., 1996). It has been reported from the
middle part of the S. sayni ammonite zone (Bergen, 1994)
and is near the base of magnetic polarity zone MS8r in Italy
(Channell et al., 1995a). In the Boreal Realm this datum
equates the middle part of the Simbirskites staffi ammonite
zone (Moller et al., 2015).

The La Charce section has also been proposed as a
candidate for the Lower/Upper Hauterivian substage
boundary section.
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Base of the Hauterivian Stage of the Cretaceous System,
La Charce Section, Drome, France
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27.1.1.4 Barremian

27.1.1.4.1 History, definition, and boundary
stratotype

The original concept for the Barremian stage is based on
marine strata cropping out in the area near Barréme
(Alpes-de-Haute-Provence, southeast France). Without giving
a specific type locality, Coquand (1861) quoted various
belemnites and ammonites for the Barremian, which also
encompass parts of the current Upper Hauterivian substage. A
more precise definition of the Barremian Stage goes back to
Kilian (1888), which has later been redefined by Busnardo
(1965) who used the roadside exposures of Angles in south-
east France as the type locality.

In the Tethys the base of the Barremian is marked by the
lowest occurrence of the ammonite species Taveraidiscus
hugii (Reboulet and Atrops, 1999). A candidate for the global
boundary stratotype is at Rio Argos near Caravaca, Spain
(Company et al., 1995; Rawson et al., 1996a). Correlation to
the Boreal Realm by dinoflagellate cysts indicates that the
base of the Barremian Stage approximates the base of the
Hoplocrioceras rarocinctum ammonite zone (Leereveld,
1995; Rawson et al., 1996a). This correlation is supported by
belemnite based *’Sr/*®Sr-isotope data, which show values of
~0.707475 for the lowermost Barremian of both realms
(Mutterlose et al., 2014).

In Italy the boundary interval falls in the uppermost part
of magnetic polarity zone M4n (at approximately Chron
M4n.8 = “M5n.8”; Channell et al., 1995a). Absolute ages for
the base of the Barremian of 126 *1Ma and of
121.2 = 0.5 Ma for the base of the Aptian (Table 27.2) are
based on U—Pb zircons (Aguirre-Urreta et al., 2015) resp.
Ar*%Ar* sanidines (He et al., 2008). Bodin et al. (2006) cal-
culated a duration of 4.5 Ma for the Barremian, based on
phosphorous burial rates.

The base of the Barremian is taken at 126.5 Ma, based
on intercalibration of radioisotopic dates from Argentina
and cyclostratigraphy (Martinez et al., 2015). For details
see Section 27.3.2.

27.1.1.4.2 Upper Barremian substage

In the Tethys region the boundary between the Lower
and Upper Barremian is placed at the lowest occur-
rence of the ammonite Toxancyloceras vandenheckei
(Rawson et al., 1996a; Reboulet and Atrops, 1999).
The proposed substage GSSP is near Caravaca, Spain
(Company et al., 1995). This substage boundary level
is within the uppermost part of magnetic polarity zone
M3r (at approximately Chron M3r.8) in Italy
(Channell et al., 1995a). 87Sr/®®Sr-isotope data suggest
that in the Boreal Realm the base of the Upper
Barremian lies in the upper third of the Paracrioceras
elegans ammonite zone.
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27.1.1.5 Aptian

27.1.1.5.1 History, definition, and boundary
stratotype

The Aptian Stage was a vague designation by d’Orbigny
(1840) for strata containing “Upper Neocomian” fauna and
named after the village of Apt (Vaucluse province, southeast
France). The extent and nomenclature of the Aptian and
underlying stages have undergone major revisions (reviewed
by Moullade et al., 2011). The French sections are poor in
ammonites; therefore the classical marker for the base of the
Aptian was the lowest occurrence of the deshayesitid ammo-
nite Prodeshayesites in northwest Europe (Rawson, 1983;
Moullade et al., 1998a,b; Hoedemaeker et al., 2003).
However, the local lowest occurrence of this ammonite
genus is commonly associated with a major transgression in
earliest Aptian and virtually no ammonite-bearing section
exists which represents a continuous and complete
Barremian—Aptian boundary interval (Erba et al., 1996).
Therefore the proposed primary marker for base of the
Aptian Stage is the beginning of magnetic polarity-Chron
MOr. A quite different boundary concept was proposed by
Moullade et al. (2011), who on historical grounds recom-
mended converting the lower three ammonite zone of the
current Aptian into a Bedoulian Stage, and beginning the
Aptian at the base of Dufrenoyia furcata zone (marked by
lowest occurrence of Dufrenoyia ammonite genus) with a
GSSP near Roquefort-La-Bédoule in southeastern France.
Reboulet et al. (2011) reject the usage of Bedoulian (see
Section 27.1.1.5.2). The GTS2020 scale retains the current
Aptian/Barremian usage with its working boundary definition
as the base of Chron MOr.

The proposed global boundary stratotype in pelagic
limestone at Gorgo a Cerbara in central Italy has an inte-
grated stratigraphy of paleomagnetics, biostratigraphy
(calcareous nannofossils, planktonic foraminifers, radi-
olarians, dinoflagellates) carbon-isotope chemostratigra-
phy, and cycle stratigraphy (Erba et al., 1996, 1999;
Channell et al., 2000; Jenkyns, 2017). However, recently
Frau et al. (2018) have reidentified ammonites found
beneath, within, and above magnetochron MOr as belong-
ing to the Martelites sarasini Zone, traditionally placed
within the Barremian, rather than Aptian Prodeshayesites
as previously recorded.

An important event about 1 Myr after the boundary is
Oceanic Anoxic Event la (OAEla), marked by wide-
spread organic-rich shale (e.g., Selli Level in Italy,
Goguel level in southeast France, Fischschiefer in north-
western Germany) and the initial, sharp, negative excur-
sion at the base of a longer positive carbon-13 isotopic
excursion (Weissert and Lini, 1991; Mutterlose and
Bockel, 1998; Li et al., 2008; Jenkyns 2017).

The Aptian Working Group of the Cretaceous
Subcommission is likely to recommend taking the maximum
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negative value of the basal excursion of OAEla in the
Gorgo a Cerbara section in central Italy as GSSP for base of
the Aptian Stage (STRATI meeting, Milan, July 2019).
However, for our study, the base of the Aptian is taken at
121.4 Ma, at the base of Chron MO, on the basis of dates
from Svalbard (Zhang et al. 2019). A modified version of
the proposed calibrations and durations of latest Barremian
through earliest Aptian Tethyan and Boreal ammonite zones
relative to Chron MOr and carbon-isotope excursions
(Frau et al., 2018; Luber et al., 2019; Martinez et al., 2020;
C. Frau, pers. commun., June 2020) is used the GTS2020
summary diagrams of that interval. For details see
Section 27.3.2.

27.1.1.5.2 Substages of Aptian

Two substages are recommended for subdividing the Aptian
Stage. The Lower Aptian has traditionally been subdivided
using the ammonite lineage Deshayesites—Dufreynoyia, but
there is currently considerable disagreement as to the applica-
tion of species names to Deshayesites, such that the zonation
provided here is provisional (Reboulet and Atrops, 1999;
Bersac and Bert, 2012). The Lower/Upper substage boundary
is taken at the base of the Epicheloniceras martinoides
ammonite zone in the standard Tethyan zonation which is
approximately equivalent to the base of the Tropaeum bower-
banki ammonite zone of the Boreal zonations (Reboulet
et al., 2011). At this level, there is an important change in
ammonite fauna in both the Tethyan and Sub-Boreal realms.

This level coincides with a traditional boundary between
a lower “Bedoulian” and an upper “Gargasian” stage, which
were based on sections at Cassis-La Bédoule (Bouches du
Rhone province; near Marseilles) and at Gargas (near Apt) in
southern France, although historical usage of “Bedoulian”
was only for the lower portion of this Lower Aptian
(Moullade et al., 2011). A comprehensive synthesis has been
compiled for the integrated stratigraphy of the type Bedoulian
(Moullade et al., 1998a,b; Ropolo et al., 1998) and type
Gargasian (Moullade et al., 2004, 2005; and later articles in
Notebooks on Geology). The lowest occurrence of planktonic
foraminifer Praehedbergella luterbacheri is just above the
substage boundary followed by the lowest Globigerineloides
ferreolensis (Moullade et al., 2005), and the lowest calcareous
nannofossil Eprolithus floralis (base of Zone NC7) slightly
precedes the boundary (Moullade et al., 1998b).

In France, an additional uppermost substage of
“Clansayesian” was added when Breistroffer (1947)
moved the thin “Clansayes” horizon from Albian into the
underlying Aptian. However, this substage was not con-
sidered useful because (1) the reference sections at
Gargas (near Apt) and Clansayes are not suitable for cor-
relation purposes (Rawson, 1983); (2) the rationale for a
separate “Clansayesian” substage is questioned (e.g.,
Owen, 1996a; Casey et al., 1998); and (3) the newly

defined Albian GSSP boundary probably includes part of
the Clansayesian interval (Kennedy et al., 2017).

The IUGS Lower Cretaceous Ammonite Working
Group or “Kilian Group” voted to “abandon the terms
Bedoulian, Gargasian and Clansayesian as they are not
recognized internationally, but mainly used in France ...
Moreover, the type sections of these French substages do
not offer good prospects (low number and/or bad preser-
vation of ammonoids) ...” (reported in Reboulet et al.,
2011; see also Reboulet and Atrops, 1999).

27.1.1.6 Albian

27.1.1.6.1 History, definition, and boundary
stratotype

The Albian Stage was named after the Aube region (the
Roman name was Alba) in northeast France (d’Orbigny,
1842). Exposures of Albian clays still exist in the Aube,
and the stratigraphy and paleontology of the stratotype
has been thoroughly reviewed (Amédro and Matrion,
2007; Amédro et al., 2019; Colleté, 2010).

Prior to 1947, the base of the Albian was assigned as the
base of the Nolaniceras nolani ammonite zone. Breistroffer
(1947) moved this zone and the overlying Hypacanthoplites
Jjacobi ammonite zone into an expanded uppermost Aptian,
thereby placing the base of the Albian in the Northwest
European faunal province of the Boreal realm at the base of
the Leymeriella tardefurcata ammonite zone with a basal
level characterized by Leymeriella schrammeni. However,
this boundary interval in Western Europe is marked by
endemic ammonites, and the occurrences of the earliest
Leymeriella ammonite species (e.g., L. schrammeni) are
restricted to northern Germany (Casey, 1996; Hart et al.,
1996; Kennedy et al., 2000a; Mutterlose et al., 2003). The
successive species Leymeriella germanica and L. tardefurcata
provide an excellent Boreal—Tethyan correlation, because
they occur both in northern Germany and the Vocontian
Basin in southeast France (Kennedy et al., 2000a), but occur
significantly higher than the Aptian—Albian boundary as now
defined.

The ratified GSSP for the base of the Albian is the
lowest occurrence of the planktonic foraminifer
Microhedbergella miniglobularis within the thin organic-
rich Kilian level, at Pre-Guittard, Arnayon, Drome,
France (Petrizzo et al., 2012; Kennedy et al., 2014, 2017;
Fig. 27.4). This marks a major turnover in planktonic for-
aminiferans, with the extinction of larger Hedbergella and
Paraticinella, and their replacement by small, smooth
Microhedbergella species. This same turnover has been
recorded in the Atlantic and Indian Oceans (Petrizzo
et al., 2011). The GSSP falls some meters above the first
occurrence of circular Praediscosphaera columnata (nan-
nofossil) and coincides with a small negative excursion in
§'3C. The GSSP falls within the ammonite zone of H.
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Base of the Albian Stage of the Cretaceous System, Col
de Pré-Guittard Section, Arnayon, Dréome, France.

1033

Rt

(A)

Marseilles

Sea

Mediterranean

0 50km
[ |
o o~

N Col de \5\ b1 N
Montélimar HEsle . be27, o610 2km
umiane
1 ) Albian Gssp ®©2P 473 G ="
Dieulefit q =
Cenomanian Albian GSSP . -
g GSSP (Mont Ri Arnayon D 1
2 Rosans (gt Risou) big La MottChalangon ‘\ Ve -
o (B) D570 \ D61 \ Hautes-Alpes
\ \
é‘,b Hyeges i K . : :
& ®\/ergons
Q
\16‘60“ Nice

(%]
2 . alc. 3180 §13C
S o Plankt. Foraminifera Nannofossils -3 35 4 45 15 2 25 3 35
E
g E S 1 i f 1 1 1 1 1
e
5 & @
< Z s ,(!T;
=
2] o
% =
k% < o
3 2 o
IS, Q 5 @
= S )
8 £ £ &
< = S 3 3
(o] Y g 3 2 Petrizzo et al.
5 g 2 s 8 (2012, 2013)
- @ Niveau Kilian 3 s o
< % Q £ 3
@ = [SRES
< ) @ =
S 5 S 9o
= > S O
S - S g2 8
= e S 3 e 2
Y A P 8 s 3 3 9 Herrle et al.
81518 lessel 5_° @ L (2004)
STO 5.0 (S} T ®
= O 2 s = = K
DEME £33 3
~ 5] B
2 23 s S 3 §
> <2 © =9 =
L -2 I 8 3 < <
S KRS S s o (9 L
> SE S L = o S
9 o » = (%]
2 S = 2 3
@ ) 8 > o
= = 318 5
T K] K 27
c R 2 [}
®© = S 9 2
_ S g S S
S 3
oY - 5 = €
< 2 > o]
9] < ]
£ g
S 3
® )
o =
€ S
* * _U . . "
Sl N Microhedbergella renilaevis
< <<
0 | O
OO
Z|0
calcareous organic g ; R -
(= ciay B fibeas marlstone bioturbation [ | Niveau Kilian
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jacobi. Correlation to the northern German succession at
Vohrum, where a dateable ash lies beneath the first occur-
rence of L. schrammeni (Selby et al., 2009), is guided by
the first occurrence of circular P. columnata.

Detailed correlation of the Middle and Upper Albian
is partly constrained by provinciality of ammonite faunas,
with a Boreal province dominated entirely by the
Hoplitaceae, and a Tethyan one where keeled ammonites
of the family Brancoceratidae predominate. Periodic
excursions of the Tethyan Ammonites into the Boreal
Realm result in the intercalation of the two faunas at
some levels, providing valuable evidence for interregional
correlation (Owen, 1996a). Thus the basal Upper Albian
species brancoceratid species Dipoloceras cristatum
extends far northwards from the Tethys into the Boreal
Realm, and provides an important marker (Gale et al.,
2011). Inoceramid bivalves of the genus Actinoceramus
underwent rapid evolution in the Middle and Upper
Albian and, because the species are global in distribution,
provide high-resolution correlation (Crampton and Gale,
2005, 2009).

The base of the Albian is taken at 113.2 Ma, based on
the radioisotopic date from an ash at Vohrum, northern
Germany (Selby et al., 2009), correlated to the GSSP in
SE France by means of the nannofossil datum of the FO
of circular P. columnata.

27.1.1.6.2 Substages of Albian

The traditional base of the Middle Albian is placed at the
lowest occurrence of the ammonite Lyelliceras Iyelli
(Reboulet and Atrops, 1999). The appearance of this
ammonite in the European marginal basins marks a tem-
porary incursion of more Tethyan and cosmopolitan forms
(Amédro et al., 2014) although some authors place the L.
lyelli Subzone within a zone of Hoplites (Hoplites) bene-
ttianus. A proposed boundary stratotype within clays near
St-Dizier, northern France (Hart et al., 1996; Hancock,
2001) is certainly unsuitable, because it is in a poorly
accessible river cliff.

The base of the Upper Albian is assigned to the lowest
occurrence of the ammonite D. cristatum (Hart et al.,
1996; Gale et al., 2011), a species which is widespread in
both Tethyan and Boreal Realms. This event commonly
coincides with or shortly predates a transgression follow-
ing a major sequence boundary (e.g., Hesselbo et al.,
1990; Amédro, 1992; Hardenbol et al., 1998), thereby
causing the Middle/Upper Albian substage boundary
interval to be condensed and incomplete at the key sec-
tions along the English Channel/La Manche at Wissant
(Pas-de-Calais province, northwest France) and at
Folkestone (Kent, United Kingdom) (Hart et al., 1996;
Gale and Owen in Young et al., 2010). Therefore an
expanded basinal clay-rich section at Col de Palluel in

southeast France was extensively studied as a substage
GSSP candidate and tied to cyclostratigraphy, nannofos-
sil, and carbon-isotope stratigraphy (Gale et al., 2011).

27.1.2 Subdivisions of the Upper Cretaceous

The majority of the Late Cretaceous subdivisions were
derived from facies successions in marginal-marine to dee-
per chalk facies in western France (Cenomanian, Turonian,
Coniacian, Santonian, Campanian) and the Netherlands
(Maastrichtian). The original Turonian and Senonian stages
of d’Orbigny (1847) were progressively subdivided into the
current six stages. However, none of the classical stratotypes
are suitable for placing the limits of the stages, because all
are strongly condensed or incomplete.

A diverse array of primary markers are used or under
consideration for defining stage and substage boundaries,
including ammonoids, inoceramid bivalves, planktonic
foraminifers, crinoids, and magnetic polarity chrons.

27.1.2.1 Cenomanian

27.1.2.1.1 History, definition, and boundary
stratotype

d’Orbigny (1847) converted the lower portion of his origi-
nal Turonian into a Cenomanian Stage and assigned the
type region as the vicinity of the former Roman town of
Cenomanum, now called Le Mans (Sarthe region, north-
ern France). A recently published volume provides a
detailed account of the Cenomanian stratotype (Morel,
2015). There is a dramatic turnover in ammonites
between the Albian and Cenomanian (Gale et al., 1996).
The conventional ammonite marker for the base of the
Cenomanian was the lowest occurrence of the acanthocer-
atid genus Mantelliceras (Hancock, 1991).

Because ammonites are relatively rare in many regions,
and absent in the ocean basins, the Cenomanian Working
Group selected the lowest occurrence of the planktonic fora-
minifer, “Rotalipora” globotruncanoides (=R. brotzeni of
some studies) and now classified as Thalmanninella globo-
truncanoides, as the basal boundary criterion for Cenomanian
Stage. This foraminifer level is slightly lower (6 m) than the
lowest occurrence of the Cenomanian ammonite marker
Mantelliceras mantelli, and other typically Cenomanian taxa.
The Mont Risou section in southeast France (Fig. 27.5)
was chosen as the GSSP section (Troger and Kennedy,
1996; Gale et al., 1996) and ratified in 2002 (Kennedy
et al., 2004). Petrizzo et al. (2015) investigated the taxon-
omy and distribution of planktonic foraminifera around the
Albian—Cenomanian boundary. In many regions, the
Albian—Cenomanian boundary interval is coincident with
a widespread hiatus and condensation associated with a
major sequence boundary (e.g., Troger and Kennedy, 1996;
Hardenbol et al., 1998; Robaszynski, 1998; Gale et al.,
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Base of the Cenomanian Stage of the Cretaceous
System, Mont Risou, Hautes-Alpes, France.
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FIGURE 27.5 GSSP for base of the Cenomanian Stage at Mont Risou, Haute Alpes, southeast France. (A) Photo of section. (B) Location maps. (C)
Log of section, to show upper part of Marnes Bleues Formation. The GSSP level is the lowest occurrence of the planktonic foraminifera
Thalmanninella globotruncanoides. (D) Photograph of the marker foraminifer (provided by Atsushi Ando) is the metatype of 7. globotruncanoides
from the type locality (Ando and Huber, 2007). GSSP, Global Boundary Stratotype Section and Point.
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2019b). Cenomanian ammonites show relatively little
endemism (Wright et al., 2017), and most of the standard
zones for the Lower and Middle Cenomanian can be recog-
nized globally; an exception is the Western Interior Basin
(see below). However, the Late Cenomanian ammonite
faunas are very widespread, extending into the WI Basin,
across Tethys, into the Pacific Realm and in South Africa
and India (Wright et al., 2017).

The base of the Cenomanian is taken at 100.5 Ma,
based on extrapolation from dated tuffs from Hokkaido,
Japan (99.7 Ma; 100.8 Ma—Obradovich et al., 2002;
Quidelleur et al., 2011; Takashima et al., 2019), which
fall at the base of the Mantelliceras saxbii Subzone, sig-
nificantly above the FO of T. globotruncanoides which
marks the base of the stage.

27.1.2.1.2 Substages of Cenomanian

The sudden entry of the ammonite genera Cunningtoniceras
and Acanthoceras is a major biostratigraphic event in Europe,
northern Africa, India, and elsewhere (Kennedy and Gale,
2015, 2017a,b; Gale et al., 2019b; Wright et al., 2017). The
base of the Middle Cenomanian is currently placed at the
lowest occurrence of the ammonite Cunningtoniceras inerme
at the Southerham Grey Quarry near Lewes, Sussex, United
Kingdom (Troger and Kennedy, 1996; Kennedy and Gale,
2017a). The lowest occurrences of ammonite Acanthoceras
rhotomagense and the beginning of a double positive §'°C
excursion are approximately five couplets higher (~ 100 kyr)
(Gale, 1995; Gale et al., 2007). This Lower/Middle
Cenomanian boundary interval is missing over large regions
due to its coincidence with a major sequence boundary (Gale,
1995; Hardenbol et al., 1998; Robaszynski, 1998). The base
of the Middle Cenomanian can be identified in the Western
Interior Basin from the FO of the ammonite Conlinoceras,
associated with the Mid-Cenomanian carbon-isotope excur-
sion (Gale et al., 2007).

The replacement of ammonites of the genus Acanthoceras
by the genus Calycoceras is commonly used to mark the base
of the Upper Cenomanian (Hancock, 1991). A marker for the
base of the Upper Cenomanian has not yet been selected, but
the placement will probably be at the base of the Calycoceras
guerangeri Zone (Wright et al., 2017). This zone is approxi-
mately coeval with Dunveganoceras pondi Zone of the
Western Interior, of which the base is used by Cobban et al.
(2006) for their Upper/Middle substage boundary.

27.1.2.2 Turonian

27.1.2.2.1 History, definition, and boundary
stratotype

The concept of the Turonian Stage has undergone continual
redefinitions (reviewed in Bengtson et al., 1996). The
Turonian proposed by d’Orbigny (1847) in 1842 was later
divided by him into a lower Cenomanian Stage and an

upper Turonian Stage. The name is derived from the
Touraine region of France (Turones and Turonia of the
Romans), and d’Orbigny (1852) clarified his later defini-
tion by selecting a type region lying between Saumur (on
the Loire river) and Montrichard (on the Cher river). A
detailed stratigraphical and paleontological account of the
Turonian stratotype is provided by Amédro et al. (2018).
In this region the lower part of the Turonian contains the
ammonite Mammites nodosoides, and its lowest occurrence
was formerly considered to be the marker for the base of
the Turonian Stage (e.g., Harland et al., 1990). After con-
sidering several potential placements, the Turonian
Working Group placed the base of the Turonian at the low-
est occurrence of the ammonite Watinoceras devonense
(two ammonite zones below the M. nodosoides Zone) near
the global OAE2 (Bengtson et al., 1996). The GSSP is at
Rock Canyon Anticline, east of Pueblo (Colorado, west-
central United States) (Kennedy and Cobban, 1991;
Bengtson et al., 1996; Kennedy et al., 2000b, 2005) and
was ratified in 2003 (Fig. 27.6). The maximum major
carbon-isotope peak associated with the OAE2 occurs
0.5 m above the boundary.

The age of the Cenomanian—Turonian boundary is
well-constrained by “°Ar/*’Ar ages from bentonites as
94 Ma (Obradovich, 1993; Meyers et al., 2010; Batenburg
et al., 2016). Detailed study of the cyclostratigraphy sug-
gests that this falls within long-eccentricity (405 kyr)
cycle 232 of the Laskar et al. (2011) numbering system.
Gale (2019a) used ammonite biostratigraphy to correlate
Turonian radioisotopic dates from the Western Interior
Basin into the northwest European succession, and using
this information, identified regularly spaced clay-rich
levels as representing long-eccentricity maxima.

27.1.2.2.2 Substages of Turonian

The base of the Middle Turonian is marked by the lowest
occurrence of the ammonite Collignoniceras woollgari.
The candidate for the Global Boundary Stratotype Section
and Point is the base of Bed 120 in the Rock Canyon
Anticline section, approximately 5 m above the GSSP
defining the base of the Turonian Stage in the same sec-
tion (Bengtson et al., 1996; Kennedy et al., 2000b).

The base of the Upper Turonian is not yet formalized,
but potential datums are the lowest occurrences of the
ammonite Subprionocyclus neptuni in the Sub-Boreal
realm (e.g., Germany, England), of the ammonite
Romaniceras deverianum in the Tethys realm (e.g.,
southern France, Spain), of the ammonite Scaphites whit-
fieldi in the North American Western Interior (as used by
Cobban et al.,, 2006, or of an inoceramid bivalve,
Inoceramus perplexus (=Mpytiloides costellatus in some
studies) (Bengtson et al., 1996; Wiese and Kaplan, 2001).
The best of these suggestions is probably the first
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Base of the Turonian Stage of the Cretaceous System at Pueblo,
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occurrence of the widespread species I. perplexus, which
is close to a small positive carbon-isotope positive excur-
sion, the Caburn Event (Jarvis et al., 2006) identified
widely (Joo and Sageman, 2014; Takashima et al., 2019).

27.1.2.3 Coniacian

27.1.2.3.1 History, definition, and boundary
stratotype

Coquand (1857a,b) defined the Coniacian Stage with the
type locality at Richemont Seminary near Cognac
(Charente province, northern part of the Aquitaine Basin,
western France). In this region, basal Coniacian glauco-
nitic sands overlie Turonian rudistid-bearing limestones.
The entry of ammonoid Forresteria (Harleites) petrocor-
iensis was taken to mark the base of the Coniacian Stage,
but this species is now taken to occur within the highest
zone of the Turonian. However, there can be problems in
identifying this species, and ammonites are rare or absent
in important Coniacian sections (Hancock, 1991;
Kauffman et al., 1996). Therefore the Coniacian Working
Group proposes to define the Coniacian Stage and its sub-
stage boundaries using lowest occurrences of widespread
and frequently abundant inoceramid bivalves.

The proposed marker for the base of the Coniacian
is the lowest occurrence of inoceramid bivalve
Cremnoceramus deformis erectus [ = Cremnoceramus
rotundatus (sensu Troger non Fiege)], which is above
the occurrence of F. (H.) petrocoriensis in Europe. This
inoceramid is present throughout the Europe—American
biogeographic province and in the Tethyan realm and
can be easily correlated to the North Pacific and south-
ern hemisphere (Walaszczyk et al., 2010).

A candidate boundary stratotype is the active Salzgitter-
Salder Quarry, southwest of Hannover (Lower Saxony prov-
ince, northern Germany) with an extensive upper Turonian
through Lower Coniacian succession with macrofossils,
microfossils, and geochemistry (Kauffman et al., 1996;
Walaszczyk and Wood, 1998; Walaszczyk et al., 2010).
However, at Salzgitter-Salder, the boundary interval is very
slightly condensed and may contain a minor hiatus in upper-
most Turonian. The most complete succession across the
actual boundary is at Stupia Nadbrzezna in central Poland
(Walaszczyk and Wood, 1998; Walaszczyk et al., 2010), but
it is limited to only a very brief interval spanning the latest
Turonian and earliest Coniacian and is poorly exposed.
Therefore a composite GSSP is being proposed that will use
both of these reference sections.

The lowest occurrence of inoceramid bivalve C. defor-
mis erectus correlates approximately to the base of the
Scaphites preventricosus ammonite zone of the North
American Western Interior basin (Cobban et al., 2006).
Bentonites from this ammonite zone and the uppermost
Turonian zone have yielded *°Ar/*’Ar ages indicating a

boundary age of approximately 89.8 Ma (Obradovich,
1993; Siewert, 2011; Sageman et al., 2014). The boundary
falls close to or within the 405-kyr eccentricity cycle 221,
therefore an age of 89.4 Ma is used in GTS2020.

27.1.2.3.2 Substages of Coniacian

The base of the Middle Coniacian is placed at the lowest
occurrence of the inoceramid bivalve genus Volviceramus,
which is at or near the lowest occurrence of ammonoid
Peroniceras (Peroniceras) tridorsatum (Kauffman et al.,
1996). Potential boundary stratotypes are in the Austin Chalk
near Dallas-Fort Worth (Texas, southern United States) or
possibly in the chalk succession of southern England.

The base of the Upper Coniacian is placed at the low-
est occurrence of the inoceramid bivalve Magadiceramus
subquadratus (Kauffman et al., 1996). No stratotypes
have yet been proposed for this substage boundary.

27.1.2.4 Santonian

27.1.2.4.1 History, definition, and boundary
stratotype

The Santonian Stage was named after Saintes (Aquitaine,
southwest France) by Coquand (1857b), who placed the lower
boundary at a strongly lithified glauconitic hardground.

The sudden turnover from inoceramid bivalves of the
genus Magadiceramus to the lowest occurrence of the
widespread inoceramid Cladoceramus ( = Platyceramus)
undulatoplicatus has been selected as the marker for the
base of the Santonian (Lamolda et al., 2014). No other
significant calcareous microfossil or nannofossil datums
occur near this level—significantly below are the lowest
Lucianorhabdus cayeuxii nannoplankton (base of Zone
UCllc) and lowest rare Dicarinella asymetrica plank-
tonic foraminifers (base of D. asymetrica zone) (Lamolda
et al., 2014; Gale et al., 2007). (The FAD of D. asymetri-
ca planktonic foraminifers had been a competing candi-
date marker for the boundary.) There are lesser known
and some newly described calcareous nannofossils that
may provide correlation to other facies (Blair and
Watkins, 2009). Recently, Petrizzo (2019) identified the
lowest occurrence of Costellagerina pilula as a useful and
widespread proxy for the base of the Santonian.

The GSSP for the Santonian is now fixed at a quarry
to the south of Olazagutia in the Navarra region of Spain
(Fig. 27.7; Lamolda and Paul, 2007; Lamolda et al., 1996,
2007, 2014). The Olazagutia section is not ideal—the sed-
iment is strongly lithified and the biostratigraphic record
may be incomplete. The Olazagutia section was however
ratified as the GSSP in 2012 by the Subcommission on
Cretaceous Stratigraphy.

The lowest occurrence of the inoceramid C. undulato-
plicatus boundary marker is just below the base of the
Clioscaphites saxitonianus ammonite zone of the North
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American Western Interior (Walaszczyk and Cobban,
2007). A set of “°Ar/*°Ar ages from bracketing bentonites
indicate a boundary age near 86 Ma (Obradovich, 1993;
Siewert, 2011; Sageman et al., 2014). A high-resolution
§'3C record from Seaford Head in Sussex, United
Kingdom, provided an orbital tuning for the Santonian
(Thibault et al., 2016) and permits detailed correlation to
the standard Tethyan succession at Gubbio. The base of
the stage is taken at 85.7 Ma, based upon radioisotopic
dates from beds yielding C. undulatoplicatus in Texas
and the Western Interior Basin of the United States
(Appendix 2), approximately at the level of eccentricity
cycle 221, equivalent to cycle Sal of Thibault et al.
(2016).

27.1.2.4.2 Substages of Santonian

The traditional Santonian has three substages, but no mar-
kers for boundary stratotypes have yet been formalized. A
possible datum for the base of the Middle Santonian is
the extinction of the same C. undulatoplicatus inoceramid
bivalve that marks the Coniacian—Santonian boundary
(Lamolda et al., 1996).

The lowest occurrence of stemless crinoid Uintacrinus
socialis is commonly used to place the base of the Upper
Santonian, and this level is near the FAD of nannofossil
Arkhangelskiella cymbifomis (Lamolda et al., 1996;
D’Hondt et al., 2007).

27.1.2.5 Campanian

27.1.2.5.1 History, definition, and boundary
stratotype

The Campanian Stage of Coquand (1857b) was named after
the hillside exposures of Grande Champagne near Aubeterre-
sur-Dronne (45 km west of Périgueux, northern Aquitaine
province, France), but bulk of the type “Campanian” at
Aubeterre is now classified as Maastrichtian (e.g., van Hinte,
1965; Séronie-Vivien, 1972).

The lower part of the type section had no obvious
base to the shallow-water limestone formation. The base
of the Campanian was placed at the lowest occurrence of
ammonite Placenticeras bidorsatum by De Grossouvre
(1901), but this extremely rare species is not a practical
marker (reviewed in Hancock and Gale, 1996). In con-
trast, stemless benthonic crinoids of the genera
Uintacrinus and Marsupites have a near-global distribu-
tion in shelf chalks (Gale et al., 1995, 2007). Therefore
the extinction of crinoid Marsupites testudinarius has
been an informal boundary marker for the base of the
Campanian Stage (Hancock and Gale, 1996), although the
occurrence of this taxon is restricted to certain paleoenvir-
onments. The base of the traditional Campanian is proba-
bly within the lower portion of reversed-polarity Chron
C33r. Therefore the Campanian Working Group is

presently considering using the beginning of Chron C33r as
the primary boundary definition, thereby enabling global
recognition in pelagic, continental, and other nonshallow-
marine settings. A likely locality for the GSSP is the
Bottacione Gorge at Gubbio, Umbria, Italy. The reversal
falls very close to the extinction of D. asymetrica, widely
identifiable in the Tethyan Realm, and various changes in
the nannofossil Broinsonia, all of which are being studied
at present. The presence of a distinctive double positive
excursion in §'°C, the Santonian—Campanian Boundary
Event (Jarvis et al., 2006; Thibault et al., 2016), further
enables detailed correlation of this interval globally.

The base-Campanian is generally correlated to the
base of the Scaphites leei IIl ammonite zone of the
North American Western Interior (e.g., Cobban et al.,
2006). The age of the base of this ammonite zone is
constrained by “°Ar/*°Ar dates to be between 83 and
84 Ma (Obradovich, 1993; Siewert, 2011; Sageman
et al., 2014). Until there is more detailed interpolation
with uncertainty estimates, we here take the base of the
Campanian at 83.65 Ma, based on extrapolation to the
base of Chron 33R, which likely falls in eccentricity
cycle 207.

27.1.2.5.2 Substages of Campanian

In the Western Interior of North America, the Campanian is
generally subdivided into Lower, Middle, and Upper sub-
stages of approximately equal duration, informally placed by
Cobban (1993) and Cobban et al. (2006) as the lowest
occurrences of the endemic ammonites Baculites obtusus
and Didymoceras nebrascense, respectively. In northwest
Europe, the Campanian is traditionally divided into Lower
and Upper substages, and the boundary is marked by the
extinction of the belemnite Gonioteuthis quadrata
(Christensen, 1990, 1997a,b). As so defined, the Upper
Campanian is considerably longer than the Lower
Campanian and the boundary correlates approximately with
the base of the Baculites sp. (smooth) Zone of Cobban et al.
(2006). This correlation is based on the occurrence in both
regions of Scaphites hippocrepis 1l in both regions
(Kennedy, 2019), associated with the highest G. quadrata in
Europe. Inoceramus azerbaydjanensis appears in the overly-
ing basal Belemnitella mucronata Zone in Europe, and in
the Baculites sp. (smooth) Zone in the Western Interior. The
tradition of splitting the Campanian into Lower and Upper
divisions is deeply embedded in European literature, and
change would create confusion.

Campanian correlation has been significantly improved by
the discovery of a sharp, short negative excursion in §'°C, the
Late Campanian Event (Voigt et al., 2012), which lies
beneath and in the lower part of the range of Radotruncana
calcarata. This has been discovered as far afield as Tibet
(Wendler et al., 2011).



27.1.2.6 Maastrichtian

27.1.2.6.1 History, definition, and boundary
stratotype

The Maastrichtian Stage was introduced by Dumont (1849)
for the “Calcaire de Maastricht” with a type locality at the
town of Maastricht (southern Netherlands near border with
Belgium). The stratotype was fixed by the Comité d’étude du
Maastrichtian as the section of the Tuffeau de Maastrict
exposed in the ENCI company quarry at St. Pietersberg on
the outskirts of Maastricht, but this local coarse carbonate
facies would correspond only to part of the upper
Maastrichtian in current usage (reviewed in Rawson et al.,
1978; Odin and Lamaurelle, 2001). A revised concept of
Maastrichtian Stage was based on belemnites in the white
chalk facies. Accordingly, the base of the stage was assigned
to the lowest occurrence of belemnite Belemnella lanceolata,
with a reference section in the chalk quarry at Kronsmoor
[50km northwest of Hamburg, north Germany (e.g.,
Birkelund et al., 1984; Schonfeld et al., 1996)]. The lowest
occurrence of ammonoid Hoploscaphites constrictus above
this level provided a secondary marker. Comparison of
strontium-isotope stratigraphy and indirect correlations by
ammonoids indicate that this level is approximately equiva-
lent to the base of the Baculites eliasi ammonoid zone of the
North American Western Interior (Landman and Waage,
1993; McArthur et al., 1992).

However, belemnites, including B. lanceolata are largely
restricted to Boreal chalks and are absent in the Tethyan
faunal realm, where the ammonoid Pachydiscus neubergicus
has a much wider geographical distribution (reviewed in
Hancock, 1991). Therefore the Maastrichtian Working
Group recommended the base of the Maastrichtian to be
taken at the lowest occurrence of ammonoid P. neubergicus
(Odin et al., 1996). In retrospect, this was a poor decision,
because the occurrence of P. neubergicus is strongly dia-
chronous across its geographic range and uncommon in
most localities.

The ratified Maastrichtian GSSP boundary is in an aban-
doned quarry near the village of Tercis les Bains in south-
west France, at 90 cm beneath a coincident lowest
occurrence of P. neubergicus and H. constrictus ammonoids
(Fig. 27.8; Odin, 1996, 2001; Odin and Lamaurelle, 2001).
The GSSP level was selected, bizzarely as the arithmetic
mean of 12 biohorizons with potential correlation potential,
including ammonoids, dinoflagellate cysts, planktonic and
benthic foraminifers, inoceramid bivalves, and calcareous
nannofossils (Odin and Lamaurelle, 2001). The history, stra-
tigraphy, paleontology, and intercontinental correlations are
compiled in a large special (and outrageously expensive)
volume (Odin and Lamaurelle, 2001).

In many ways the GSSP was poorly chosen; the
ammonite marker is inappropriate, the section lacks key
planktonic foraminifers above the occurrence of R.
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calcarata, and remnant paleomagnetism is weak or
absent. The abandoned quarry section is growing over,
and a tree now covers the GSSP marker. However, the
section at Tercis provides a detailed carbon-isotope
record, which permits correlation with both Boreal chalks
and the deep-water Tethan succession at Gubbio (Voigt
et al.,, 2012). Some distance above a well-marked late
Campanian negative event, the carbon-isotope values
decline by about 0.3 ppt, the Campanian—Maastrichtian
Boundary Event, then rise slightly to a minor peak. The
fine details of this curve can be matched precisely in the
Boreal chalk successions of northern Germany, Denmark
and the United Kingdom, and the Tethyan section at
Gubbio, Italy, which allows the level of the Tercis GSSP
to be equated with the base of the Belemnella obtusa
Zone in the Boreal chalks.

This correlation is also aided by the use of inoceramid
bivalves, because the boundary marker falls just beneath
the first occurrence of Endocosta typica at Tercis
(Walaszczyk et al., 2002). The base of the E. typica zone
is equated with the base of the Baculites baculus Zone in
the North American ammonite succession (Cobban et al.,
2006). The age for the base of this ammonite zone is
72.1 Ma according to the spline-fit of dates from bracket-
ing bentonites.

This agreement between the independent sets of corre-
lations implies that the base-Maastrichtian is essentially
equivalent to the base of the B. obtusa belemnite zone,
the base of E. typica inoceramid zone, the base of B.
baculus ammonite zone of North American, and approxi-
mately to the base of nannofossil zone UC17. The magne-
tostratigraphic placement is Chron C32n.2n.88, and the
age for all of these base-Maastrichtian levels is approxi-
mately 72.2 Ma.

27.1.2.6.2 Upper Maastrichtian substage

The Maastrichtian is commonly divided into two substages
in the Boreal chalks, based on belemnite occurrences in
northern Europe (Germany, Poland, Denmark, the United
Kingdom). The Lower Maastrichtian includes the zones of
B. obtusa, Belemnella sumensis, Belemnella cimbrica, and
Belemnella fastigata, the Upper Maastrichtian includes the
zones of Belemnitella junior and Belemnitella casimiroven-
sis (Christensen, 1990, 1997a,b). It is not clear how this
zonation relates to the occurrences of ammonites in other
successions. In the Western Interior Basin, the lowest occur-
rence of ammonoid Hoploscaphites birkelundi (formerly H.
aff. nicolleti) is an informal marker for the base of the
Upper Maastrichtian (Landman and Waage, 1993; Cobban,

1993; Cobban et al., 20006).
As indicated by this review, the main chronostrati-

graphic markers for the boundaries of Cretaceous stages,
as defined by ratified GSSPs or as the informal working
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Base of the Maastrichtian Stage of the Cretaceous System at
Tercis les Bains, Landes, France
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FIGURE 27.8 GSSP for base of the Maastrichtian Stage at Tercis, Landes, southwest France (A and B). The GSSP is situated 90 cm below the lowest
occurrence of the ammonite Pachydiscus neubergicus (C). Photograph provided by Andy Gale. GSSP, Global Boundary Stratotype Section and Point.
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TABLE 27.1 Main biostratigraphic or other chronostratigraphic markers for ratified Global Boundary Stratotype
Section and Points (GSSPs) (R) and potential GSSPs for the Callovian through Maastrichtian time scale segment.
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base of Stage

Ratified GSSP (R) or potential GSSP main marker(s)

Danian (Paleogene base)

Iridium anomaly (R), within Chron C29r

Maastrichtian

near FAD P. neubergicus (R), projected to about 88% in subchron C32n.2n

Campanian base Chron C33r; base of S. leei lll Zone; LAD M. testidunarius
Santonian FAD P. undulatoplicatus (R)

Coniacian FAD C. deformis erectus

Turonian FAD W. devonense (R)

Cenomanian FAD T. globotruncanoides, just below M. mantelli Zone (R)

Albian FAD M. renilaevis, base Kilian OAE (R)

Aptian base of Chron MOr, ~FAD D. oglanlensis Zone

Barremian FAD T. hugii, upper part of Chron M5n, 0.7 Myr above Faraoni OAE
Hauterivian FAD A. radiatus Zone (R)

Valanginian FAD C. darderi, base of calpionellid Zone E, lower part of Chron M14r

Berriasian (Cretaceous base)

base of C. alpina; mid Chron 19n.2n.2

Tithonian

near bases of H. hybonotum Zone and of Chron M22An

Kimmeridgian

Base of P. flodigarriensis Zone, base of Chron M26r

Oxfordian FAD of B. thuouxenis, within lower part of Chron M36Br
Callovian FAD of Kepplerites, within Chron M39n.3n
This is the interval used in the spline fits of Figs. 27.11 and 27.12. OAE, Oceanic Anoxic Event. Full name and explanation of each chronostratigraphic

marker is in the appropriate text for that stage.

definitions used in GTS2020 are a combination of ammo-
nites, inoceramids, planktonic foraminifers and calpionel-
lids, geomagnetic polarity chrons, and other events
(Table 27.1).

27.2 Cretaceous stratigraphy

As in the Jurassic, the ammonite and other macrofossil
zones of European and North American basins had pro-
vided the traditional standards for subdividing Cretaceous
stages. With the advent of petroleum and scientific drilling,
microfossil datums from pelagic successions are commonly
used for global correlations, especially when augmented by
magnetostratigraphy. Cycle stratigraphy has now enabled
scaling of many of these zonations, and detailed carbon-
isotope curves are becoming a major method for interregional
correlation.

27.2.1 Marine biostratigraphy

Ammonites dominate the historical zonation of the Lower
Cretaceous of Europe, but ammonites are of restricted occur-
rence in the European Upper Cretaceous Chalk facies, and

belemnites, inoceramid bivalves and pelagic or benthic cri-
noids (e.g., Marsupites) provide important information.
Buchiid bivalves, belemnites, and brachiopods are used for
correlation within the Lower Cretaceous within the Boreal
Realm. Important microfossil biostratigraphic zonations
include planktonic foraminifers, calcareous nannoplankton,
dinoflagellate cysts, and calpionellids.

27.2.1.1 Ammonites

Ammonites, despite various limitations, provide the pri-
mary reference scale for the majority of the marine
Cretaceous sequences in all paleogeographic regions. The
Lower Cretaceous standard zonation is the Tethyan ammo-
nite succession of the western Mediterranean region with
its revised and enhanced zonal schemes developed by the
Kilian working group (e.g., Reboulet et al., 2006, 2009,
2011, 2018). The Upper Cretaceous succession of the
Western Interior Basin of the United States, locally yields
abundant ammonites on which a standard zonation
(Fig. 27.9) is based, and abundant radioisotopically dated
volcanic ash beds in the region form the basis for the Late
Cretaceous age model (Cobban et al., 2006; Sageman
et al., 2014). However, many of the Western Interior
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FIGURE 27.9 Cretaceous integrated time scale. Summary of numerical ages of epoch/series and age/stage boundaries of the Cretaceous with selected marine
biostratigraphic zonations and principal trends in sea level. (“Age” is the term for the time equivalent of the rock-record “stage.”).
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FIGURE 27.9 (Continued)

Selected marine macrofossil biostratigraphy columns for Early Cretaceous are ammonoid zones for the Tethyan realm (Sub-Mediterranean province;
Reboulet et al., 2018) and Sub-Boreal realm (Mutterlose et al., 2014). Marine macrofossil zones for Late Cretaceous are ammonoids of the Western Interior



1046 PART | IV Geologic Periods Phanerozoic
Cretaceous Time Scale
2c R ; Mega-
AGE| Epoch/Age = O Tethyan Boreal Planktonic Calcareous Nannofossils | cydes
(Ma) (Stage) o< Ammonoids Ammonoids foraminifera R T
o O Boreal Tethyan
105 —
. Pervinquieria pricei Pervinquieria pricei Pseu\%ﬁg{ge;{;r[)sinella
106 = BC25)
107 - _——— = — = Eiffellithus
. Dipoloceras cristatum | Dipoloceras cristatum |!'cinella praeticinensis | monechiae
] M"-2"r A
1083 e ]
- Dimorphoplites niobe
m [ no agreed zonation| f — — — — — —1 cos
1097 .Afhfhm_s m_teniedﬂs i BC24] Al3
-1 I _Hoihte_sdf tius_- Ticinella primula Axopodorhabdus
— i . . : A albianus
110 — Lyelliceras lyelli Lyelliceras lyelli - —
] Douvilleiceras Douvilleiceras Tranolithus orionatus
7 mammillatum mammillatum —1 A (=T phacelosus)
ol ] Leymeriella tardefurcata | Leymeriella tardefurcata
4! W [T """ =7T """ ==™=7
-1 E Leymeriella germanica|Leymeriella germanica BC23
M2—< W | E  [trctttmtmmmerescE = = — — — —4 Ticinella
n madecassiana a p o
-1 c34 Proleymeriella ~ [================-= Hayesites albiensis
. ) - schrammeni A/Eroiedb_erg_e/la Liscﬂ A Frastmgines
113 — Hy) pac‘antILqphtes [icrohedbergella renilaevis | _ | columnata (circular) At
- yacen) Microhed. miniglobularis Prediscosphaera pt7-
7 . columnata
114 ] Hypacanthoplites BC22 (subcircular)
] Jacobi
115 — Paraticinella rohri
- Acanthohoplites
m nolani
116 — Parahoplites
m nutfieldiensis
- b
1 | B feeeeeeeeeeeeeee- Hedbergella infracretacea] 321
117 — Parahoplites
. melchioris Globigerinelloides
P Y N algerianus cc7 Ap4-
118 -] M1 Epichelorgiqeras Epiche[on[ceras
- martini martinoides Globigerinell. ferreolensis _ )
- Micrantholithus
119 Dufrenoyia furcata | Tropaeum bowerbanki| L ¢@br1 (consistent) _'EE:ZZQ Farhania varofii  "OSMUZH
14 | W [Tttt BC1Y ) .
B Deshayesites Deshayesites i —| Eprolithus floralis
] deshayesi deshayesi . i
120 1 /51 = - 1 _ _ _ _ __] Leupoldina cabri  [g-4g Ap1 =
3 Deshayesites forbesi ; Rhagodiscus gallagheri /
4 1 = | _ _ _ ___| Deshayesites | ... aooo--- N Y angus?us Y
. 3 fissicostatus - = -
Deshay. oglanlensis Conusphaera
121 __ 1214 | |Mmobf——————"F— — — — — —+ BC17| . i rothii
. L = Martelites sarasini | Parancyloc. bidentatum Hiy SRR (e TS
. o -I- erites giraudi | Ancyloceras inexum/ | Flabellites oblongus
122 .. Imertes girmuel | sorel [T
. Gerhardtia Globigerinelloides
n sartousiana blowi
123 — e === —— :
i Barremian Paracrioceras
- denckmanni BC15) e
. Toxancyloceras
-1 vandenheckii
124 —
. [ Moutonic. moutonianum | Paracrioceras elegans Hedbergella similis

FIGURE 27.9 (Continued)

of United States (a full list of zone names is in Table 27.3) and inoceramids of North America and Europe (Cobban et al., 2006; with partial modification by
Walasczeyk, pers. comm., 2019). Selected microfossil zones are planktonic foraminifers (composite from Coccioni and Premoli Silva, 2015; Petrizzo et al., 2012;
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and other sources, including Huber and Petrizzo, pers. comm., 2019) and early Cretaceous calpionellid zones (Remane, 1998). Early Cretaceous calcareous
nannofossil zones are Boreal (BC; Bown et al., 1998) and Tethyan (CC with selected zone/subzone markers; with calibrations compiled from Bergen,
1994; Bralower et al., 1995; and other sources, including Watkins, pers. comm., 2019).
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ammonite faunas are endemic to the region, and corre-
lation to the rest of the world has to be made
indirectly.

Extreme faunal provincialism necessitated the estab-
lishment of different regional scales throughout most of
the Cretaceous, and these regional scales were commonly
nonstandardized among publications. To partially rectify
this situation, the grouping of ammonoid datums into
zones and subzones has undergone significant revisions
since 1990. Only a few of the Cretaceous ammonoid
zones compiled by Hancock (1991) are currently used by
the various Cretaceous working groups (e.g., Rawson
et al., 1996b; Reboulet et al., 2011, 2018). The relative
grouping into zones also varies among regions and stages.
For example, many of the high-resolution “zones” of the
western interior of North America would be classified as
“horizons” in the broader zonal schemes used in Europe.

In particular, the IUGS Lower Cretaceous Working
Group (Kilian Group) for the Lower Cretaceous has
been striving to develop a systematic zonation for the
Tethyan region that can be applied over large regions
(Hoedemaeker et al., 1993; Reboulet et al., 2006, 2009,
2011, 2018). In particular, the new schemes have a
more logical nomenclature in which most of the revised
zones begin with the first occurrence of the index spe-
cies. This is in contrast to the irregular association of
zonal spans with their “index” taxa in the “traditional”
schemes for Cretaceous and still used for much of the
Jurassic. As a result, the current Tethyan zonation for
Berriasian through Albian has only a few zonal names
in common with the Lower Cretaceous zonation in
Hardenbol et al. (1998) or even in GTS2004. For exam-
ple, the uppermost Albian “classic Stoliczkaia dispar
Zone,” which had varying definitions among different
authors, is replaced by elevating its subzones to zone
status (summarized by Kennedy in Gale et al., 2011).
These zones are cross-calibrated to microfossil datums
and cycle stratigraphy in southeastern France (Gale
et al., 2011). The “Kilian Group” is undertaking the
challenging task of correlating the revised Tethyan
scales to the Boreal ammonite zonations.

This revision of zone definitions, taxonomic changes in
general assignment of index species, and extensive high-
resolution subzonal divisions will simplify and standardize
correlations, but will undoubtedly lead to confusion
when trying to decipher zonal scales in older litera-
ture. Another problem is that details of reference sec-
tions for these revised and enhanced zonations have
not yet been published; therefore it is uncertain how to
correlate other microfossil, geochemical, and paleo-
magnetic stratigraphy to the zones. Estimates of zonal
durations with the revised definitions also require pre-
cise placement onto the existing reference sections
that had been used for strontium-isotope trends and

cycle stratigraphy. Estimates of the placement of these
renamed/redefined zones relative to the former “inter-
calibrated” ammonite zones were used to make an
approximate age model.

Ammonites suffer from a further problem, as they
are only rarely preserved, or completely absent in the
widespread white chalk facies developed from the
Turonian to Maastrichtian stages across northern Europe
and eastwards into central Asia. Their preservation in
these facies usually depends upon early diagenetic hard-
ening preceding aragonite dissolution in hardgrounds
and nodular chalks. Thus standard international ammo-
nite stratigraphy can only be applied very coarsely to
the white chalk (Turonian—Maastrichtian) of the
Anglo—Paris Basin, for example.

A detailed ammonite zonation for the Cenomanian
through lower Maastrichtian of the North American
Western Interior has been standardized by Cobban (1993)
and Cobban et al. (2006). However, many of the North
American ammonite taxa are endemic to the region,
which creates problems for wider correlation, and for
interpolation of radioisotopic dates into other regions.
Occasional records of Western Interior and Gulf coast
ammonites in European and African successions do pro-
vide useful evidence. For example, the occurrences of the
Gulf coast Cenomanian genus Budaiceras in Normandy,
France (Kennedy et al, 1990) in an assemblage of
Mantelliceras dixoni Zone age is a valuable correlation
tie-point, as is the occurrence of the Western Interior
Lower Cenomanian species Metengonoceras teigense in
Normandy (Amédro et al., 2002). Records of the North
American Middle Cenomanian species Acanthoceras
amphibolum in Tunisia (Robaszynski et al., 1990) and
Nigeria (Zaborski, 1985 also provide important links).
Likewise, the remarkable occurrences of North American
Turonian ammonites at Uchaux in southern France
allow important correlations to be made (Robaszynski
et al., 2014). For the Turonian to Maastrichtian the co-
ocurrences of inoceramid taxa in North America and
Europe (Walasczcyk and Cobban, 2000, 2001, 2007,
2016) has enabled correlation of most European ammo-
nite zones (and other marine macrofossils) to the North
American ammonite zonation.

27.2.1.2 Inoceramid bivalves

Benthonic pteriomorph bivalves of the family Inoceramidae,
which first appeared in the Jurassic and went extinct in the
mid-Maastrichtian, are a locally rock-forming group in the
Upper Cretaceous, and their rapid evolution and widespread
distribution provide a detailed zonal scheme for the Albian
to Maastrichtian stages. Their shells comprise an outer pris-
matic calcite layer, ubiquitously preserved, and an inner
nacreous one composed of aragonite, which is usually not



normally preserved in sandstones and limestones. They thus
partially compensate for the absence of ammonites in sedi-
ments such as chalk, in which dissolution on or in the sea-
floor has removed taxa which possess aragonitic shells (see
above). Inoceramids occupied a considerable diversity of
habitats, from deep-water dysaerobic muds, chalks, to shal-
low marine sandstones, but were largely absent from carbon-
ate platforms. The exceptionally widespread occurrence of
species, often effectively global, and relatively low ende-
mism (except in New Zealand) makes them excellent fossils
for interregional correlation. Inoceramid stratigraphy had
advanced considerably over the last decade, largely thanks
to taxonomic revision and increased collecting. The Albian
genus Actinoceramus provides high-resolution global corre-
lation across the Middle—Upper Albian transition
(Crampton and Gale, 2005, 2009). Important additional
references are Walasczcyk and Cobban (2000, 2001, 2007,
2016), and Walasczcyk et al. (2001, 2002, 2010, 2016). A
standard zonation is presented here based on this work.

27.2.1.2.1 Planktonic microcrinoids

Cretaceous  microcrinoids  belonging to  the
Roveacrinida were tiny, pelagic organisms that were
common from the Albian to Maastrichtian in open
marine sediments, locally occurring in rock-forming
abundance. Although species have been used locally to
characterize intervals, it has recently become apparent
that they are far more diverse and widely distributed
than previously thought (Gale, 2016, 2017, 2019a,b).
Their rapid evolution and widespread distribution offer
considerable potential for interregional correlation, and
a series of zones have been proposed for the Albian to
Campanian interval (Gale, 2017, 2019a; see also Ch.
3K: Cretaceous microcrinoids (this book)).

27.2.1.2.2 Other marine macrofauna

Workers on chalk facies successions have also employed
zonations based upon diverse calcitic fossils, including
benthonic crinoids, echinoids, and brachiopods. Most of
these schemes have only local (basin-scale) application,
but Campanian and Maastrichtian microbrachiopod zones
can be applied for high-resolution correlation across
northern Europe (Surlyk, 1984). The stemless crinoids of
the genera Uintacrinus and Marsupites have short ranges
and global distribution and are very useful fossils in inter-
regional correlation (Gale et al., 2007).

The correlation of shallow-water carbonate platforms
is achieved using larger benthonic foraminifers, calcare-
ous algae, and rudist bivalves. The latter group is highly
diverse and of considerable value in correlation (Masse
and Philip, 1998; Steuber et al., 2016). These groups were
strongly affected by OAEs, such that in the Ilatest
Cenomanian.
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Belemnites have been used quite widely for stratigraph-
ical correlation in the Cretaceous. The belemnite assem-
blages of the Kimmeridgian to Barremian interval show a
distinctive provincialism. The Tethys was characterized by
representatives of the Duvaliidae and Belemnopseidae, the
Boreal Realm was dominated by Cylindroteuthididae (e.g.,
Combemorel and Christensen, 1998; Mutterlose et al.,
1996; Mutterlose and Bockel, 1998; Dzyuba et al., 2013).
This paleobiogeographic situation changed entirely in the
Aptian, when the boreal Cylindroteuthididae and the
Tethyan Duvaliidae went extinct. They were globally
replaced by Neohibolites, which experienced a major
radiation.

For the Tethys no precise zonation schemes are available,
the stratigraphic resolution of specific taxa is on the scale of a
substage. Detailed belemnite zonation schemes exist for the
Boreal—Atlantic and Boreal— Arctic Provinces of the Boreal
Realm. For the Berriasian—Hauterivian succession of the
Boreal—Atlantic Province (northwest Europe) six belemnite
zones, based on different species of the genera Acroteuthis
and Hibolithes, have been recognized. The Barremian can be
subdivided into five belemnite zones, defined by species of a
biometrically well-defined evolutionary lineage. The genera
Oxyteuthis and Aulacoteuthis allow thereby a detailed biozo-
nation of the Barremian, which otherwise is difficult to subdi-
vide. The Berriasian—Hauterivian assemblages of the
Boreal —Arctic province are characterized by taxa attributed
to Cylindroteuthis, Arctoteuthis and Simobelus. The Aptian—
Albian of the Boreal Realm can successfully be subdivided
into nine belemnite zones using species of Neohibolites.

Belemnites of the family Belemnitellidae occur from
the Cenomanian to Maastrichtian stages and are used
extensively used in Boreal Upper Cretaceous chalk
successions of northern Europe, and some species also
occur less frequently in North America. The family dis-
played considerable provinciality, and Central European
and Central Russian subprovinces are recognized, the lat-
ter extending far eastwards into central Asia (Christensen,
1990, 1996, 1997a,b). A few species show short-term
extensions into northern Tethys. Belemnites are particu-
larly important in the biostratigraphy of the Boreal chalks
of Campanian and Maastrichtian range, with the genera
Gonioteuthis, Belemnitella and Belemnella displaying
evolutionary changes which permit development of a
refined zonation (Combemorel and Christensen, 1998).

27.2.1.2.3 Planktonic foraminifera

Planktonic foraminifera originated in late Early Jurassic
(e.g., Hart, 1980; Caron, 1983; Gradstein et al., 2017) and
only underwent radiation and geographic spreading from
mid-Cretaceous onward. In general, planktonic foraminif-
era from Berriasian to Barremian have a scattered geo-
graphic and stratigraphic record. A progressive increase
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in abundance and diversification of genera and species is
observed from the mid-Barremian (Aguado et al., 2014)
to the Aptian (Premoli Silva and Sliter, 1999). The major
turnover observed across the Aptian—Albian boundary
interval represents the most dramatic event in the
Cretaceous evolutionary history of planktonic foraminif-
era after the mass extinction at the Cretaceous/Paleogene
(K/Pg) Boundary (e.g., Leckie et al., 2002; Huber and
Leckie, 2011; Petrizzo et al., 2012, 2013; Kennedy et al.,
2014). During the early to middle Albian planktonic fora-
minifera diversified rapidly with the continuous increase
in morphological complexity and the appearance of newly
evolving lineages all characterized by novel morphologi-
cal and wall texture features.

The Early Cretaceous biozonal scheme currently
adopted is based on the work by Moullade (1966) imple-
mented and/or modified according to subsequent biostrati-
graphical studies or syntheses by Longoria (1977), Sigal
(1977), Salaj (1984), Caron (1985), Gorbatchik (1986),
Banner et al. (1993), Coccioni and Premoli Silva (1994),
Robaszynski and Caron (1995), BouDagher-Fadel et al.
(1997), Moullade et al. (2005), and Premoli Silva et al.
(2018).

The subsequent pattern of evolutionary changes in the
planktonic foraminifera from the Cenomanian to the
Turonian corresponds to increased speciation and enlarge-
ment in test size of trochospiral keeled and unkeeled taxa
and mirror the overall trend of rising sea level and global
warming and increase of the density gradient within the sur-
face water. After the maximum Late Cretaceous global
Warmth registered in the early Turonian, and a relatively sta-
sis from the late Turonian to the early—middle Coniacian,
planktonic foraminifera underwent a major compositional
changes in the late Coniacian—Santonian marked by high
rates of species diversification and the appearance of newly
evolved keeled, biserial, and multiserial taxa (e.g., Wonders,
1980; Caron and Homewood, 1983; Hart, 1999; Premoli
Silva and Sliter, 1999). The radiation in the Ilate
Coniacian—Santonian time interval is followed by extinc-
tions of some keeled taxa in the latest Santonian—earliest
Campanian. In general, the Coniacian—Santonian time
interval represents the transition from the mid-Cretaceous
extreme greenhouse to more temperate climatic conditions in
the Campanian—Maastrichtian that determined the onset of
climatic bioprovinces. As a consequence, distinct biozonation
schemes for the Tethyan, Boreal, Austral, and Transitional
Provinces have been developed (e.g., Caron, 1985;
Nederbragt, 1990; Huber, 1992; Premoli Silva and Sliter,
1999; Robaszynski and Caron, 1995; Li et al., 1999,
Petrizzo, 2003; Campbell et al., 2004).

The Late Cretaceous biozonal scheme currently adopted
is based on Caron (1966), Pessagno (1967), Robaszynski
et al. (1984, 1990, 2000), Robaszynski and Caron (1979),
Masters (1977), Robaszynski and Caron (1995), Premoli

Silva and Sliter (1995) and implemented and/or modified
according to studies by Tur et al. (2001), Petrizzo (2000,
2001, 2003, 2019), Bellier and Moullade (2002), Lamolda
et al. (2007), Petrizzo and Huber (2006), Gonzalez-Donoso
et al. (2007), Huber et al. (2008), Gale et al. (2011), Petrizzo
et al. (2011, 2015, 2017), Pérez-Rodriguez et al. (2012),
Elamri and Zaghbib-Turki (2014), Coccioni and Premoli
Silva (2015), Haynes et al. (2015), Huber et al. (2017).

The taxonomy of Early and Late Cretaceous plank-
tonic foraminifera is currently under revision using a
more systematic and evolutionary framework by the
Mesozoic Planktonic Foraminiferal Working Group that
has produced a taxonomic database (pforams@mikrotax)
available online at http://www.mikrotax.org (see Huber
et al., 2016 for further details).

27.2.1.2.4 Benthonic foraminifera and calpionellids

A detailed suite of correlations of smaller and larger ben-
thic foraminifera datums to ammonoid zones is partially
established (e.g., Magniez-Jannin, 1995; Arnaud-Vanneau
and Bilotte, 1998), although these zonations are mainly
applicable to European basins.

Calpionellids are enigmatic pelagic microfossils
with distinctive vase-shaped tests in thin-section.
Calpionellids appeared in the Tithonian and vanished in
the latest Valanginian or earliest Hauterivian (Remane,
1985), and their abundance in carbonate-rich shelf to
basinal settings within the Tethyan realm enables bio-
stratigraphic correlation prior to the increase in the
diversity of planktonic foraminifera. Six standard zones
(Allemann et al., 1971) with finer subdivisions (e.g.,
Remane et al., 1986) provide the basic framework for
interregional correlation (summarized by Remane,
1998). There are variations upon this basic framework
(e.g., Pruner et al., 2010), but a nomenclature using
lettered-zones is a common system.

27.2.1.2.5 Calcareous nannofossils

The Cretaceous Period was named for the immense chalk
formations that blanket much of northwestern Europe,
and the main components of this chalk are calcareous
nannofossils. Following their rapid surge in abundance at
the end of the Jurassic (e.g., Caselleto et al., 2010), cal-
careous nannofossils remained ubiquitous throughout the
Cretaceous and Cenozoic in all oceanic settings and sedi-
ments above the carbonate dissolution depth.

Calibration of major calcareous nannofossil datums to
ammonoid zones or magnetic polarity zones is established for
several intervals in the Tethyan and Boreal Realms (e.g.,
Lower Cretaceous of Tethyan realm by Bergen, 1994;
Bralower et al., 1995; Erba et al., 1999; Channell et al., 2000,
2010); Lower Cretaceous of Subboreal—Boreal realm by
Bown et al., 1998; Upper Cretaceous by Burnett et al., 1998;
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von Salis, 1998; Huber et al., 2008; Corbett et al., 2014). The
calibrations for the zonations are a synthesis of selected zonal
scales and markers.

27.2.1.2.6 Organic and siliceous microfossils

Organic-walled cysts of dinoflagellates have been corre-
lated directly to ammonoid zones in the Tethyan realm
for Berriasian through Turonian, and in the Boreal realm
for Berriasian through Aptian (compiled by Monteil and
Foucher, 1998). In some intervals, these widespread dino-
flagellate cysts have aided to resolve uncertainties in
interregional correlations [e.g., earliest Cretaceous between
Sub-Boreal and Boreal realms by Harding et al., 2011;
Barremian—Aptian between Tethyan and Austral realms
by Oosting et al., 2006).

Siliceous radiolarians (pelagic sediments), charophytes
(brackish-water algae tests), and calcareous algae have a rela-
tively lower resolution set of datums and zones compared to
other Cretaceous microfossil groups (e.g., respective syntheses
by De Wever, 1998; Riveline, 1998; Masse, 1998). Siliceous
diatoms evolved in the Jurassic but did not undergo a major
evolutionary radiation until the mid-Cretaceous, especially
after the Cenomanian—Turonian boundary (e.g., Round et al.,
1990; Sinninghe Damsté et al., 2004).

27.2.2 Terrestrial biostratigraphy

It is beyond the scope of this chapter to make a thorough
review of terrestrial biostratigraphy, and only a few high-
lights will be mentioned. Authoritative books on this topic
include Lucas et al. (1998), Woodburne (2004), and
Kemp (2005).

Dinosaurs, the most renowned group of Cretaceous
vertebrates, provide only a broad biostratigraphy (Lucas,
1997). Early Cretaceous sauropods were smaller, but
ornithopods (such as Iguanodon) were larger than their
Jurassic cousins. Stegosaurs, iguanodontids, hypsilopho-
dontid ornithopods and sauropods (except in South
America) were nearly extinct by the end of the Early
Cretaceous. The rapid diversification of angiosperms
(flowering plants) displaced gymnosperms in the mid-
Cretaceous and was probably a major factor in the evolution
of the suite of hadrosaurid ornithopods, ceratopsians and
ankylosaurs browsers. This suite and their tyrannosaurid and
coelurosaurian theropod predators were dramatically termi-
nated at the end of the Cretaceous.

The Yixian Formation in China is famous for the
well-preserved Jehol Biota (plants, birds, terrestrial life).
Radioisotope dating suggests a Barremian to early Aptian
age for the main Yixian Formation fossil localities. The
Jehol Biota and other localities indicate that placental and
marsupial mammals appeared in the later part of the
Early Cretaceous. The North American mammal age
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“Judithian” began in early Campanian (e.g., Jinnah
et al., 2009), and the earliest NALMA of “Aquilan” is
possible of Santonian age.

27.2.3 Physical stratigraphy

27.2.3.1 Magnetostratigraphy
27.2.3.1.1 Cretaceous portion of M-sequence

The M-sequence of marine magnetic anomalies formed from
the Late Jurassic to the earliest Aptian. Several biomagnetostra-
tigraphic studies have correlated Early Cretaceous calpionellid,
calcareous microfossil, and dinoflagellate datums to the
M-sequence polarity chrons (e.g., Channell and Grandesso,
1987; Channell et al., 1987, 1993, 1995b, 2000, 2010; Ogg,
1987, 1988; Speranza et al, 2005; Pruner et al., 2010).
Correlation of Tethyan ammonite zones to the M-sequence
have been achieved for the Berriasian spanning Chrons
M18—MI15 (Galbrun, 1984), the Berriasian—Valanginian
boundary interval spanning M15—M13 (Ogg et al., 1988;
Aguado et al., 2000), and less-precise calibrations for portions
of the Hauterivian—Barremian interval of Chron M10N to M1
(Cecca et al., 1994; Channell et al., 1995a; Sprovieri et al.,
2006). Cycle-calibrated durations of polarity zones in some of
these sections indicate a fairly constant spreading rate for the
Hawaiian magnetic lineations during the Valanginian through
Barremian (e.g., Sprovieri et al., 2006). Polarity zone MOr is a
primary marker associated with the proposed GSSP at the base
of the Aptian. Andesite volcanic beds in the lower Yixian
Formation of China, which are interpreted as eruptions during
a reversed-polarity episode, have an Ar—Ar date of
122.0 = 0.5 Ma (He et al., 2008), which may indicate a corre-
lation to either Chron MOr or Mlr in the GTS2020 age model.
When coupled with a spreading rate model for the Pacific
magnetic lineations within each individual stage (see Ogg,
2020, Ch. 5: Geomagnetic polarity time scale, this book), these
correlations partly constrain the relative duration of each
ammonite zone within the Berriasian, Hauterivian and
Barremian stages.

Correlation of Boreal ammonite zones to the M-
sequence has been directly achieved only for the equiva-
lent of uppermost Tithonian and Berriasian in Siberia
(Housa et al., 2007) and indirectly for the equivalent of
the Berriasian Stage in the Purbeck beds of southern
England (Ogg et al., 1991, 1994).

27.2.3.1.2 Reported brief subchrons within Aptian
and Albian

An extended 40-Myr normal-polarity Chron C34n or
“Cretaceous Normal Polarity Superchron” spans the early
Aptian through middle Santonian. Brief reversed-polarity
chrons have been reported from three intervals—middle
Aptian, middle Albian, and mid-late Albian—especially
within drilling cores of deep-sea sediments. However,
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none of these proposed subchrons have been unambigu-
ously interpreted from marine magnetic anomaly surveys
nor have M”-2r” or M”-3r” been verified in outcrop sec-
tions. The following summary is revised from GTS2012;
and the reported possible placement relative to microfossil
zones is illustrated in Fig. 27.9. Ryan et al. (1978) pro-
posed a negative numbering for these three “pre-MOr”
reversed-polarity events or clusters of events:

1. M"-1r" in middle Aptian with a biostratigraphic age near
the base of the Globigerinelliodes algerianus planktonic
foraminifer zone (Pechersky and Khramov, 1973;
Jarrard, 1974; VandenBerg et al., 1978; Keating and
Helsley, 1978a,b,c; Hailwood, 1979; VandenBerg and
Wonders, 1980; Lowrie et al., 1980; Tarduno et al.,
1989; Ogg et al., 1992). This subchron has also been
called the “ISEA” event from an Italian outcrop sample
code (Tarduno et al., 1989) and has an estimated dura-
tion of less than 100,000 years (Tarduno, 1990). Based
on cycle stratigraphy, the base of this foraminifer zone is
at approximately 122 Ma in the GTS2012.

2. M"-2r" set of Middle Albian events near the boundary
of the Biticinella breggiensis and Ticinella primula
planktonic foraminifer zones (Keating and Helsley,
1978a; Jarrard, 1974; VandenBerg and Wonders,
1980; Tarduno et al., 1992; Shipboard Scientific Party,
1998; Ogg and Bardot, 2001).

3. M"-3r" set in Late Albian (Green and Brecher, 1974;
Jarrard, 1974; Hailwood, 1979), which may occur at
the end of the Praediscosphaera cretacea or within
the Eiffellithus turriseiffeli nannoplankton zones
(Tarduno et al., 1992).

Another reversed-polarity event, possibly near the
Aptian—Albian boundary, has been reported within basalt
flows with a radioisotopic date of 113.3 = 1.6 Ma (Gilder
et al., 2003) but has not yet been verified by other studies.

27.2.3.1.3 Cretaceous portion of C-sequence

Polarity Chrons C33r through lower C29r have been corre-
lated to microfossil and nannofossil datums from basal
Cenomanian to the base of the Cenozoic (e.g., Alvarez
et al., 1977; Lowrie and Alvarez, 1977; Huber and Leckie,
2011). This polarity time scale has been partly calibrated in
the North American Western Interior seaway to regional
ammonoid zones and an array of “’Ar/*°Ar dates from ben-
tonites (e.g., Obradovich, 1993; Hicks and Obradovich,
1995; Hicks et al., 1995, 1999; Lerbekmo and Braman,
2002), and Chrons C32—C29 have been scaled from cycle
stratigraphy in ocean-drilling cores (Herbert et al., 1995;
Husson et al., 2011; Thibault et al., 2012) (see tables in
Chapter 5: Geomagnetic polarity time scale, and Speijer
et al., 2020, Ch. 28: The Paleogene Period, this book).
The base of Chron C33r was reported as being within

the regional “upper Santonian” of England (Montgomery
et al., 1998), but this polarity reversal is now being con-
sidered to mark the base of the Campanian. The ages on
the Campanian—Maastrichtian portion of the C-sequence
constrain the synthetic age-distance model for the mag-
netic anomalies of the South Atlantic (revised from
Cande and Kent, 1992, 1995; see Ogg, 2020, Ch. 5:
Geomagnetic polarity time scale, this book).

27.2.3.2 Geochemical stratigraphy

27.2.3.2.1 Carbon stable isotopes and
carbon-enrichment episodes

Several significant excursions in the carbon cycle, called
OAE:s, punctuate the Cretaceous stratigraphic record, of
which the early Aptian OAEla and latest Cenomanian
OAE2 events are the most significant global events
(Jenkyns, 2010). Many of the major excursions (>1.5
per mil) in 8'°C are associated with widespread organic-
rich sediments and changes in facies indicating drowning
of carbonate platforms, and many appear to be preceded
by or coincide with the eruption of major flood basalts
(large igneous provinces: LIPs) that provided a source of
the excess carbon (e.g., reviews and syntheses by
Weissert et al., 1998; Jenkyns, 1999, 2010, 2017; Larson
and Erba, 1999; Erba, 2004; Wortmann et al., 2004). In
some cases, relatively elevated concentrations of mercury
in black shales are considered a fingerprint of coincident
volcanic activity (e.g., Scaife et al., 2017). The middle
Cretaceous concentrations of black shales, which are the
source rocks for over a quarter of current hydrocarbon
deposits, were originally considered as indications of
widespread oceanic anoxia (e.g., Schlanger and Jenkyns,
1976; Jenkyns, 2017). Enhanced oceanic productivity and
carbon flux to the seafloor, perhaps in response to ultra-
greenhouse conditions, as well as improved preservation
of organic matter, are considered as first-order controls
(e.g., Hochuli et al., 1999; Leckie et al., 2002; Jenkyns,
2010). The nomenclature for the main events is partly
derived from distinctive European organic-rich horizons
and some have an OAE numbering (Fig. 27.1).

1. Weissert Event. The Late Valanginian positive §6°C
excursion of ~2 per mil has an onset in the mid-
Valanginian (base of S. verrucosum ammonite zone),
peaks in the following Neocomites peregrinus ammonite
zone, and returns to background levels at the beginning
of the Hauterivian (Lini et al., 1992; Channell et al.,
1993; Weissert et al., 1998; Martinez et al., 2015). The
excursion approximately coincides with the early phases
of eruption of the Paranai—Etendeka LIP of South
America and Namibia (Erba et al., 2004; Martinez et al.,
2015). The onset of this excursion is heralded by four
thin organic carbon-rich layers (“Barrande” layers



B1—B4) in the Vocontian basin of southeastern France
(Reboulet, 2001; Reboulet et al., 2003).

. Faraoni Event. A latest Hauterivian organic-enrichment
episode during the Pseudothurmannia catulloi ammonite
subzone (middle of Pseudothurmannia ohmi Zone) is
documented by a pair of organic-rich sediments in
Mediterranean and Atlantic pelagic sections (Bodin
et al.,, 2006). It coincides with only a relatively minor
positive §'13C excursion (e.g., Baudin et al., 1997, 1999;
Coccioni, 2003; Follmi et al., 20006).

. Selli Event (OAEIa) with a complex §'"°C signature that
begins in the Lower Aptian Deshayesites forbesi
ammonite zone has been extensively studied. The
organic-rich “Selli” event (called Goguel level in SE
France) in the lower portion of the Leopoldina cabri
foraminiferal zone is typically preceded by a sharp nega-
tive followed by a major positive excursion in §°C (e.g.,
Menegatti et al., 1998; Weissert and Lini, 1991;
Weissert et al., 1998; Mutterlose and Bockel, 1998;
Moullade et al., 1998b; Hochuli et al., 1999; Larson and
Erba, 1999; Leckie et al., 2002; Renard et al., 2005) and
a global nannoconid crisis, represented by a major
decrease of these rock-forming calcareous nannofossils,
precedes and continues through the main level of black
shale (e.g., Erba, 1994, 2004). The beginning of this
OAEla Selli event appears to be synchronous with the
main eruptive phase of the massive Ontong Java Plateau
flood basalts in the eastern equatorial Pacific. The major
positive-isotope excursion continues into the early Late
Aptian. A relatively minor organic-rich “Noir” bed at the
base of the Upper Aptian E. martinoides ammonite zone
in the reference sections in southeastern France occurs at
the level of the top of the main positive-isotope peak,
and another minor “Fallot” organic-rich level occurs at a
minimum in §'*C near the top of that ammonite zone
(Follmi et al., 2006).

. OAEID cluster. A complex multiphase set of mostly
negative §'°C excursions spanning the Aptian— Albian
boundary interval contains widespread organic-rich
layers in the reference sections of southeastern France—
the Jacob, Kilian, Paquier (called Urbino in Italy),
Leenhardt, and 1’Arbouysse Events (Bréheret, 1988;
Weissert and Bréheret, 1991; Herrle et al., 2004; Gale
et al., 2011). The confusing designation of OAE1b has
been applied either to all or to only part of this interval,
especially the Paquier level. Cyclostratigraphic studies
have quantified the placement of the Jacob, Kilian, and
Pacquier/Urbino events as approximately 36, 31, and
26.5 long-eccentricity 405-kyr cycles prior to the base-
Cenomanian, respectively (e.g., Fiet et al., 2001; Grippo
et al., 2004; Huang et al., 2010; Gale et al., 2011).

. Jassines Event (Gale et al., 2011), Middle Albian,
possibly correlative with OAElc of authors, which
may or may not correspond with the organic-rich
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“Amadeus” layer (after Mozart) or “Toolebuc” level
(e.g., Leckie et al., 2002; Coccioni, 2003).

. Albian—Cenomanian Boundary Event (Jarvis et al.,

2006; Gale et al., 2011), a series of four positive
§'3C  excursions called the Albian/Cenomanian
Boundary Event (the lower part coinciding locally
with a set of organic-rich “Breistroffer” or “Pialli”
layers). The record of this event extends from the
perinflatum Subzone of the Albian to the M. mantelli
Zone of the Cenomanian: it has been referred to as
OAEIld (Gambacorta et al., 2015).

. Middle Cenomanian Event. A minor but distinctive,

brief double positive peak is widely recognized in
the C. inerme and basal A. rhotomagense zones in
Europe and North America (Jenkyns et al., 1994;
Paul et al., 1999; Coccioni and Galeotti, 2003; Gale
et al., 2007; Zheng et al., 2016; Eldrett et al., 2015)
and is also found in Tibet (Li et al., 2006). This
interval is locally represented by a thin, laminated
dark marl in Tethyan sections (Gale, 1995).

. OAE2 (Bonarelli Event, Thomel Event). Cenomanian—

Turonian boundary excursion spans the Metoicoceras
geslinianum to W. devonense ammonite zones, with the
peak in uppermost Cenomanian (e.g., Schlanger et al.,
1987; Jenkyns et al., 1994; Kerr, 1998; Jenkyns, 1999,
2010; Jarvis et al., 2011; Gale et al., 2019a). The associ-
ated organic-rich levels are named Bonarelli in central
Italy, Thomel in southern France, and Bahloul in Tunisia.
The excursion has a distinctive form, comprising an initial
rapid rise in §'°C values, locally with minor positive
excursions (the precursor events), then a brief fall, which
coincides with the southerly migration of a Boreal fauna
(the Plenus Cold Event; Gale and Christensen, 1995;
Zheng et al., 2013; O’Connor et al., in press), and subse-
quent rise to a plateau in the upper geslinianum and juddii
zones, and fall into the lowermost Turonian.

Above the Cenomanian—Turonian boundary,
detailed study of the English chalk provided a very
high-resolution carbon-isotope succession up to the level
of the lower Campanian, including numerous minor
excursions, many of which were named (Gale et al.,
2008; Jarvis et al., 2006). The discovery that the same
excursions are present in the Western Interior Basin (Joo
and Sageman, 2014) and in Japan (Takashima et al.,
2019) significantly increases their correlative value. The
carbon-isotope  stratigraphy of the Campanian and
Maastrichtian was described in detail by Voigt et al.
(2012) from sections in central Italy, northern Germany,
southwest France, and eastern England.

. Holywell Event (Jarvis et al., 2006). A short, but dis-

tinctive positive excursion in the low Turonian
Fagesia catinus Zone, which goes against the trend
of overall falling values after OAE2. This is recorded
widely, from the United Kingdom (Jarvis et al.,
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2006), western France (Kennedy and Gale, 2015),
southern France (Gale et al., 2019a), the Western
Interior of the United States (Joo and Sageman,
2014), and Japan (Takashima et al., 2019).

Round Down Event (Jarvis et al., 2006). A minor posi-
tive carbon-isotope excursion (+0.4 ppt) in the mid-
Turonian, marking the base of a significant overall fall
in §'*C values, falls approximately at the base of the
Romaniceras ornatissimum ammonite zone.

Pewsey Event (Gale et al., 2008; Jarvis et al., 2006). A
minor positive 6'°C excursion low in the Upper
Turonian (S. neptuni Zone) set against an overall falling
trend. It is identified in Germany (Wiese and Kaplan,
2001), the Western Interior Basin (Joo and Sageman,
2014), and Japan (Takashima et al., 2019).

Hitch Wood Event (Gale et al., 2008; Jarvis et al.,
2006). A major positive carbon-isotope excursion in
the Upper Turonian, with the peak in the upper S.
neptuni Zone. The event is also present in northern
Germany (Wiese, 1999), Spain and Italy (Stoll and
Schrag, 2000), Japan (Takashima et al., 2019), and
the Western Interior Basin (Joo and Sageman, 2014),
and Japan.

Navigation Event. A broad negative §'°C excursion
whose minimum falls in the uppermost Turonian
Forresteria petrocoriense Zone (Jarvis et al.,
2006) at the level of the Navigation Marls in the
United Kingdom succession. Recorded possibly in
the Western Interior Basin (Joo and Sageman,
2014) and Japan (Takashima et al., 2019).

White Fall Event (Jarvis et al., 2006). There is an
overall rise in values through the Lower and Middle
Coniacian, which culminate in a peak within the lower
part of the range of the inoceramid Volviceramus
involutus. Recorded in the Western Interior Basin (Joo
and Sageman, 2014).

Horseshoe Bay Event (Jarvis et al., 2006). A minor
but distinctive positive event that occurs beneath the
FO of Uintacrinus. It is also identified in northern
Germany and at Gubbio (Thibault et al., 2016).
Buckle Event (Jarvis et al., 2006). A minor but distinc-
tive negative §'°C excursion that occurs at the base of
the U. socialis Zone in England and Germany and can
also be identified at Gubbio, Italy (Thibault et al., 2016).
Santonian—Campanian  Boundary Event (Jarvis
et al., 2006; Thibault et al., 2016). A double positive
6'°C excursion of nearly 1%, that occurs within and
just above the Marsupites zones. Also identified in
the WI Basin (Joo and Sageman, 2014), in northern
Germany and at Gubbio (Thibault et al., 2016) and
in Japan (Takashima et al., 2019).

Late Campanian Event (Voigt et al., 2012). A dis-
tinctive negative excursion, partly coterminous with
the R. calcarata Zone, has been found extensively in

Europe, from Germany and Denmark, the Trunch
borehole, the United Kingdom, Tercis, France,
Gubbio, Italy, and Tibet (Li et al., 2000).

19. Campanian—Maastrichtian Boundary Event (Voigt
et al., 2010, 2012). A prominent negative carbon-
isotope shift lasting approximately 2.5 Myr, with a
detailed structure, which has been recorded exten-
sively across northwest Europe (Germany, Denmark,
the United Kingdom), at Gubbio, Italy, and is
recorded from both the Pacific and Atlantic Oceans.

20. Mid-Maastrichtian Event. Lower Maastrichtian
values climb to a double §'3C peak, close to the base
of magnetochron C31n, between the LO of
Rheinhardites laevis and the FO of Lithrapidites
quadratus (Voigt et al., 2012).

21. K—Pg Event. The K—Pg boundary is associated with a
short-lived negative §'3C excursion (Voi gt et al., 2012).

OAES3, initially described by Scholle and Arthur (1980),
has been described from the Atlantic region (Wagerich, 2012)
and identified in the Upper Coniacian of the Western Interior
Basin by Joo and Sageman (2014), but it is not a discrete
event. In addition to the excursions listed above, Jarvis et al.
(2006) named numerous minor carbon-isotope excursions
within the Cenomanian to Campanian interval, the lateral
extent of which is not known. Increasing numbers of studies
on carbon-isotope stratigraphy will extend and refine the
record in the near future.

27.2.3.2.2 Oxygen stable isotopes and
other climate proxies

In the Cenozoic, §'®0 provides an accurate record of oce-
anic temperature, but problems of diagenetic alteration of
foraminferan tests (Pearson et al., 2001; Wilson et al.,
2002; see review by Pearson, 2012) mean that values
have commonly been reset to cooler values, especially in
older sediments. Work on exceptionally preserved
“glassy” material demonstrates the great value of these
(Huber et al., 1995, 2002). Although the actual tempera-
ture values derived from oxygen isotopes may be conten-
tious, the trends are not, and when compared with data
derived from the organic molecule TEXgs, provide an
accurate record of Cretaceous climate trends (O’Brien
et al., 2017). Additional evidence from cool-water indica-
tors, such as pseudomorphs after ikaite, called glendo-
nites, provide additional evidence of colder periods.

Early work on bulk oxygen isotopes from the English
chalk (Jenkyns et al., 1994) and phosphate from Israeli
shark teeth (Kolodny and Raab, 1988) demonstrated a
clear temperature pattern through the Late Cretaceous,
with warming up to the Cenomanian—Turonian boundary,
followed by gradual progressive cooling, which acceler-
ated in the Maastrichtian. This pattern is now corrobo-
rated by data from TEXgs, and a much more extensive



§'%0 dataset extending back to the Aptian (O’ Brien et al.,
2017). The Early Cretaceous story is more problematic;
§'%0 shows a progressive warming through the Albian
and Cenomanian from low temperatures in the Late
Aptian, whereas TEXgs demonstrates more variability,
including a warm peak in the Early Aptian.

The occurrences of ikaite pseudomorphs in the
Cretaceous have been taken as evidence of cool periods,
because the mineral only forms at very low temperatures
(Price, 1999). These occurrences are concentrated in the
Valanginian, Aptian, Albian and Maastrichtian, and have
been taken as supporting evidence for high-latitude glacia-
tion during these intervals. This is supported by evidence
for larger magnitude sea-level changes during these times
(Ray et al., 2019).

27.2.3.2.3 Strontium and osmium isotope ratios

The marine ¥'Sr/*Sr record displays a progressive rise from
the Berriasian to a maximum of 0.707493 in the Barremian
P. elegans ammonite zone (see McArthur et al., 2020, Ch 7:
Strontium isotope stratigraphy, this book). If one assumes that
this was a quasilinear trend through the Valanginian and
Hauterivian, then the relative duration of each ammonite zone
and its subzones can be estimated from the reference sections
in southeastern France (McArthur et al., 2007).

The Strontium-isotope ratio decreases to a pro-
nounced minimum of 0.707220 just before the Aptian/
Albian boundary, rises sharply during the early Albian,
flattens to a broad maximum through the mid-to-late
Albian, then declines to a late Turonian minimum of
approximately 0.707275. From this Turonian minimum,
it rises to 0.707830 at the end of the Cretaceous (Jones
and Jenkyns, 2001).

These ®’Sr/*°Sr trends enable global correlation and
relative dating (e.g., McArthur et al., 1993), except on
the cusps of reversals [Aptian/Albian boundary, Late
Turonian, middle Barremian (sensu lato) or where the
curve is relatively flat (e.g., mid-to-late Albian)]. For
example, the age of the Campanian—Maastrichtian was
calibrated in GTS2004, using 87Sr/%%Sr curve correla-
tions between Kronsmoor, Germany, and the US
Western Interior (chapter on Cretaceous in GTS2004).

27.2.3.3 Cyclostratigraphy

The ideal Cretaceous time scale encompasses a full record of
the sedimentary expressions of every long (405 kyr) eccentric-
ity cycle, the only available stable tuning target from the astro-
nomical solution beyond 52 Ma (Laskar et al., 2011; Zeebe,
2017), with additional tie-points provided by the identification
of very long (~1.2 or ~2.4 Myr) eccentricity minima in the
geologic record. Currently, the construction of a fully 405 kyr
tuned time scale for the Cretaceous is limited by (1) the avail-
ability of cyclic successions and the resolution of
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cyclostratigraphic studies; (2) the difficulty in determining
phase relationships between orbital forcing and sedimentary
response; and (3) the availability of radioisotopic dates and dif-
ficulties in correlating cyclic successions to available numeric
age control. Despite these challenges, there is increasing con-
sistency between cyclostratigraphically obtained durations and
available radioisotopic date control, as well as between cyclos-
tratigraphic studies. This section presents the state-of-the-art of
the Cretaceous astronomically tuned time scale with a selection
of cyclostratigraphic studies used for the scaling of the
GTS2020 bio-magnetostratigraphy. It is also important to note
that lithological time-series are preferable to those based on
§'3C, because lithology directly reflects climatic events, with
no phase difference or lag time.

Cyclostratigraphy is only really of value in time scale con-
struction when it is fully integrated with other well established
stratigraphical data including magnetostratigraphy, biostratig-
raphy, and chemostratigraphy (Hilgen et al., 2014), and con-
strained by high-resolution radioisotopic dates.

27.2.3.3.1 Berriasian—Barremian Stages

Many important studies of cyclostratigraphy of this interval are
based on the conspicuously rthythmic limestone—marl succes-
sions developed in the Vocontian Basin, SE France, and east-
ern Spain (e.g., Cotillon, 1987; Cotillon et al., 1980; Sprenger
and ten Kate, 1993; Fiet et al., 2006; Martinez et al., 2012,
2013, 2015). However, problems exist with the Berriasian
Stage in SE France, because of penecontemporaneous slump-
ing (Pasquier and Strasser, 1997). In addition, the paper by
Sprenger and ten Kate (1993) only studied approximately the
uppermost third of what would now be considered to be
Berriasian. The detailed studies of Martinez et al. (2012, 2013,
2015) identified a complete sequence of 405-kyr eccentricity
cycles for the Valanginian and Hauterivian stages, which were
fully integrated with ammonite, nannofossil, and carbon-
isotope stratigraphy. The proposed durations from these studies
for the Valanginian-Hauterivian stages and of Tethyan ammo-
nite zones within those stages is used in GTS2020 (Fig. 27.9).
Intercalibration to sections in Argentina with radioisotopic
dates provide evidence that the Hauterivian—Barremian bound-
ary fell at 126.07 = 0.25 Ma. There is currently no reliable
study on the cyclostratigraphical duration of the Berriasian
Stage, but several studies provide a likely duration of
4—5 Myr (e.g., Kietzmann et al., 2015). Similarly, the entire
Barremian Stage currently remains unstudied in detail, but
there is evidence from cycle counting that the stage lasted
approximately 5.1 Myr (Fiet et al., 2006). Cyclostratigraphy
studies on Spanish reference sections have enabled a prelimi-
nary scaling of Tethyan ammonite zones of the Barremian
(Martinez et al., 2020), and a modifed version is used in
GTS2020 (Fig. 27.9).

The cyclostratigraphic dataset from the Greenland—
Norwegian sea used by Huang (2018) to calibrate the
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Tithonian to Barremian interval remains unpublished, and the
log does not show any primary bio- or chemostratigraphical
data. Therefore we do not consider it in the present study.

27.2.3.3.2 Aptian—Aptian Stages

Much of the tuning of Aptian—Albian time has been
based on the Piobboco core, drilled into pelagic and
hemipelagic strata in the Umbria—Marche Apennines,
central Italy (Herbert et al., 1995; Grippo et al., 2004).
Grippo et al. (2004) used image-processed photos to gen-
erate spectra, and identified 26 405-kyr cycles through the
Albian, with older levels providing only poor spectra
(their Fig. 15). Gale et al. (2011) correlated the 405-kyr
cycles into the succession of the Vocontian Basin with
the aid of planktonic foraminiferans and used this to
calibrate the duration of ammonite zones for the Albian
and is used in GTS2020 (Fig. 27.9). The presence of 32
405-kyr eccentricity cycles in the Albian of the Piobboco
core matches well radioisotopic estimates for the duration
of the stage.

Huang et al. (2010) studied the lower part of the
Piobbico core, and from the 405-kyr cycles which they
identified estimated the base of the Aptian Stage (base of
Chron MOr) to fall at 125.45 Ma. This date was subse-
quently modified by the changed estimate for the age of
the base-Cenomanian and used in GTS2012 (Ogg et al.,
2012) to place the base of the Aptian at 126.3 Ma.
However, three independent lines of evidence cast doubt
on this conclusion. The first is the placement of the
Hauterivian—Barremian boundary, based on radioisotopic
dates, at 126.02 Ma (Martinez et al., 2015). The second is
new radioisotopic dates from the Svalbard, which place
the Barremian—Aptian boundary at 121—122 Ma
(Midtkandal et al., 2016). The actual date by Midtkandal
et al. (2016) of 123.10 = 0.3 Ma has now been revised by
Zhang et al. (2019) to be of mid-Barremian age in the
upper half of Mlr, casting severe doubt on a 126 Ma age
of Chron MOr. In addition, new spreading rate estimates
change the date of the base Aptian (base of Chron MOr)
to 121.5 Ma (Malinverno et al., 2012). There is evidently
a problem with the cyclostratigraphical interpretation of
the lower part of the Piobboco core. Ghirardi et al. (2014)
applied cyclostratigraphy analysis to the middle Aptian
interval of sections in the Vocontian Basin of SE France
which have ammonite zones and carbon-isotope stratigra-
phy (Herrle et al., 2004; with revised ammonite zones by
Luber et al., 2017, 2019), and this scaling is used for the
middle Aptian in GTS2020 (Fig. 27.9).

The duration of Oceanic Event OAEla was estimated
using cyclostratigraphy at 1.0—1.3 Myr (Li et al., 2008)
with a rapid, short-lived initial negative excursion lasting
between 27 and 44 kyr. The duration was further con-
strained by Malinverno et al. (2010) to 1.1 =0.11 Myr.

27.2.3.3.3 Cenomanian—Turonian Stages

Reliable radioisotopic dates for the base of the Cenomanian
(99.8 = 0.4 Ma; Obradovich et al., 2002, Japan), assigned on
more evidence to 100.5 =0.14 Ma, and the base of the
Turonian (93.9 Ma; Meyers et al., 2012) imply that the dura-
tion of the stage was near 6 Myr. Cyclostratigraphic esti-
mates of the duration of the Cenomanian based on the
pelagic succession in the Italian Appennines vary from
6.0 = 0.5 (Herbert et al., 1995) to 5.4 Myr (Sprovieri et al.,
2013). The estimate of Gale (1995) of 4.45 Myr was based
on sections that are now known to contain multiple hiatuses.
Gale et al. (1999) estimated the Middle and Late
Cenomanian to span 3 Myr.

Several cyclostratigraphic studies (Batenburg et al.,
2016; Gale et al., 1999; Eldrett et al., 2015) estimate the
duration between the onset of the carbon-isotope excur-
sions accompanying the mid-Cenomanian event (MCE)
and OAE2 at 1.9—2.0 Myr. Duration estimates for the
OAE? itself are more problematic, as many sedimentary
environments with rhythmic deposition experienced a
strong change in oxygenation, resulting in potential hia-
tuses in the lithologic record. Nevertheless, recent dura-
tion estimates between the start of the carbon-isotope
excursion and the Cenomanian—Turonian boundary
range from 430 to 560 kyr with most estimates around
500 kyr (Batenburg et al., 2016; Eldrett et al., 2015; Ma
et al., 2014; Meyers et al., 2012; Sageman et al., 2006;
Takashima et al., 2019; Voigt et al., 2008). The com-
bined estimated duration between the MCE and the
Cenomanian—Turonian boundary of ~2.4 Myr agrees
well with radioisotopic date constraints on the first posi-
tive peak of the MCE of 96.21 =0.36 Ma (Batenburg
et al., 2016), and the Cenomanian—Turonian boundary of
93.90 = 0.15 Ma (Meyers et al., 2012). The Cenomanian—
Turonian boundary falls near the maximum of 405-kyr cycle
232 (Batenburg et al., 2016) of the La2011 astronomical solu-
tion (Laskar et al., 2011). Gale (2019b) tentatively identified
405-kyr cycles in the Anglo—Paris Basin, using repetitive
marly levels in the chalk succession, guided by radioisotopic
dates correlated in from the Western Interior of the United
States with ammonites. The upper limit of the Turonian Stage
was discussed by Ma et al. (2019) on the basis of cyclostrati-
graphic analysis of the Iona (89.52 = (0.17 Ma) and Libsack
(89.75 = 0.38 Ma) cores. Sprovieri et al. (2013) obtained a
similar duration of the Turonian stage in the Gubbio section
based on time-series analysis of §'°C data.

27.2.3.3.4 Coniacian—Santonian Stages

Borehole-resistivity and lithostratigraphy of the Niobrara
Formation of the Western Interior Basin tied to North
American ammonite zones in coeval outcrops have been
tuned to short- and long-eccentricity cycles (Locklair and
Sageman, 2008; Sageman et al., 2014). The Coniacian



stage spans 3.4+ 0.13 Myr, and the Santonian spans
2.39 = 0.15 Myr. In the southern English chalk, Thibault
et al. (2016) tuned a long time-series of carbon-isotope
data through the upper Coniacian to lower Campanian
and identified five 405 kyr in the Santonian, giving it a
duration of approximately 2.25 Myr. Thibault et al.
(2016) also matched the record to the La2011 solution in
an attempt to anchor the floating time scale.

27.2.3.3.5 Campanian and Maastrichtian Stages

The Campanian is relatively poorly constrained by cyclos-
tratigraphic studies, due to the long length of the stage,
the paucity of rhythmic records, and difficulties in corre-
lation due to provincialism of faunas and an absence of
major climatic events. The long cyclostratigraphic record
of the Western Interior (Sageman et al., 2014) extends
four 405-kyr cycles upward into the Campanian, and the
Umbria—Marche Basin record 12 (Sprovieri et al., 2013).
From the Maastrichtian downward, the 405 kyr interpreta-
tion of Site 762C extends 6 405-kyr cycles into the
Campanian (Husson et al., 2011) and a composite of
German successions spans the topmost 14 405-kyr cycles
(Voigt and Schonfeld, 2010), leaving a gap in the middle
Campanian. Rhythmic limestone—marl alternations from
the Mississippi embayment (O’Connor et al., 2020) span
the middle Campanian, but the succession is condensed
near the upper and lower stage boundaries. Nevertheless,
their estimated duration of the Campanian of 12 Myr
(O’Connor et al., 2020) is in good agreement with exist-
ing estimates. For the Maastrichtian, independent cyclo-
stratigraphic studies (Batenburg et al., 2012, 2014, 2018;
Husson et al., 2011; Thibault et al., 2012; Wu et al.,
2014) are in good agreement, supporting a duration of
the Maastrichtian stage of 6.1 Myr. The top of the
Maastrichtian is anchored to the intercalibrated K/Pg
boundary, placed at 66.04 (Renne et al., 2013). Kuiper
et al. (2008) identified the K/Pg as representing a 405-kyr
minimum, which can be correlated to the base of 405-kyr
eccentricity cycle 163 in the La2011 solution (Laskar
et al., 2011).

27.2.3.4 Sequence stratigraphy

Cretaceous marginal-marine to deep-shelf successions
in Europe and North America record an abundance of
basinal and regional transgressions and regressions. At
the largest scale, the Cretaceous strata encompass a sin-
gle transgressive—regressive cycle (the “North Atlantic” cycle
of Jacquin and de Graciansky, 1998). The lower boundary is
a widespread unconformity during Late Berriasian, the trans-
gression peaked in the Early Turonian, and average sea levels
continued to decrease into the Paleocene.
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The common features from an extensive suite of com-
pilations edited by de Graciansky et al. (1998) were
assembled in a comprehensive synthesis and systemati-
cally numbered from the base of each stage (Hardenbol
et al, 1998). Coeval emergent horizons recorded by
Aptian—Albian seamount carbonate platforms in the cen-
tral Pacific Ocean imply that some of these depositional
sequences reflect global eustatic sea-level oscillations
(Rohl and Ogg, 1996). Detailed analysis of facies succes-
sions and biostratigraphic constraints across the Arabian
Plate yielded a detailed sequence stratigraphy for the
Cretaceous (e.g., Sharland et al., 2001, 2004; Simmons
et al., 2007; van Buchem et al., 2011), in which many of
the main features appear to coincide with the
European—American-derived sequence scale. These com-
pilations and additional reference sections were synthe-
sized and recalibrated by Haq (2014) into a revised
eustatic and coastal onlap curve for the Cretaceous (used
in Fig. 27.1). The magnitude and cause of these sea-level
changes during the presumed “supergreenhouse” of the
mid-Cretaceous remain controversial (e.g., Miller et al.,
2003, 2004), and many features require additional verifi-
cation and documentation in multiple reference sections.
See also review in Simmons et al. (2020, Ch. 13:
Phanerozoic eustasy, this book).

Details of the Cretaceous sequence stratigraphy are
continually undergoing refinement, but the major global
oscillations have probably been identified. The main
large-scale deepening and shallowing trends from the
sequence stratigraphy charts (Hardenbol et al., 1998; Haq,
2014) are summarized in Fig. 27.9.

27.2.3.5 Other major stratigraphic events
27.2.3.5.1 Large igneous provinces

At least five major LIPs formed during the Cretaceous.
Most of these appear to be associated with major distor-
tions in the global carbon budget as indicated by excur-
sions in carbon isotopes, widespread organic-rich shales
or “OAE” episodes, increased oceanic carbonate dissolu-
tion, and other changes in climate and oceanic chemistry
(e.g., Larson and Erba, 1999; Jones and Jenkyns, 2001;
Bice et al., 2002). Age constraints and possible feedbacks
from these episodes are reviewed by Wignall (2001) and
Courtillot and Renne (2003); and selected ages are sum-
marized in Tables 27.2 and 27.3.

1. Parand—Etendeka, ~ 136—133 Ma. The early stages
of rifting of the South Atlantic were accompanied by
extrusion of a LIP onto South America (Parana flood
basalts) and smaller fields in Namibia (Etendeka
Traps). The full suite of volcanic activity may have had
multiple pulses that spanned over 10 Myr, but the main
pulse of tholeiitic volcanism appears to be between 135
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and 133 Ma (e.g., Stewart et al., 1996; Gibson, 2006;
Gibson et al., 2006, dates are after adjustment to a
“OAr*°Ar FCS (Fish Canyon sanidine) monitor age of
28.20 Ma). The central Parana volcanic suite spans a
minimum of a triplet of polarity zones (normal-
reversed-normal) (Mena et al., 2006). The onset of the
northern and western Parana volcanics from U—Pb dat-
ing of baddeleyite/zircon is 134.3 = 0.8 Ma (Janasi
et al., 2011). The onset and main eruptive phase of the
Parana—Etendeka flood basalts coincides with the late
Valanginian “Weissert” C-13 positive excursion (e.g.,
Weissert et al., 1998; Erba et al., 2004), which has a

GTS2020 age assignment of ~135 to 133 Ma
(Fig. 27.1).
2. Ontong Java Plateau—Manihiki ~ Plateau, ~ 125—

123 Ma. During the middle of the early Aptian, the largest
series of volcanic eruptions of the past quarter-billion
years built the Ontong Java Plateau and Manihiki Plateau
in the western equatorial Pacific. A series of deep-sea dril-
ling legs documented that the multikilometer-thick series
of volcanic flows forming the Ontong Java Plateau
occurred during a short time span at ~ 125—122 Ma
(e.g., Mahoney et al., 1993; Chambers et al., 2004). A
controversial theory is that its initiation may have been
caused by a bolide impact (IIngle and Coffin, 2004). The
upper portions of the basalt flows are interbedded with
pelagic sediments of the lower portion of the L. cabri
foraminifer zone (Mahoney et al, 2001; Sikora and
Bergen, 2004). A cascade of environmental effects from
the eruption of the Ontong Java Plateau is the suspected
culprit for the organic-rich deposits associated with the
Early Aptian “OAEla” or “Selli” episode which was fol-
lowed by a large positive carbon-isotope excursion (e.g.,
Larson, 1991; Tarduno et al., 1991; Larson and Erba,
1999). However, the c. 120 Ma age for the main OAEla
in the revised GTS2020 age model is difficult to reconcile
with the published dates for those Ontong Java Plateau
basalts; therefore those radioisotopic dates should be
reexamined.

3. Kerguelen Plateau—Rajmahal Traps, ~ 118 Ma. The
Kerguelen Plateau in the southern Indian Ocean is the
second largest oceanic plateau after the Ontong Java
Plateau. The peak of construction of the southern and
largest portion may have been simultaneous with the
eruption of the formerly adjacent Rajmahal Traps of
eastern India at ~118 Ma (reviewed in Wignall,
2001; Courtillot and Renne, 2003). This episode prob-
ably contributed to the broad carbon-isotope excursion
that characterizes the late Aptian. A second eruptive
episode at ~83 Ma enlarged the Kerguelen Plateau
and constructed the Broken Ridge (Courtillot and
Renne, 2003).

4. Caribbean—Colombian Province, ~90Ma. The
Caribbean—Colombian volcanic province is a large

Pacific Ocean plateau that was later emplaced between
the North and South American plates. Its eruption
may have contributed to the end-Cenomanian OAE2
carbon-isotope excursion (e.g., Kerr, 1998); however,
its apparent average age of 89.5 = 0.3 Ma coincides
with the Turonian—Coniacian boundary (Courtillot
and Renne, 2003).

5. Deccan Traps, ~66—65 Ma. The Deccan Traps cover
most of central India. Their eruption peak at ~66 Ma
coincides with the catastrophic termination of the
Cretaceous (Courtillot and Renne, 2003).

In addition to these LIPs, pulses of large-scale volcanism
constructed the Shatsky Rise in the central Pacific during the
earliest Cretaceous (Mahoney et al., 2005), the Madagascar
traps at ~87 Ma (Bryan and Ernst, 2008), and the Sierra
Leone Rise in the central Atlantic at about 73 Ma (Ernst and
Buchan, 2001; Large Igneous Provinces Commission, 2011).

27.2.3.5.2 Major bolide impacts

Five impact craters with diameters greater than 40 km are
currently documented from the Cretaceous (details from
Jourdan et al., 2009; Earth Impact Database, 2018; unless
otherwise noted).

1. Morokweng crater (~70km diameter; or perhaps
originally over 100 km) in the Kalahari desert of
South Africa has a “recommended” age from U—Pb
and *°Ar/*’Ar analyses of 145.2+ 0.8 Ma (Koeberl
et al.,, 1997; Reimond et al., 1999; Jourdan et al.,
2009). This coincides with the Jurassic—Cretaceous
boundary interval, although there is no unambiguous
evidence of a wave of extinctions of this age.

2. Mjplnir crater (~40 km) offshore northern Norway has
an estimated age of c. 142.0 £2.6 Ma (Earth Impact
Database, 2018), and biostratigraphy of regional coring
that indicates the impact was near the Volgian—
Ryazanian boundary interval (Smelror et al., 2001;
Tsikalas, 2005).

3. Tookoonoka crater (~50km) in west Queensland,
Australia, has a poorly constrained age estimated as
128 = 5 Ma.

4. Kara crater (~ 65 km) in the northern Urals of Russia
is dated as 70.3 £ 2.2 Ma.

5. The immense Chicxulub crater (~170km) in
Yucatan, Mexico, that dramatically terminated the
Mesozoic Era at 66.0 Ma.

27.3 Cretaceous time scale

In this section first the GTS2012 is summarized, after
which the data and methods are presented that construct
the current geologic time scale. For the first time a rather
detailed Early Cretaceous dataset is available to spline the



M-sequence, also taking cyclostratigraphic stage durations
into account in the geomathematical analysis. The Albian
through Maastrichtian scale relies on direct dating of
stage and period boundaries and cyclostratigraphic dura-
tion of stages.

27.3.1 Previous scales

The numerical time scale for the Cretaceous consists of three
main “primary scales”—(1) Tethyan ammonite zones of
Berriasian through Barremian are calibrated to the marine
magnetic anomaly M-sequence age model scaled with a
spline-fit, (2) microfossil and ammonite zones in Aptian—
Albian are calibrated to cycle stratigraphy that is constrained
by radioisotopic dates, and (3) North American ammonite
zones of Cenomanian through early Maastrichtian that have
an abundance of interbedded bentonites with radioisotopic
dates are scaled with cycle stratigraphy and a spline-fit. Most
other Cretaceous events are assigned ages according to their
calibration to these primary biostratigraphy scales or via direct
calibrations to the M-sequence or C-sequence chrons.
Cretaceous time scales have been composed, using
this philosophy and methods by Gradstein et al. (2004,
2012) and by Ogg et al. (2008, 2012, 2016). The
GTS2012 scaling is summarized below, after which the
current numerical Cretaceous model will be outlined.

27.3.1.1 Constraints from radioisotopic dates
used in GTS2012

Compared with any other Phanerozoic interval, the Late
Cretaceous has the highest concentration of radioisotopic
dates derived from bentonites interbedded with fossiliferous
limestone. In contrast, the Early Cretaceous has only a few
well-constrained radioisotopic dates; and a selected subset of
the main constraints is briefly reviewed here.

The Tithonian—Berriasian boundary (base of Cretaceous)
is constrained by a “°Ar/*Ar date of 1455+ 0.8 Ma on
reversed-polarity sills intruding earliest Berriasian sediments
on the Shatsky Rise of the Pacific (Mahoney et al., 2005). A
Berriasian—Valanginian age older than ~ 138 Ma is sup-
ported by U—Pb dates from calcareous nannofossil—zoned
sediments in the Great Valley of California (Shimokawa,
2010).

Deposits in the Neuquén Basin of Argentina that are
correlated to the basal ammonite zone of the Upper
Hauterivian substage yielded a U—Pb SHRIMP age of
132.7 = 1.3 Ma (Aguirre-Urreta et al., 2008). Basalts from
Resolution Guyot in the Pacific with reversed-polarity
magnetization interpreted as Chron MS5r or M3r of
Barremian yielded a “°Ar/*’Ar age from whole rock incre-
mental heating of 128.4 = 2.1 Ma (Pringle and Duncan,
1995a), but this method and its biostratigraphy constraints
are not considered to be conclusive.
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Several age dates indicate that the Aptian began at
approximately 126 Ma. The basaltic basement on the
Ontong Java Plateau, which is interbedded and overlain by
limestone assigned to the L. cabri foraminifer zone
(Mahoney et al., 2001; Sikora and Bergen, 2004), yielded
an average “OAr*°Ar age of 124.3 = 1.8 Ma (Chambers
et al., 2004). As noted above, the eruption of this massive
igneous province is considered to be a causal factor in the
OAEla or “Selli” episode of carbon-rich oceanic sediment
accumulation and carbon-isotope excursion that begins at
about 0.5 Myr after the end of Chron MOr (hence about
0.9 Myr after the beginning of the Aptian) and spans about
1.1 Myr (Larson and Erba, 1999; Malinverno et al., 2010).
Dating of reversed-polarity basalts at MIT Guyot in the
Pacific yielded an age of 1254 *0.2Ma (Pringle and
Duncan, 1995b; as recomputed to FCS of 28.201 Ma). The
overlying basalt is a transition into a well-developed soil
that is overlain by transgressive marine sediments contain-
ing early Aptian nannofossils and then capped by a thick
shallow-water carbonate platform. Initially, the reversed-
polarity zone had been interpreted to be the uppermost por-
tion of polarity Chron M1r of middle Barremian, but the
nannofossil criteria and the character of the carbon-isotope
values from the overlying sediments are consistent with
interpreting this zone as basal Aptian and therefore upper-
most Chron MOr (Pringle et al., 2003). Chron MOr spans
0.4 Myr (e.g., Herbert et al., 1995), therefore its base,
which is a proposed marker for the base of the Aptian
Stage, was projected in GTS2012 as approximately
126.0 Ma. This is consistent with a U—Pb date of
124.07 £ 0.17 from calcareous nannofossil—zoned sedi-
ments of Early Aptian in the Great Valley of California
(Shimokawa, 2010) and with an Ar—Ar date of
1243+ 1.8 Ma from basalts of Ontong Java Plateau
(Chambers et al., 2004) that are considered to be coeval
with the onset of Early Aptian OAEla anoxic horizon
(Table 27.1 in GTS2012).

In contrast, a volcanic episode of reversed polarity
within continental deposits of the Yixian Formation of
China yielded a 122.0 = 0.5 Ma date from “°Ar/*°Ar step-
heating method (He et al., 2008). He et al. (2008) had
interpreted this reversed-polarity event to be during Chron
MOr, thereby implying that the base of the Aptian was
younger than 123 Ma! In the publication that had used the
date cited above, an alternative interpretation, assuming
that the polarity was a primary magnetization, was that
this eruption might have captured the brief M"-1r" or
ISEA event of mid-Early Aptian (c. 122 Ma). But the
revised dating for the base of the Aptian as c. 121.4 Ma in
the GTS2020 age model would imply that the original
interpretation by He et al. (2008) is viable.

A volcanic ash within the basal Albian strata in north-
west Germany yielded a U—Pb age of 113.1 =0.3 Ma
(Selby et al., 2009). The top of the basal Cenomanian
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ammonite subzone has a *°Ar/*°Ar date of 99.8 + 0.4 Ma
(Obradovich et al., 2002).

From the lowest Cenomanian through lower
Maastrichtian, there are nearly 45 radioisotopic-dated horizons
from the Western Interior Basin of North America (detailed
in Appendix 2 of GTS2012). A Late Cretaceous time scale
for North American ammonoid zones was initially calibrated
by Obradovich (1993) from his extensive suite of A Ar
dates on bentonites using a multigrain analysis of sanidine
grains at the USGS lab. He added additional dates from sec-
tions calibrated to Campanian—Maastrichtian magnetostrati-
graphic (Hicks et al., 1995, 1999), then summarized and
enhanced the sets using a refined ammonite zonation for the
Western Interior basin (Cobban et al., 2006). The collections
of sanidine grains from Obradovich’s separates have been
undergoing single-crystal analyses to narrow the uncertainties
at the University of Wisconsin at Madison, and this group has
analyzed additional horizons and applied U—Pb dating to zir-
cons from the same levels (e.g., Siewert, 2011; Meyers et al.,
2012). Supporting U—Pb and Ar—Ar results have been con-
tributed by Quidelleur et al. (2011) from Japanese sections,
including verification that the base of the Cenomanian is at
approximately 100.0 Ma.

The youngest ammonite-zoned age from the Western
Interior suite is ~69.9 Ma in the earliest Maastrichtian.
The Maastrichtian—Danian boundary (base of Cenozoic)
is well-dated as ~66.0 Ma.

27.3.1.2 Direct spline-fitting of radioisotopic
date suite as used in GTS2012

An initial spline-fit incorporated the majority of the
Cretaceous and Jurassic suite of radioisotopic dates
(Appendix 2 of GTS2012) and their biochronostrati-
graphic assignments with uncertainties to a merged scale
of North American Western Interior ammonite zones
(Late Cretaceous) and Tethyan ammonite zones (basal
Cenomanian through Jurassic). Some Cretaceous radioiso-
tope dates were omitted that were difficult to correlate to
the primary ammonite zonal scale (e.g., the Kneehills
Tuff within Triceratops dinosaur beds). The spline-fit pro-
cessed by @yvind Hammer used the methods described in
Chapter 14 on Geomathematics in the GTS2012 volume).
The first spline run with a smoothing factor of 1.5 indi-
cated that 11 dates did not pass the chi-squared distribution
test (mainly in Jurassic); therefore a second spline run relaxed
the smoothing factor to 0.975. The computed stage bound-
aries are listed under “Spline #1” in Table 27.2 of GTS2012.
However, the relaxed-fit for this spline did not fully uti-
lize the detailed high-precision radioisotope dates with excel-
lent ammonite zone placements for the Late Cretaceous. As
a result, many of those dates were no longer being assigned
by that spline-fit into the computed age ranges for those
zones. Therefore a second hybrid spline was constructed—

the Late Cretaceous had a more strict spline-fit model, and
the Early Cretaceous through Jurassic had the less restrictive
smoothing factor. The resulting estimates for Cretaceous
stage boundaries were listed under Spline #2 in Table 27.2
of GTS2012. The main change was for the poorly con-
strained base of Hauterivian, which changed by 0.4 Myr
between these two spline-fit versions.

This Spline #2 also yielded a set of smoothly varying
durations for Upper Cretaceous ammonite zones.
However, in many intervals of the Upper Cretaceous, this
smoothly varying scaling can be enhanced by using the
durations for individual ammonite zones based on cycle
stratigraphy. For example, the cycle-scaled duration of
the Pseudaspidoceras flexuosum ammonite zone is
0.45 Myr (Meyers et al., 2012), but the spline-fit projected
it as 0.84 Myr, twice the actual duration. In intervals of
the Lower Cretaceous, improved scalings of ammonite
zones can incorporate calibrations to the Pacific M-
sequence, relative scalings from linear strontium-isotope
trends (e.g., McArthur et al., 2007) or correlations to
cycle-scaled microfossil zones (e.g., Grippo et al., 2004;
Huang et al., 2010; Gale et al., 2011).

Therefore the spline-fit was enhanced by incorporating
these other sets of stratigraphic studies or integrated stra-
tigraphy (e.g., the Bayesian statistical method by Meyers
et al., 2012, that optimizes the merger of radioisotopic
dates with the cycle stratigraphy in the Turonian—
Cenomanian boundary interval). In most cases the modifi-
cation of the ages for those stage boundaries in the Upper
Cretaceous based on the enhanced calibrations of the
ammonite zones was less than 0.3 Myr between the
spline-fit versions. An issue, not addressed by the geo-
mathematics analysis in GTS2012, is that subjective
adjusting of the geomath numerical solution also weakens
the estimation of uncertainties. The latter is largely
avoided in GTS2020.

27.3.1.3 Cretaceous age model used in
GTS2012

The primary standards for Cretaceous calibrations are
ammonite zones of the Tethyan realm (Berriasian through
Albian) and North America Western Interior (Cenomanian
through mid-Maastrichtian) (Table 27.3 of GTS2012). The
age model for the Berriasian through Barremian ammonite
zones was mainly derived from biostratigraphic correlations
to the M-sequence of marine magnetic anomalies, plus inter-
vals with cycle stratigraphy and/or linearization of
strontium-isotope trends (Table 27.2 of GTS2012). The
Aptian—Albian ammonite zones were scaled according to
their correlation to microfossil and nannofossil datums,
which, in turn, are scaled by cycle stratigraphy. A spline-fit
(Spline #2, as explained above) of numerous radioisotopic
dates from volcanic ash horizons interbedded with Western



Interior ammonites with adjustments for cycle stratigraphy
of some intervals provided a high-resolution age model for
the Cenomanian through early Maastrichtian. The late
Maastrichtian correlations rely on microfossil datums cali-
brated to a spline- and cycle-fit of C-Sequence marine mag-
netic anomalies.

Only three Cretaceous stages (Maastrichtian, Turonian
and Cenomanian) in 2012 had ratified GSSPs, therefore the
age model for the other stages were based on selected work-
ing definitions (e.g., base of Aptian placed at base of mag-
netic polarity Chron MOr; base of Albian assigned to the
lowest occurrence of a nannofossil in the cycle-scaled refer-
ence section) (Table 27.2 of GTS2012).

Details on the subjective merging of the spline results
with cyclo- and other high-resolution stratigraphy are in the
Cretaceous chapter of GTS2012, and the interested reader is
kindly referred to that intricate text. That GTS2012
Cretaceous time scale model is contrasted to the GTS2020
age model later.

27.3.2 Cretaceous numerical age model of
GTS2020

The GTS2020 numerical time scale for the Cretaceous
follows the concept of GTS2012 with the three “pri-
mary scales”—(1) Tethyan ammonite zones of
Berriasian through Barremian are calibrated to the M-
sequence age model or to cyclostratigraphy in French
reference sections, (2) several ammonite and microfos-
sil zones in Aptian—Albian are calibrated to cycle
stratigraphy that is constrained by radioisotopic dates,
and (3) North American ammonite zones of
Cenomanian through early Maastrichtian that have an
abundance of interbedded bentonites with radioisoto-
pic dates are scaled with cycle stratigraphy. This latter
segment of the Cretaceous has a more mature cyclo-
stratigraphy with more overlapping sections than the
pre-Cenomanian Cretaceous. Geomathematical meth-
odology is used for final Early and Late Cretaceous
time scaling, as visualized in Figs. 27.10 and 27.11
showing the GTS2020 cubic spline fits for these
chronostratigraphic intervals. This practice is new for
Early Cretaceous, which for the first time now has a
rather detailed and more stable dataset, as explained
later.

Six Cretaceous stage boundaries now have a ratified
GSSP, that is, Maastrichtian, Santonian, Turonian,
Cenomanian, Albian and Hauterivian (Fig. 27.1,
Table 27.1, Fig. 27.12), of which only the Hauterivian
is within the geomagnetic M-sequence. Nevertheless,
there is a detailed understanding of the M-sequence def-
inition of the Berriasian through Aptian stages, as
shown in Table 27.2, which also lists the definitions of
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pre-Berriasian stages with M-sequence assignment and
its km marine.

The Jurassic—Cretaceous boundary and base of
Berriasian is in the middle of Chron M19n (Wimbledon
et al., 2019, 2020), the Valanginian base is in the lower
part of Chron M14r, the base of Hauterivian may be near
Chron M10n and the base of Barremian is in the upper
part of Chron M5n. Base Aptian is at the very end of the
M-sequence at the older limit of Chron MOr at 0 km on
the Hawaiian magnetic anomaly profile. The complete
radioisotopic, cyclostratigraphic, and M-sequence dataset
is in Table 27.2; it extends into marine magnetic anomaly
M42 of potential Bajocian age to take advantage of that
splined M-sequence segment also. Radioisotopic dates were
reviewed earlier, with specific reference to new literature in
GTS2016, and details are compiled in Appendix 2 in this
book.

The critical factor for the Early Cretaceous scale in
GTS2020 is that a rather high-resolution U—Pb radioiso-
topic, geomagnetic and cyclostratigraphic dataset is now
available for the Tithonian through Barremian, not known
during construction of GTS2012 (Kietzmann et al., 2018;
Lena et al., 2019; Vennari et al., 2014; Aguirre-Urreta
et al., 2017, 2019; Zhang et al., 2019). Important cyclo-
stratigraphic constraints on duration of the Valanginian—
Hauterivian are from Martinez et al. (2015).

The new information includes:

1. Durations of Tithonian through Barremian stages are
slightly over 5 Myr per stage.

2. He et al. (2008) age near 122 Ma likely is earliest
Aptian MOr or in latest Barremian M1r.

3. The Aptian Stage is about 5 Myr shorter than thought
previously (see Table 27.2 for numerical details).

Together, this new dataset in Table 27.2, with
emphasis on modern U—Pb dates makes it likely that the
Ar/Ar age date near 146 Ma of Mahoney et al. (2005) on
M18, the dates near 125 Ma on the oceanic Ontong Java
Plateau and the MIT Guyot in the Pacific (Appendix 2
and Cretaceous chapter of GTS2012), and the interpreta-
tion of 62.5 long-eccentricity cycles from base-
Cenomanian to top of MOr (Huang et al., 2010) should
be reevaluated.

Spline-fitting as applied to Paleozoic periods in
GTS2020 was also used to help obtain the GTS2020
Cretaceous time scale, as outlined in detail in Chl4A:
Geomathematical and statistical procedures (this book).
The resulting smoothing spline if applied only to the array
of radioisotopic dates with their estimated placement rela-
tive to the Hawaiian magnetic anomaly profile, which is
shown in Fig. 27.10, is approximately a straight line
representing approximately constant seafloor spreading
for that Hawaiian profile from Kimmeridgian through
Barremian. The deviations from this spline are small.
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TABLE 27.2 Stratigraphic—radioisotopic data set, aligned to the mid-km M-sequence, used for the Lower
Cretaceous time scale.

Stage radioisotopic interpolated duration from magnetic mid-km M- Reference
date, 2-sigma age with 405-kyr cycles polarity-chron sequence
cycles assignment
base- 100.5*0.14 GTS2012 and this
Cenomanian chapter
Albian duration
12.45+0.5
base Albian 113.10%£0.3 GTS2012 and this
chapter
early Aptian 121.20%1 several ages dates
in Appendix 2
near base 122.01 £0.52 no biostrat; whole minus He et al. (2008); this
Aptian Mor 4.9*49 chapter
Aptian duration
8.1x0.5
base Aptian near Chron MOr 0=x25
mid- 123.10%+0.3 upper half of M1r 55.8%2.2 Zhang et al. (2019); this
Barremian chapter
Barremian 125.45+0.43 entire M1r 68.5+6.1 Pringle and Duncan,
(1995b)
Barremian
duration
5.00x0.5
base 126.07 £0.25 upper part of Chron 120£5
Barremian M5n
Hauterivian 127.24+0.25 upper Hauterivian, 125.5*55 Return to Agrio
(20 approx.) mid-M5n
Hauterivian 130.39*0.25 uppermost MTON 213.5*+4.6 Aguirre-Urreta et al.
(20 approx.) (2017)
Hauterivian
duration
5.93*0.5
base 131.29%0.25 in Chron M10n 198 x4 Aguirre-Urreta et al.
Hauterivian (2019)
Valanginian
duration
5.06x0.5
base 137.05*+1.0 chron M14r.3 347 +9 Martinez et al. (2015)
Valanginian
Berriasian 139.24 £0.16 uppermost M17r 447.8+9.9 Lena et al. (2019)
139.55+0.18 M17r 457.7 £9.9 Vennari et al. (2014)
139.96 £0.17 M18n—M17r 476.9*9.3 Lena et al. (2019)
boundary interval
140.34 +£0.18 M18r—M18n 491.8 £5.8
boundary interval
140.51£0.16 base M18n to lower 476.3*19.6 Lena et al. (2019) with
M17r revised Chron Appendix
2
142.04 £0.17 lower M18r 503 £2.1




TABLE 27.2 (Continued)
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Stage radioisotopic interpolated duration from magnetic mid-km M- Reference
date, 2-sigma age with 405-kyr cycles polarity-chron sequence
cycles assignment
146.48 £1.63 M18r—M18n 500 5.1 Mahoney et al. (2005)
boundary interval
Berriasian Kietzmann et al. (2018)
duration
5.27 0.5
base mid M19n.2n 5263+ 14 Berriasian Working
Berriasian Group, ICS
Tithonian 147.11£0.18 early Tithonian; 684.7 =43 Lena et al. (2019)
upper M22r
Tithonian Kietzmann et al. (2018)
duration
5.67 0.5
base base chron M22An 701 =2
Tithonian
base 154.1+2.10 base M26r 845.2*2.5 Selby et al. (2009),
Kimmeridgian GTS2016
Kimmeridgian GTS2012 cycles/
duration spreading rate
5.20*0.5
Oxfordian 155.60 £0.89 M24Bn—M30r 851 *£67.7 AB4-Pell
Oxfordian GTS2012 cycles/
duration spreading rate
5.80+0.5
base lower part of 1013.69 = 1.05 GTS2012
Oxfordian M36Br
Callovian GTS2012 cycles/
duration spreading rate
3.00x0.5
base within M39n.3n 1097.9 GTS2012
Callovian (mid-depth scale)
Bathonian 164.64 £0.27 M39n.3n 1097.9 9.4 Kamo and Riccardi
(2009)
Bajocian 168.35 = 1.31 mid Bajocian, mid- 1193 +18 Appendix 2
M42-base M43r
Bajocian 171.48 =1.22 mid Bajocian, mid- 1193 +18 Appendix 2
M42-base M43r

Spline-fit of this data set is in Fig. 27.10; for details see text.

Kent and Gradstein (1985) in their Cretaceous and
Jurassic geochronology study for the Decade of North
America Geology publications had also suggested that a
constant and linear spreading of the M-sequence was a rea-
sonable template to interpolate the Oxfordian through
Barremian time scale. Despite use of few tie-points for the
age versus M-sequence km plot, the Jurassic—Cretaceous
boundary was interpolated by Kent and Gradstein (1985) at
144 Ma, only slightly older than the final estimate of

143.1 = 0.6 Ma in GTS2020, albeit using a different defini-
tion for that system boundary.

In Table 14A.5 of Chapter 14 in this book, stage
durations according to the spline-curve are compared
with Milankovitch-based duration estimates. Although
the spline ages are probably unbiased estimates of the
true ages, the Milankovitch cycle durations are probably
better stage duration estimates. For a description of the
technique to incorporate cycle durations in the stage age
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TABLE 27.3 Stratigraphic—radioisotopic data set with cycle age and C-chron assignments, partially aligned to the

mid-km C-sequence, used for the Upper Cretaceous time scale.

Stage radioisotopic name of UK cycle and cycle-age stratigraphy-C-chron mid-km Reference
(base) date, 2-sigma bentonite assignment assignment C-sequence
Danian 66.04 = 0.05 This chapter
66.31 = 0.5 top of 30N 1371.84 Batenburg et al.
(2012)
69.19 = 0.5 top of 31N 1409.56 Batenburg et al.
(2012)
70.08 = 0.5 B. clinolobatus Zone;
mid-31R
70.65 = 0.5 top of 32N 1481.12 Batenburg et al.
(2012); GTS2012
Maastrichtian 72.5 £ 0.5 B. eliasi Zone; mid-32N This chapter
74.85 = 0.43 184.5 743 = 0.5 E. jenneyi Zone; top 1549.41 This chapter;
33N Appendix 2
75.92 = 0.5 R. calcarata Zone; This chapter;
upper 33N Appendix 2
76.62 = 0.5 B. scotti Zone; mid-33N This chapter;
Appendix 2
197 79.9 £ 0.5 base 33N 1732.76 This chapter
~197 80.62 = 0.4 B. obtusus Zone; 1723.76 This chapter;
beneath base 33N Appendix 2
Campanian 83.27 = 0.11 ~207 S. leei Il Zone; base 1862.32 $1019 in Wang et al.
33R (2016)
84.43 = 0.15 D. bassleri Zone Sageman et al. (2014)
207.5 34N
Santonian 85.66 = 0.19 86.08 = 0.35 top C. undulatoplicatus This chapter;
Zone Appendix 2
Coniacian 89.87 = 0.18 Lewes Marl 222 Appendix 2; Gale
(2019a)
89.37 = 0.15 Caburn Marl 224 Appendix 2; Gale
(2019a)
91.07 = 0.28 Southerham 225
Marls
91.15 = 0.26 Glynde Marls 226
93.67 + 0.31 Lulworth Marl 229
Turonian 93.79 = 0.26 C-T bentonite 232 93.65 = 0.5 Batenburg et al.
(2016)
mid- 96.12 = 0.31 Thatcher 238 96.5 = 0.5 Batenburg et al.
Cenomanian Bentonite (2016)
99.7 £ 0.3 ~1 subzone above Takashima et al.
GSSP (2019)
Cenomanian 100.5 = 0.14 GTS2012 and this
chapter

Spline-fit for this data set is in Fig. 27.11. For details see text. GSSP, Global Boundary Stratotype Section and Point.

estimates the reader is referred to Chapter 14,
Geomathematics (this book). The corrected cycle dura-
tions then can be used to estimate stage base age

estimates, combined with the constant-spreading-rate
estimates for the durations of the Kimmeridgian through
Callovian. These revised Callovian through Albian age
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Early Cretaceous and part of Jurassic Spline Fit and Time Scale
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FIGURE 27.10 Early Cretaceous and Late Jurassic spline-fit and geologic time scale. Spline-fit errors are small, if present and may be invisible. For details see
text in this chapter and in Agterberg et al. (2020, Ch. 14A: Geomathematics and statistical procedures (this book)). [Note that the basal ages for Jurassic stages
used in GTS2020 used a different spline fit with incorporation of cyclostratigraphy (see Hesselbo et al. (2020, Ch. 26: The Jurassic Period, this volume))].

Late Cretaceous Spline Fit and Time Scale
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FIGURE 27.11 Late Cretaceous spline-fit and the Late Cretaceous time scale. Spline-fit uncertainties are small, if present, and may be invisible. For

details see text in this chapter and in Agterberg et al. (2020, Ch. 14A: Geomathematics and statistical procedures, this book).
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estimates are in Table 14A.6 of Chapter 14,
Geomathematics, along with the original spline-based 2-
sigma values. However, this incorporation of cycle-
tuned durations for Berriasian through Barremian stages
also implies that the spreading rates for the Hawaiian
marine magnetic profile are no longer constant (dis-
cussed in Ch. 5: Geomagnetic polarity time scale, this
book). Based on a further and detailed stratigraphic eval-
uation in this Cretaceous chapter, it was concluded that
the original uncertainty used for the upper endpoint of
the spline (near base Aptian) had been overestimated,
also affecting nearby underlying uncertainties. Hence,
uncertainty of the relevant age estimates was marginally
reduced. The age of Aptian/Albian boundary in the
revised spline is 113.2*+ 0.3 Ma (see Chapter 14:
Geomathematics), which is in agreement with the origi-
nal Selby et al. (2009) age estimate of a level slightly
above this boundary.

Input values for the Late Cretaceous age determination are
in Table 27.3 and include selected radioisotopic dates from
Appendix 2, cycle numeration and cycle derive ages from
Batenburg et al. (2012) and this chapter, stratigraphy-chron
assignments and mid-km C-sequence assignments. Age deter-
minations for the Late Cretaceous could be correlated with
Milankovitch cycles, but a number of dates for which C-
sequence and cycle input were available do not have reported
2-sigma values, and all dates were given equal weights for the
spline-fitting. Wang et al. (2016) published U/Pb age dates on
a bentonite in cored nonmarine sediments at 1019 m depth in

the Songliao Basin, China. An age of 83.27 = 0.11 Ma was
determined almost 25 m below the Chron 34n—C33r geomag-
netic boundary in the core. Cyclostratigraphic analysis of the
gamma record in the single core and applying an average sedi-
mentation rate estimate suggests the base Campanian might be
near 83.07 = 0.15 Ma (Wang et al., 2016) or near 82.9 Ma in
the middle of cycle 205 of Laskar’s notation (Wu et al.,
2020). Gale and Batenburg (this study) identified the S—C
Campanian boundary, using Laskar’s cycle notation at
83.75 Ma, falling within cycle 207. Kita et al. (2017) place the
base of Chron 33r in the basal part of the S. leei III in Kansas,
‘WI Basin, in the context of nannofossil events, thus a little
younger than Sageman et al. (2014) age date. The best-fitting
spline-curve is approximately a straight line with small devia-
tions (Fig. 27.11). Details on the mathematical procedure are
in Chapter 14, Geomathematics (this book); it is noted that for
several input dates the error bars do not intersect the spline-
curve, indicating, as also for Early Cretaceous, precision of the
age determinations was probably overestimated. For this rea-
son the uncertainty for the Santonian—Campanian age was
slightly increased to overlap with the uncertainty extension of
the age in the core with the Chron 34n—C33r geomagnetic

boundary.

27.3.2.1 Age of stage boundaries

The base Cretaceous and base Berriasian interpolate at
143.1 £0.6 Ma, 1.9 Myr younger than in GTS2012, and
with a smaller uncertainty (Table 27.4). The Berriasian

TABLE 27.4 The Berriasian through Maastrichtian Geologic Time Scale, compared to GTS2012.

Stages GTS2012 GTS2020

Base Uncertainty Duration Base Uncertainty Duration
Paleogene/Danian 66 0.1 66.04 0.05
Maastrichtian 72.1 0.2 6.1 72.2 0.2 6.2
Campanian 83.6 0.3 11.6 83.7 0.5 11.5
Santonian 86.3 0.5 2.6 85.7 0.2 2
Coniacian 89.8 0.4 3.5 89.4 0.2 3.7
Turonian 93.9 0.2 4.1 93.9 0.2 4.5
Cenomanian 100.5 0.4 6.6 100.5 0.1 6.6
Albian 113 0.4 12.5 113.2 0.3 12.7
Aptian 126.3 0.4 13.3 121.4 0.6 8.2
Barremian 130.8 0.5 4.5 126.5 0.7 5.1
Hauterivian 133.9 0.6 3.1 132.6 0.6 6.1
Valanginian 140.2 0.7 6.3 137.7 0.5 5.1
Berriasian 145 0.8 4.8 143.1 0.6 5.4

Uncertainties increase in value stratigraphically downward. Below the Albian age differences are large relative to GTS2012. For details see text.
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GSSPs of the Cretaceous Stages, with location and primary correlation criteria
. Latitude, Correlation
Stage GSSP Location Longitude Boundary Level EVhe Reference
Mean of 12 biostratigraphic
Maastrichtian Tercis les Bains, Landes, 43°40'46.1"N {ﬁ\éelgg%zig:l gilfetfg{m IV of criteria of equal importance. |Episodes 24/4,
France 1°0647.9'W* | T8 3500904 Near ammonite FAD of 2001
Pachydiscus neubergicus
. . ; Crinoid, LAD of Marsupites
Campanian c%zzglsdates are in Italy and in testudinarius or base of
Chron C33r
. OEoE an 94.4 m in the eastern Inoceramid bivalve, .
Santonian glaaziﬁgutla, Northern 321 15%83\/'\‘ border of the Cantera de FAD Platyceramus Eglaodes 37,
P Margas quarry undulatoplicatus
candidates are in Poland Inoceramid bivalve,
Coniacian (Slupia Nadbrzena) and FAD of Cremnoceramus
Germany (Salzgitter) deformis erectus
e base of Bed 86 of the f ;
: 38°16'56"N A ; Ammonite, FAD of Episodes 28/2,
Turonian Pueblo, Colorado, USA 104°43'39"W* “Bﬂrécrigge(r)reek Limestone D e eEas G iEase 2005
36 m below the top of the L
cenenanan Mont Risou, Hautes-Alpes, [44°23’33"’N Marnes Bleues Formation 5223,,'?;’};2%5/2'3 of Episodes 27/1,
France 5°30'43"E on the south side of Mont lobot - 2004
Rizoll globotruncanoides
37.4 m above the base of
Albian Col de Pré-Guittard 44°29'47'N the Marnes Bleues Foraminifer, FAD of Episodes 40/3,
Section, Dréme, France 5°18'41°E Formation and 40 cm above | Microhedbergella renilaevis |2017
the base of the Kilian Niveau
candidate is Gorgo a Base of Chron MOr; near
Aptian Cerbara, Umbria-Marche, gmnp\onlte,_tF AD of
central Italy PeaySsies
oglanlensis
candidate is Rio Argos near 5
Barremian ggg?r\)/aca, Murcia province, ?Q/ng?éﬁcféﬁu%m
La Charce Section 140 :
. A f ’ 44°28'10"N base of Bed 189 of La Ammonite, FAD of
e ngatthaPszolglrlggg’e 5°26'37.4’E Charce Section genus Acanthodiscus
P candidate is near Calpionellid, FAD of
Valanginian Caravaca (S. Spain) Calpionellites darderi
T Tré Maroua, SE of Gap, Calpionellid, FAD of
Berriasian southeast France Calpionella alpina

* according to Google Earth

FIGURE 27.12 Ratified and potential GSSPs and primary correlation markers for the Cretaceous stages (status as of January 2020). Details of each
GSSP are available at http://www.stratigraphy.org, https://timescalefoundation.org/gssp/, and in the Episodes publications. GSSP, Global Boundary

Stratotype Section and Point.

Stage measures 5.4 Myr in duration, 1 Myr longer than in
GTS2012. The Valanginian Stage started at 137.7 = 0.5 Ma
and lasted 5.1 Myr. In GTS2012 base Valanginian was
140.2 £ 0.7 Ma in age and lasted 6.3 Myr. The Hauterivian
Stage ranges from 132.6 = 0.6 to 126.5 = 0.7 Ma, lasting
6.1 Myr. In GTS2012 the stage had a rather short duration
of 3.1 Myr, between 133.9 and 130.8 Ma. The Barremian
Stage lasted 5.1 Myr from 126.5 = 0.7 to 121.4 = 0.6 Ma. In
GTS2012, its top was at 126.3 Ma, a large numerical differ-
ence. In GTS2012 the Aptian lasted 13.3 Myr from 126.3
until 113 Ma, being the longest stage in the Cretaceous.

With a duration of 82 Myr from 1214+ 0.6 until
1132+ 03 the GTS2020 Aptian is only the third longest
stage in the Cretaceous, after the Albian with 12.7 Myr and
Campanian with 11.5 Myr durations. The proposed revised
interpretation of 405-kyr cycles within the Aptian (Zhang
et al., 2019) yields an estimated duration of 8.1 = 0.5 Myr, vir-
tually identical to the current geomathematical estimate in
GTS2020. The Albian lasted 12.7 Myr from 1132 to
100.5 = 0.1 Ma for base-Cenomanian. The 405-kyr cyclostrati-
graphic duration estimate for the Albian of c. 12.45 = 0.5 Myr
(Grippo et al., 2004) is close to the spline-fit result.


http://www.stratigraphy.org
https://timescalefoundation.org/gssp/
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Base Turonian has a direct age date of 93.9 = 0.2, making
the Cenomanian 6.6 Myr long. The Turonian Stage lasted for
4.5 Myr until base Coniacian at 89.4 = (0.2 Ma; the latter
stage lasted 3.7 Myr. The Santonian Stage ranges from 85.7
to 83.6 Ma, being the shortest Cretaceous stage with its
2.1 Myr duration. The second longest stage in the Cretaceous,
the Campanian Stage lasted from 83.7 to 72.2 Ma, for a dura-
tion of 11.5 Myr. The Maastrichtian Stage started at 72.2 Ma
and ended at the K/T boundary precisely dated at 66.04 Ma,
with a duration of 6.2 Myr.

The Early Cretaceous stretches between 143.1 and
100.5 Ma, with a total duration of 42.6 Myr, and the Late
Cretaceous ranges from 100.5 to 66.04 Ma, with a total
duration of 34.5 Myr. The total duration of the Cretaceous
Period itself is 77.1 Myr from 143.1 to 66.04 Ma.

The GTS2020 geochronologic scale for the Cretaceous
Period differs substantially from that in GTS2012 for the
boundary ages of the Berriasian through Aptian stages, and
much less so for the seven younger stages. Particularly for
the mid-Cretaceous, the puzzling age discrepancy with oce-
anic basement Ar—Ar dates needs investigation.
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