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The Global Stratotype Section and Point (GSSP) of the
base of Langhian Stage (base of the Middle Miocene Sub-
series) is defined at a level of 17.84 m in the “Lower La
Vedova Beach” section in central Italy. This level marks the
mid-point of the darker marly interval above “Megabed
1V which has been astronomically calibrated to the most
prominent ~100-kyr eccentricity maximum, with an astro-
nomical age of 15.981 Ma according to La2004 nominal
solution, and of 15.978 Ma according to the La2011, in
the 405-kyr maximum around 16.0 Ma. The GSSP level in
the Lower La Vedova Beach section corresponds closely
to the top of Chron C5Cn (at 15.795 m), which is consid-
ered the principal event for recognizing the boundary
globally. This magnetic reversal with an astronomical age of
16.017 Ma (Turco et al., 2017) (15.97 Ma in Hilgen et al.,
2012 ATNTS, 2012; 15.994 Ma in Raffi et al., 2020 in
GTS2020) is preferred to the historical guiding criterion,
the Praeorbulina datum, which has been complicated by
taxonomic confusion and revision (Turco et al., 2011a),
and hence is considered less suitable for recognizing the
boundary. The Lower La Vedova Beach section is pre-

ferred to the St. Peter’s Pool section (in Malta) as it has
an independent astronomical tuning and a better paleo-
magnetic signal. With the selected astrochronologic crite-
rion close to an important magnetic reversal boundary
we follow standard procedures developed by SNS to define
Neogene GSSPs over the years. This procedure guaran-
tees that the Langhian GSSP is directly incorporated in
the integrated astronomically dated stratigraphic frame-
work that nowadays underlies our standard GTS, while it
is sufficiently close to the top of Chron C5Cn that the lat-

ter can be used for correlating the boundary time-strati-
graphically on a global scale.

In addition, a Standard Auxiliary Boundary Stratotype
(SABS) is designated at Integrated Ocean Drilling Pro-
gram (IODP) Site U1337, in the eastern equatorial Pacific,
with the aim to directly link the open ocean benthic fora-
miniferal stable isotope record to the boundary definition.
This level marks the mid-point of a darker interval that has
been astronomically calibrated to the same prominent
~100-kyr eccentricity maximum. This level coincides with
distinctive features in the stable isotope record, falls right
in the middle of the Miocene Climatic Optimum (MCO) and
is approximately one 405-kyr cycle older than the most
dramatic oxygen isotope minimum dated astronomically
at 15.6 Ma, marking the most extreme warming during
the entire Miocene (Holbourn et al., 2013). It further cor-
responds closely to the top of Chron C5Cn, based on
detailed cyclostratigraphic correlations to parallel Sites
Ul1335 and U1336, which have an excellent magnetostra-
tigraphy.

Biostratigraphically, the Langhian GSSP falls in the lower
part of the Mediterranean planktonic foraminiferal Sub-
zone MMida (Di Stefano et al., 2008, laccarino et al., 2011;
Lirer et al., 2019), delimited by the First Occurrence (FO)
of Globigerinoides sicanus (3 apertures) at the base and
the Beginning of the Paragloborotalia siakensis Acme, at
the top, and calcareous nannofossil Subzone MNN4b (Di
Stefano et al., 2008, 2023), defined by the Last Common
Occurrence (LCO) of Helicosphaera ampliaperta and the
Beginning of the Sphenolithus heteromorphus Paracme
interval. With respect to (sub)tropical biozonations, the
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Langhian GSSP falls within the planktonic foraminiferal
Zone M5 (Wade et al., 2011) and Zone N8 (Blow, 1969),
defined by Base Praeorbulina sicana (B) and Base Orbu-
lina suturalis, and at the top of the calcareous nannofossil
Zone CNM6 (Backman et al., 2012), defined by Base S.
heteromorphus and Base Discoaster signus (= D. petalo-
sus), corresponding to the upper part of Zone NN4 (Mar-
tini, 1971).

Introduction

The aim of this paper is to announce the formal ratification of the
Global Stratotype Section and Point (GSSP) of the Langhian Stage
and the Middle Miocene Subseries. The Langhian Stage, together
with the succeeding Serravallian, constitutes the Middle Miocene
Subseries in the International Chronostratigraphic Chart (Aubry et al.,
2022).

During the last decades the progress made in establishing orbitally
tuned stratigraphic frameworks, both in Mediterranean and in the
open ocean, facilitated the standardization of most of the Neogene by
the definition of GSSPs of all Pliocene Stages (Castradori et al., 1998;
Van Couvering et al., 2000) and the Messinian, Tortonian and Serra-
vallian stages of the Miocene (Hilgen et al., 2000, 2005, 2009). More
recently, astronomically tuned stratigraphic frameworks were extended
to the interval straddling the Burdigalian/Langhian boundary in the
Mediterranean and open ocean. Following these studies, a proposal
for the definition of the GSSP of the Langhian Stage in the La Vedova
section (northern Italy) and a Standard Auxiliary Boundary Stratotype
(SABS) at the Integrated Ocean Drilling Program (IODP) Site U1337
(in the eastern equatorial Pacific) (Turco et al., 2022) was submitted
to the Subcommission on Neogene Stratigraphy (SNS) in 2022 for
discussion and a formal vote. The revised proposal was unanimously
approved by SNS voting members (quorum 100%, 19 votes positive)
in March 2023 and, subsequently also by the International Commis-
sion on Stratigraphy (ICS) (18 delivered votes out of 20, 18 votes pos-
itive) in May 2023. Ratification by the Executive Committee of the
International Union of Geological Sciences (IUGS) was obtained on
29 May 2023.

After a brief review of the historical Langhian, the guiding criteria
and candidate sections we present a description of the selected strato-
type sections and the definition of the GSSP level for the base of the
Langhian Stage. This level in addition defines the base of the Middle
Miocene Subseries.

Langhian Historical Stratotype

The Langhian Stage is the currently accepted global chronostrati-
graphic standard for the lower part of the Middle Miocene (Berggren
et al., 1985, 1995; Harland et al., 1990; Lourens et al., 2004) and rep-
resents the lower stage of the recently formalized Middle Miocene
Subseries (Aubry et al., 2022).

The Langhian Stage was introduced by Pareto in 1865 to indicate
the sandy to marly successions of the middle part of Miocene, exposed
in the Bormida valley in the Langhe region (Piedmont, northern Italy),
above the now abandoned Stage “Bormidian” and below the Serraval-

lian. The original concept of Pareto was modified by Mayer-Eymar
(1868), who limited the term Langhian to the upper part of the succes-
sion, the so-called “Pteropod Marls”, and by Vervloet (1966), who
defined the type Langhian to correspond to the Cessole Formation or
Cessole Marls (coinciding with Pteropod Marls) (Boni 1967; Gelati
1968), which thus became synonymous with the Langhian.

The stratotype section of the Langhian, located close to the Cessole
Village (Piedmont, northern Italy), was designated by Cita and Pre-
moli Silva (1960). The lower part of the stratotype, exposed in the
Bricco del Moro section located on a hill south of the Bormida River,
shows the gradual transition from the Cortemilia Formation to the
Cessole Marls. The main part of the Langhian is exposed in the Bricco
della Croce section, located on a slope north of the Bormida River,
where the transition to the overlying Cassinasco Formation is abrupt.
Cita and Premoli Silva (1960), in their study of planktonic foramini-
fera, recognized the various stages in the evolutionary Globigerinoi-
des-Orbulina lineage following the taxonomy of Blow (1956) (G tri-
lobus, G. bisphericus, Praeorbulina glomerosa curva, P. glomerosa
glomerosa, P. glomerosa circularis, Orbulina suturalis and O. universa).
Specifically, the first evolutionary appearance of Praeorbulina (Por-
ticulasphera) glomerosa curva was detected at the very base of the
“Cessole Marls” (sample 5, op. cit.) (Fig. 1).

New data on planktonic foraminifera from the type Langhian were
provided by Miculan (1994) and later by Fornaciari et al. (1997).
These latter authors combined planktonic foraminifera and calcare-
ous nannofossils in a revised composite section of the type-Langhian,
which included three segments (A, B, and C) encompassing the
uppermost part of the Cortemilia Formation, the Cessole Formation
(Langhian stratotype of Vervloet, 1966) and the lowest part of the
Cassinasco Formation (Fig. 2). Fornaciari et al. (1997) detected the
Praeorbulina datum, i.e. First Occurrence (FO) of P. sicana, in the
Cortemilia Formation at about 100 m below the base of the Cessole
Formation (= base of the historical stratotype). These authors, in dis-
tinguishing the different stages of the Globigerinoides-Praeorbulina
group, followed the concept of Jenkins et al. (1981), but adopted the
criterion of laccarino and Salvatorini (1982), who regarded P. glome-
rosa curva as a junior synonym of P. sicana calling it P. glomerosa
sicana (Fig. 2). However, according to Rio et al. (1997) this revised
stratotype section did not represent the ideal section for defining a
Global Stratotype Section and Point (GSSP), since it is badly exposed
and shows sedimentary facies unsuitable for establishing a detailed
chronology.

Later on, Di Stefano et al. (2008) highlighted discrepancies and
uncertainties when they compared the biostratigraphic events recorded
in several Mediterranean sections (Moria, Cretaccio and DSDP Site
372) with those recorded in the Langhian historical stratotype re-stud-
ied by Fornaciari et al. (1997), in particular concerning the evolution-
ary stages of the Praeorbulina-Orbulina lineage.

The most recent revision of the historical stratotype of Langhian
was performed by laccarino et al. (2011) within a project dealing with
high-resolution integrated stratigraphy of the Burdigalian/Langhian
boundary interval in the Mediterranean. These authors re-examined
the planktonic foraminifera of the Langhian type section focusing on
a better definition of the position of the first stages in the Globigeri-
noides—Praeorbulina evolutionary lineage, following the review of
Turco et al. (2011a). In this review, the Praeorbulina datum coincides
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Figure 1. The original section of the type-Langhian showing the stratigraphic position of the various stages in the Globigerinoides-Praeor-
bulina-Orbulina lineage recognized by Cita and Premoli Silva (1960) following the taxonomy of Blow (1956). Note that later Blow (1969)
considered Globigerinoides bisphericus as a younger synonym of Globigerinoides sicanus. Rio et al. (1997) reinterpreted these stages
Sfollowing the taxonomic concept of Jenkins et al. (1981) (Figure modified after Cita and Premoli Silva, 1960 and Rio et al., 1997).

with the First Occurrence (FO) of P. glomerosa curva instead of FO
P, sicana which is included in the genus Globigerinoides. Moreover,
laccarino et al. (2011) revised the composite section of Fornaciari et
al. (1997) based on the original field descriptions, which included
subsection A, corresponding to the Bricco del Moro section, and sub-
sections B, C and D corresponding to the Bricco della Croce section
(Fig. 3). Subsection D was sampled by Fornaciari et al. (1997) but
was not included in their paper. The re-examination of the original
samples carried out by laccarino et al. (2011) allowed the recognition
of a gap within subsection B, which is partially covered by subsection
D. Globigerinoides sicanus (with 3 apertures) (= P. sicana in Forna-
ciari et al., 1997) is present from the base of the section in the Corte-
milia Formation upward and becomes more common in the Cessole
Marls. Praeorbulina glomerosa curva is recorded in subsection D and
is characterized by evolved specimens (with more than 4 apertures in
the final whorl) suggesting that its FO should occur at a lower strati-
graphic level. The randomly coiled P. siakensis Acme, End (A,E),
which usually occurs just below the P glomerosa curva FO, is also
not clearly recorded. Both biohorizons could be located in the under-
lying gap (Fig. 3). The results obtained by laccarino et al. (2011) fur-
ther confirmed the conclusion of Rio et al. (1997) that the Langhian
type composite section does not represent a suitable section to define
the Langhian GSSP.

Guiding Criterion

Following the development of the first geomagnetic polarity time
scales and initial biostratigraphic studies of the Langhian to Tortonian
historical stratotypes, the coupled magneto-biochronology of the
Middle Miocene was a controversial issue for more than a decade.
This controversy mainly resulted from problems encountered in linking
marine anomalies derived from seafloor anomaly profiles to polarity
chrons deduced from magnetostratigraphic records of deep-sea cores
and also of magnetic polarity studies combined with radio-isotopic
dating; these problems were largely solved when more reliable records
became available (see, Berggren et al., 1985).

Berggren et al. (1995) stated that:

“The FAD of Pr. sicana is used to denote the base of the Langhian
Stage and the lower/middle Miocene boundary (Cita and Blow, 1969),
although precise correlation has not been demonstrated between the
two. If the FAD of this taxon occurs somewhat lower (in the Corte-
milia Formation) than the base of the stratotype Langhian Stage, the
Burdigalian/Langhian (lower/middle Miocene) boundary may be more
closely associated with the FAD of Pr. glomerosa glomerosa (Chron
C5Cn.ln; 16.1 Ma).”

Please note that Cita and Blow (1969) used the Praeorbulina datum
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Figure 2. Planktonic foraminiferal and calcareous nannofossil events in the revised composite section of type Langhian of Fornaciari et al.
(1997). Bioevent acronyms: PE (Paracme End); LCO (Last Common Occurrence); FCO (First Common Occurrence). The composite section
consists of three subsections (A, B, C) which encompass the Cessole marls, the underlying turbidite Cortemilia Formation and the overlying
Cassinasco Formation. According to Fornaciari et al. (1997) the Praeorbulina datum is represented by the First Occurrence (FO) of
P. sicana and is recorded in the underlying turbidite Cortemilia Formation, more than 100 m below the base of the Cessole marls that repre-

sent the Langhian historical stratotype (from Fornaciari et al., 1997).

to denote the base of the Langhian but for them this evolutionary
event is the appearance of Praeorbulina glomerosa curvanot P. sicana.

Consequently, Fornaciari et al. (1997) suggested to define the Bur-
digalian/Langhian boundary at the Praeorbulina datum, which corre-
sponds to the first occurrence of planktonic foraminifera belonging to
the genus Praeorbulina, notwithstanding the fact that this event, evi-
denced by the FO of P. sicana, is found ~100 m below the Cessole
marls in the Langhian type section. More recently, two criteria are
mentioned in several papers that should preferably be used in tandem
to define the base of the Langhian (Rio et al., 1997; Lourens et al.,
2004). These criteria are the top of Chron C5Cn and the Praeorbulina
datum.

However, recent studies show that in the Mediterranean these two
events are separated by about 700 kyr, if the revised taxonomic con-
cept of the Praeobulina genus is considered (Turco et al., 2011a, b;
2017). This revision implies that P. sicana is included in the genus
Globigerinoides and that the Praeorbulina datum is defined by the
FO of P. glomerosa curva. Accepting this taxonomic revision, the two
criteria, top of Chron C5Cn and Praeorbulina datum, cannot be used
in combination to define the base of the Langhian Stage. As a conse-
quence, the choice of the guiding criterion will result in widely differ-
ent durations for the Langhian stage. In case the Praeorbulina datum

(i.e., FO of P. glomerosa curva) is chosen, then the Langhian Stage
will have a duration of ~1.4 Myr. This short duration in combination
with the potential diachroneity of the event between low-latitude open
ocean and Mediterranean makes it unacceptable for defining the
Langhian GSSP. According to the low-latitude biochronology (Wade
etal., 2011 based on data of Berggren et al., 1995; ATNTS 2020 Raffi
et al., 2020), the Base P. curva dated at 16.29 Ma and occurring very
closely to Base P, sicana (at 16.39 Ma) is in fact strongly diachronous
with respect to the Mediterranean where it is dated at 15.36 Ma
(Turco et al., 2017). All this leaves us with the Chron C5Cn/C5Br
reversal boundary as available criterion to define the boundary. Pref-
erence for this older criterion was also expressed during the meeting
of the Working Group of the SNS (Subcommission for Neogene Stra-
tigraphy) on the Langhian and Burdigalian GSSPs at the Strati 2015
congtess held in Graz.

Mediterranean Candidate Sections

The historical Langhian stratotype is unsuitable for defining the
GSSP if modern stratigraphic requirements, such as deep-sea settings
and potential for developing an astrochronology, are considered (lac-



\:] Cassinasco Formation

|:] Cessole Formation
Langhian Stratotype

I:l Cortemilia Formation

P ©
z| 3% | 28 LG8
5| 28 8¢
S| 89 | €€ I\ 5= P siakensis ApE
kS %g &%E [ g 75 P siakensis Ay,
oc o ——H. walbers. FCO
Ma < LG70  (Fornaciari et al. 1997)
L 0. universa FO
2 s} . universa
Z = LG 65
S| wl=
O — = |
> S LG 60
©
14.5 § L% o, suturalis FO
5 . - LG 48
b % Z S
Ol = = LG33
= =
E L LG 29
@ S T~ R P. g. circularis FO
Sq | 2 D , ;
15.0 10 2 Q | _ = — -P. siakensis ApB
| LWP' g. glomerosa FO
B |
4 e LG 4
§ § | G40
4 § | - —-P g.curvaFO?
zZ - - —=,— P. siakensis AJE ?
15.5- S " LG 34 a
1! 1 ! N--l--A--==-=-=--- S. heteromorphus PE
Jm
8 —— | = === = P. siakensis AzB
1 < 3 — G sicanus (3 apert.)
| Z| s s spherical form
=3 = C
z
T =
- — — — —S. heteromorphus PB
16.0 -
] - ——H. ampliaperta LCO
(Fornaciari et al. 1997)
ﬁ —P bella LCO
b4 ® =
=S| s 7Le15 100 m
=
16.5 LG10
| 50
20
10
Sandstone 0

% Sandy limestone
Marl

LG1 — G. sicanus (3 apert.)
lowest occurrence

200 pum

Figure 3. Calcareous nannofossil and planktonic foraminiferal events, and especially those associated with the Globigerinoides — Orbulina
lineage, in the historical stratotype of the Langhian Stage embodied by the Cessole marls in the Bricco del Moro (A) and Bricco della Croce
(B-D) composite section. The stratigraphic log of the Langhian stratotype of Fornaciari et al. (1997) has been revised by laccarino et al.
(2011). Bioevent acronyms: A,B (Acme, Beginning); A, E (Acme, End); A,B (Acme, Beginning); A,E (Acme, End); FO (First Occurrence);
FCO (First Common Occurrence); LCO (Last Common Occurrence); PB (Paracme Beginning); PE (Paracme End). Biozonal schemes:
Fornaciari et al. (1996) emended by Di Stefano et al. (2008) for calcareous nannofossils and Iaccarino and Salvatorini (1982) emended by Di
Stefano et al. (2008) and Iaccarino et al. (2011) for planktonic foraminifera. The lowest occurrence of G. sicanus (with 3 apertures) is found
in the underlying turbidite Cortemilia Formation, more than 100 m below the base of the Cessole marls that represent the Langhian historical
stratotype. The FO of Praeorbulina glomerosa curva (i.e., the Praeorbulina datum following Blow, 1969 and Turco et al., 2011a) falls in the

Cessole marls although not clearly recorded (from laccarino et al., 2011).

P. glomerosa circularis LG30

G. sicanus (3 apert.) L1



316

Table 1. Geographical coordinates of the Mediterranean sections, candidate
for the definition of the Langhian GSSP

Section Latitude Longitude
Lower La Vedova Beach (base) 43°35'31.68"N  13°33'43.69"E
Moria 43°30.15'N 12°35.57'N

St. Peter’s Pool (base) 35°49'58.60"N  14°33'43.88"E

carino et al., 2011). Thus, several land-based deep marine sections,
namely the Lower La Vedova Beach section (Turco et al., 2011b;
2017) and Moria section in central Italy (Di Stefano et al., 2008; Di
Stefano et al., 2015), and St. Peter’s Pool section on Malta (Foresi et
al., 2011) (Table 1), have been considered as alternative to the histori-
cal stratotype for defining the Langhian GSSP (Iaccarino et al., 2011).

The Moria section is clearly less suitable because it has a poor mag-
netostratigraphy and calcareous plankton (planktonic foraminifera
and calcareous nannofossils) biostratigraphy, the latter as a conse-
quence of the poor preservation (Iaccarino et al., 2011). The Lower La
Vedova Beach section (LVB) has a magnetostratigrapic record which
permits to pinpoint the top of Chron C5Cn. The preservation of plank-
tonic foraminifera and calcareous nannofossils is generally moderate
but permits to accurately pinpoint all the relevant bioevents (Turco et
al., 2011b, 2017). So far, it is the only section for which an astronomi-
cally tuned age model has been established (Turco et al., 2017). The
St. Peter’s Pool section also straddles the interval containing the
C5Cn/C5Br reversal boundary, although the section does not reach
the interval across the FO of P. glomerosa curva, the younger - now
obsolete - alternative guiding criteria for defining the boundary. Unfortu-
nately, the C5Cn/C5Br reversal boundary cannot be identified in this
section with certainty because its magnetostratigraphic record is
rather poor (laccarino et al., 2011). However, and in contrast to the
Lower LVB, the preservation of the calcareous nannofossils and
planktonic foraminifera at St. Peter’s Pool is good to very good,
resulting in a reliable calcareous plankton biostratigraphy (Foresi et

al., 2011) and a very good benthic foraminiferal stable isotope record
(Russo et al., 2022).

Thus, the search for alternative sections to define the Langhian
GSSP in the Mediterranean area resulted in two principal candidate
sections, namely Lower La Vedova Beach situated in the coastal cliffs
south of Ancona, Italy, and St. Peter’s Pool on Malta Island (Foresi et
al., 2011; Turco et al., 2011b, 2017). However, as the position of the
top of Chron C5Cn is poorly defined and no independent tuning has
thus far been established at St. Peter’s Pool, the Lower La Vedova
Beach section has been selected as prime candidate for defining the
Langhian GSSP during the SNS Business Meeting held in Strati 2019
Congress and the succeeding discussions amongst the members of the
Burdigalian and Langhian GSSPs Working Group directly involved
in the proposal.

Lower La Vedova Beach Section

Stratigraphic Succession

The Lower La Vedova Beach section is one of a series of partial
sections in which the long and cyclic deep marine succession exposed
in the coastal cliffs south of Ancona (northern Italy) (Fig. 4a) can be
logged and studied. This succession contains the entire Tortonian,
Serravallian and Langhian stratigraphic intervals which are exposed
(from young to old) in the Monte dei Corvi (MdC), La Vedova High
Cliff (LVHC) and La Vedova Beach (LVB) sections (Fig. 4b). The
succession can stratigraphically be further extended downwards in the
direction of Ancona.

Importantly, the Tortonian GSSP has already been defined in this
succession (at MdC) (Hilgen et al., 2003, 2005) and astronomically
tuned ages for magnetochron boundaries from the sections have been
incorporated in (the Neogene chapter of) GTS2012 (Hilgen et al.,
2012). In addition, the time correlative levels exactly corresponding
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Figure 4. Location map of the partial sections of the Miocene succession exposed in the coastal cliff south of Ancona (northern Italy) (modi-

fied after Turco et al., 2017).



to the Serravallian and Messinian GSSPs defined respectively in and
just outside the Mediterranean (Hilgen et al., 2000, 2009) can be eas-
ily identified with great precision.

The Langhian stratigraphic interval, exposed along the beach close
to the locality of La Vedova, was previously studied by Montanari et
al. (1997) and Mader et al. (2001, 2004 a, b). The La Vedova Beach
section is the downward extension of the La Vedova High Cliff sec-
tion (Mourik et al., 2010) that is exposed high in the cliffs and covers
the stratigraphic interval straddling the Serravallian-Tortonian bound-
ary between the MdC and LVB sections. Note that a short missing
interval (covered by a landslide, Fig. 4b) has subsequently been
logged and sampled at MdC following exposure after severe winter
storms. The LVB section is divided in a Lower and an Upper sec-
tion. The Upper LVB covers the interval between 14.17 and 15.1 Ma
(Hiising et al., 2010), while the Lower LVB section contains the
extension back to 16.3 Ma (Turco et al., 2011b, 2017). It is the latter
section that is of interest for defining the Langhian GSSP and that
will be discussed in more detail below. The Lower LVB section,
containing the thick megabeds (MBs) I to VII of Montanari et al.
(1997), belongs to the upper part of the Massive Member of the
Schlier Fm. The MBs are approximately 4 m thick and alternate
with thinner marly intervals, both showing internal bedding on a
smaller scale (Fig. 5). The upper half/part of the section shows a
more marly development, with marly intervals regularly alternating
with thinner calcareous marls and limestones on various scales. The
regular alternating lithologies on the scale of the MBs could also be
recognized in this part of the section and their numbering has been
continued (MB VIII-XIII) (Fig. 5).
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The lower part of the section encompassing MB I1-VII is dissected
by a fault, which initially caused problems in reconstructing the stra-
tigraphy (Fig. 5). A single MB has been missed following the initial
correlations across the fault, leading to misidentification of the MBs
north of the fault (Turco et al., 2011b). This problem was solved through
accurate correlations to the detailed pattern of MBs observed in the
undeformed steep outcrops near Ancona and a new composite sec-
tion at La Vedova was obtained (Fig. 6) (Turco et al., 2017).

Figure 7 focuses on the lower part of the succession which encom-
passes the Burdigalian-Langhian boundary interval.

Calcareous Plankton Biostratigraphy

Despite the moderate preservation, the calcareous plankton biostra-
tigraphy resulted in a well-defined succession of events consistent
with that found in other sections and cores in the Mediterranean and
adjacent mid-latitude Atlantic (Figs. 8 and 9; see also laccarino et al.,
2011; Di Stefano et al., 2011).

The most important planktonic foraminiferal events are connected
with the Globigerinoides-Praeorbulina-Orbulina lineage. The first
specimens of G sicanus - with 3 apertures and elongate shape - are
already present in the lowermost part of the section, but the actual FO
of this taxon might be located lower in the succession. Sub-spherical
specimens of G sicanus again with 3 apertures, are first observed
around 32 m, while the FOs of P. glomerosa curva and P. glomerosa
glomerosa are recorded at 53.475 and 59.715 m, respectively (Turco
et al.,, 2017). In addition, a distinct acme interval (Acme,) of ran-
domly coiled Paragloborotalia siakensis is recorded between 48.045

a

—]

Figure 5. Megabeds I-XIII in the Lower Vedova Beach section. The base of the measured section coincides with the base of Megabeds II. The
Sfault is indicated in the lower picture (b). The red arrow indicates the proposed GSSP level (modified after Turco et al., 2017).
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Figure 6. Megabeds I-VII in Ancona and comparison with the
stratigraphic log of the Lower LVB section. The red arrow indi-
cates the proposed GSSP level (modified after Turco et al., 2017).

and 52.805 m. These biostratigraphic events indicate that the Lower
LVB section encompasses the planktonic foraminiferal (sub)zones
MMi3 (pars) to MMi4c.

The most prominent feature observed in the calcareous nannofossil
biostratigraphy is the paracme interval of Sphenolithus heteromor-

Figure 7. a) Enlargement of photograph b in Figure 5 showing the
Megabeds I-VI interval of the Lower LVB section; b) Focus on the
boundary interval showing the position of the proposed GSSP level
(red arrow), i.e., the mid-point of the marly interval between
Megabed IV and Megabed V (see text).

phus (Di Stefano, 1995; Fornaciari et al., 1996) between 36.270 and
52.220 m, which delimits the MNN4c Subzone. In addition, the LCO
of Helicosphaera ampliaperta, marking the MNN4a-b subzonal
boundary, is recorded at 10.49 m, although two acme intervals with
slightly lower abundances are found stratigraphically higher in the
section. Finally, the FO and First Regular Occurrence (FRO) of Heli-
cosphaera waltrans are recorded, with the latter pinpointed at 51.185
m (Turco et al., 2017).

Magnetostratigraphy

The characteristic remanent magnetization (ChRM) of the Upper
La Vedova Beach section is carried by greigite and magnetite (Hiis-
ing et al., 2010). Several lines of evidence indicate that the ChRM
represents a primary magnetization. The opposite polarities occur in
distinct stratigraphic intervals of the Lower La Vedova Beach section,
and their directions are distributed in antipodal clusters, revealing a
counterclockwise rotation that is consistent with other studies in this
area of the central-northern Apennines. The two reversals are both sit-
uated in intervals with poor paleomagnetic data (Fig. 10).



319

(LIOT <P 32 0241 ] 423fv parfipout) 1243] JSSD pasodoad 2y sappIpur Mo.LID pad Y [ ‘SUOISSIIINS
UDIUDLIDJIPIPY PAIPNIS Y] Ul PIPL0Ia.d JouU S1 ‘Cunpunoq puoz /N IY/IWND S2Yuap yorym ‘snugls “( J1ssofouunu ayp fo 20ua.LinI20 JS1f dy) (7 Sapnyn] Mo] pun UvduUnLIIPIP UIINIIG
SHOUuOLYOVIp A}SU041s 24v ‘SaLIPPUNOq PUO2(qNS) (YI/GSI PUD) 6A/SN PUD ‘GQSI/VSI ‘(DSIA/FIA Pup) SN/LN 2y Afipuapt jaaipoadsad yorym ‘sifeanins “Q pup °s'S €SOIIUWO[S BSOIIWO[S
d ‘BURIS ‘J JO S20U2.041200 JS41f Y] (T :2SNDIIG SUOISSIIINS UPIUDLINPIJY 0) paijddp aq jouund suonpuo2 (ardosj(qns) Iy U24aMoy 30N “S|ISSOfouUUDY SN0240I]DD L10f (SaU02 N 0Z0C
“Iv 12 Y3y u1 papuawia ‘7rOz) ‘v 312 uvWNODG pun (Sau02 NN IL61) 1My Jo asoyy pup vaafiunuv.aof dsropyunyd 10f (sau02 py f9z07 “Iv 32 Yy ut papuawia ‘IrO7) ‘v 32 Ipvy pup (Sauoz
N “6961) Mopg Jo uonpuo2 pivpunis apniyupj-moj 2yp yim panduiod a4 HOPNUO201q UDIUDLINPIJY ‘Paydopy 2.4 sjissofoununu sn0a.m2pd 10f (€707) IV 12 ounfais 1 puv (800z) ‘v 12 ounf
-2JS' 1] U1 papudwid (9661) IV 12 1401ODUL0L] JO pup v fiununiof S1uoyyuvid 10f (124241 S2OULDJ2.4 pup ‘G1(7) IV 12 42417 JO UORPDUO2 UDIUDLINNPIJA PUT QWIVDID T SUIMUISIG d1IDID
:qgd ‘22ua.44n23Q uowuo) JSv 07 SuruuiSog xnpfuy ;g xnpfuy 2ouvpunqn :zpJ ‘[vJ 22UdLNIIQ IVINSIY ISILY QY 2UdLINIIQ IS (0 PUT "oudy 'Y SunuuiSag "audy
'V Ajaa1102dsa. ‘es0I9MO[3 BSOIIMWO[S J pUp BAIND BSOIIWOS °J ‘(Sa4npsadp &) snuedis 0y fo SO, 2y} 21w21pul £ pup 7 ‘I ssoquinu :$21ads 1oy1vu fo sutapvd 2ouvpungn ayp apisaq umoys
S1 Spua42 uopyuvyd snoavappd fo uoyisod onydpaSyuv.ys 2y (007 “Iv 12 YY) 0Z0ZSINLY 01 paIn]ai09 S1 p102a. d1ydpisyn.sojousnut 2y (QI107) Iv 12 0241 fo uonysas aysoduiod ayy
ui patdyur Susst ayy SapIIpul punq Api3 2y J U01IIS Yonag naopa v 42mMoT ay} fo AydniSyv.ysorq uoypyuvyd snoa. nappd puv fydviSyv.ysorpusvut ‘CydpiSyv.ysoprdd ‘ASojoyry g 24ns1y

E E E E_ E = o B H
= e E E - = E 5 =3
4w g =z IIWI-\IHIIII\IIII‘II‘In‘Wll‘JlW E g
< — g g = = E E = € = = =
g z - F : - = Ef 5
1a 5 - B £ = - - = 3
® |o - £ E - - - ) &
Wlu. M = = . = = . . E B
B > =~ E E = STE = = =
—1 |~ T - B = - - - - B =
09L— - - 1 = - — & &
- & <dsso
— . . . . - . - E = 1<
- E E ¥ = = E = - =
| W . . . . . . . . = = W
= = = 2 = = = = =
(2| = £ E = = = - = 1=
z £|= = E E = = = = - =
— z| = ® - £ : = B - = i
z a = = = = = = g
B o E E E = = . - M “a
R - - - € : s
= = E E- E E E- E E =
. = =  E E- - E E- - S
s5l— — g = E - = = = - :
S ® = = & = == |
= e E E € = =
Ja z = £ = E E E E = = g
> E E E = E E - E
o & 2 = - F F = - QM
435 |¢ =1~ = - N - , T =
g H - - - = = g
= £ - = - = = = = 3
Y = | = = | = = E E E E E w‘ fM gﬂ
7 TE T BT Tev 2 S S E >
| i - P TR e
I8E o o S I N B I
2|8 e E < = E E
08— | $%|® == = = = = SR =
=| % = E E = = = £ & = E =
> = = = = £ E z :
- - - = - = =
SNN = B £ = = B E E = = .
> o | 20 5 ol s o |o R R L T ,
% 153 w o8 N % w O S % = o OF 0 0ZO 0ZO 006 00z OOL O 00E 00Z OOL 0 0z0O O O Oy O 00 OHu
« 3 9 =) QO
= |® |as | 322]2as | 322 |8 |= Q 9 0 > 9 > 0 . 0 & & N
= e | 25| Se | 23 = Q& D © N R g L RN £ oM
g 2| s5|ag| st o o o & o o e 0 B
@ @ o © @ @ g © " GAWO A//»/ /n../v &/Y. 0//»/ 0@ N ?mo S N «A/O
—Uoneuczorg TONeUoZoTa X ® o o &% 0@0 L o
|eaidouy(gns) uesueLS}PSy .mo/ o/vo ¥ /v 0@«
¢ & uoljoss yoeag
020¢ SINLY i
S|ISSOJOUUBU SNOBIBD|ED elayiuiweloy ouopjueld BeAOpaA BT JemoT




320

Lower La Vedova o
Beach section ‘Q@Q
& §
N g N
00\0\0@ \e"’ (\Q\o ~\\6°
@.° & S N G
I B I <
n/fo 100 0

0 0mmi m

55

0

50

nm

45

40

35

VIl Megabed
C5Br
[}

*

30

25

Lo

20

v

IV Megabed ﬁ V Megabed VI Megabed

ooco

DU EETEE RO PO DO OO C R EEE TR EOEE 0 AR EOEOE OO EOUEE PO OO OO DO CDUNRE OO0 OO OO0 OO

-,- 10 =

Fy ~ -
[l c

D

< Q
= s (@] =
b=

o}

=1 =
g{ g
D =
= o [m}

Planktonic foraminifera Calcareous nannofossils

< B G. dehiscens

<« FO P. glomerosa glomerosa

<«— FO P. glomerosa curva
~*— AaE P, siakensis <« PE H. heteromorphus
<« FRO H. waltrans

<«— AaB P, siakensis

<« FO H. waltrans

-« PB S. heteromorphus

<« LCO P, bella
< LCO H.ampliaperta

- FO G. sicanus (3 ap.)?

Figure 9. Globigerinoides trilobus gr. and G. sicanus-Praeorbulina gr., and the position of bioevents linked to the G. sicanus-Praeorbulina
lineage in the Lower La Vedova Beach section. The gray band indicates the missing interval in the composite section of Turco et al. (2011b).
Gray boxes close to abundance curves indicate scarcity or very poor preservation of planktonic foraminifera. Bioevents acronyms: A,B
(Acme, Beginning); AE (Acme, End); FO (First Occurrence); FRO (First Regular Occurrence); lal, la2 (abundance Influx); IB (Influx
Beginning); LCO (Last Common Occurrence); PB (Paracme Beginning); PE (Paracme End). The pattern in Globigerinoides trilobus gr.
follows the larger-scale cyclicity in the section and to lesser extent the smaller-scale cyclicity represented by the greenish marl layers. The red
arrow indicates the proposed GSSP level (modified after Turco et al., 2017).

Importantly for our proposal, the reversed tendencies between 12
and 14 m are explained by delayed acquisition of remanent magneti-
zation caused by secondary (early/late diagenetic) growth of greigite
(Turco et al., 2011b). The resultant magnetostratigraphy essentially
contains two normal polarity intervals with a long reversed in between
(Fig. 10).

The calcareous plankton biostratigraphy indicates that the magne-

tostratigraphic record extends from sub-chrons C5Cn.1n to C5Bn.2n
(Fig. 10). The integrated magneto-biostratigraphic record of the Lower
La Vedova Beach section provided new magnetostratigraphic age
calibrations of calcareous plankton events, thus improving the existing
Mediterranean biochronology for the late Burdigalian to early Langhi-
an (Turco etal., 2011b, 2017).
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Figure 10. ChRM declination, inclination, VGP latitude, position of calcareous plankton events and correlations of the Lower La Vedova
Beach section to the ATNTS2020 (Raffi et al. 2012). Bioevent acronyms: A,B (Acme, Beginning); A,E (Acme, End); FO (First Occurrence);
FRO (First Regular Occurrence); lal, la2 (abundance Influx); IB (Influx Beginning); LCO (Last Common Occurrence); PB (Paracme
Beginning); PE (Paracme End). Planktonic foraminiferal and calcareous nannofossil events are indicated in red and blue respectively. The
red arrow indicates the proposed GSSP level (modified after Turco et al., 2011b, 2017).

Cyclostratigraphy and Tuning

The first order magnetobiostratigraphic age model implied that the
regular MB scale alternations and their continuation higher in the
marly part of the section are related to the ~100-kyr eccentricity cycle,
while the smaller-scale alternations are dominantly precession con-
trolled (Fig. 11). This interpretation was subsequently confirmed by
the outcome of spectral analysis and band-pass filtering of the Mag-
netic Susceptibility (MS) and elemental records (in particular Rb/Sr
ratio) (Fig. 12), starting from the magneto-biostratigraphic age model.
The tuning of the MBs to ~100-kyr eccentricity was achieved by
extending the existing tuning of the Upper LVB section downwards,
and/while taking the expression of the 405-kyr eccentricity cycle in
addition into account. The darker colored marly intervals of the cycles
correspond to eccentricity maxima. This phase relation is based on the
higher amplitude of the precession-related variations in these inter-
vals. The more indurated carbonate-rich intervals marked by a reduc-
tion of the amplitude correspond to eccentricity minima. As a next
step, the precession-scale variations in the records were tuned to pre-
cession and insolation (Turco et al., 2017).

However, in contrast to the eccentricity tuning, the tuning to preces-
sion is less certain. In the first place the expression of the precession-
related variability is less clear than for instance in the younger MdC

section. Secondly, the tuning to precession and obliquity is hampered
due to uncertainties in the astronomical solution related to the uncer-
tainties in the exact values of tidal dissipation and dynamical ellipticity
(Td/dE), which both affect the precession and obliquity frequencies.
And thirdly, there is the problem of the phase relation to precession
and insolation, which is challenging as the relations between the vari-
ous proxies do not remain constant in the entire La Vedova section.
The darker marly intervals of the short eccentricity related cycles con-
tain thin greenish-gray layers on the precession scale. For the tuning,
we assumed that these layers and the associated maxima in Globigeri-
noides and terrestrial elemental indicators correspond to less oxy-
genated bottom water conditions and thus likely to precession minima
and summer insolation maxima as is the case for all Mediterranean
sapropels (Turco et al., 2017).

The eccentricity tuning of the succession provides astronomical
ages for magnetic reversals and for calcareous plankton events, which
are reported in Table 2.

Evaluation of Completeness of the Section

A critical issue for defining the Langhian GSSP at the Lower LVB
is the inferred continuity of the section, especially in view of the fault
and the observation of an extra P. siakensis acme interval (Acme,) in
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related to minima and maxima of 100 kyr eccentricity, respectively. The red arrow indicates the proposed GSSP level.

the St. Peter’s Pool section on Malta (see, Foresi et al., 2011). The lat-
ter suggests the presence of a hiatus in the Lower LVB section in
MBS5. However, the characteristic bedding pattern of all the megabeds
can be easily traced in the steep coastal cliffs over a distance of
approximately 5 km in the direction of Ancona (particularly evident
in the localities Spiaggia della Scalaccia and Monte Cardeto, Figs. 13
and 14), while no evidence has been found for an unconformity, sug-
gesting that the succession is continuous. In addition, the succession
has been extended downwards in the Cardeto - Spiaggia della Scalac-
cia composite section (Fig. 14), which provides a good magnetostrati-
graphic record from the top Chron C5Dn to bottom Chron C5Cn.1n
(Fig. 15) (van Peer, 2013). Preliminary biostratigraphic data show an

acme interval of P, siakensis associated with subchron C5Cn.2n (Fig.
15) (Turco et al., 2019). The relatively straightforward astronomical
tuning of this composite is fully consistent with the Lower LVB tun-
ing (Fig. 15). Moreover, the astronomical ages for the magnetic rever-
sal boundaries of top Chron C5Dn to bottom Chron C5Cn.1n in this
composite are in excellent agreement with the ages for the same chron
boundaries of Kochhann et al. (2016), derived from the tuning of the
CaCO; record of IODP Site U1336. This consistency provides another
independent (compelling) argument for the continuity of the Lower
LVB succession, the correctness of its tuning and, therefore, its suit-
ability for defining the Langhian GSSP.
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Figure 12. MTM spectra and results of bandpass filtering of the MS and Rb/Sr time series, based on the ~100-kyr eccentricity tuned age
model shown in Figure 11, showing the dominance of the ~100-kyr cycle in the section (from Turco et al., 2017). The reader is referred to

Turco et al. (2017) for similar spectra and results of filtering in the stratigraphic domain.

Table 2. Stratigraphic position and astronomical ages of magnetic reversals and calcareous plankton events based on the tuning to eccentricity (Turco
et al., 2017) in stratigraphic order. Bioevent acronyms: A,B (Acme, Beginning); A,E (Acme, End); FO (First Occurrence); FRO (First Regular
Occurrence); LCO (Last Common Occurrence); PB (Paracme Beginning); PE (Paracme End). Astronomical ages are calculated by means of linear
interpolation between the two nearest calibration points assuming constant sedimentation rates. The stratigraphic position and the astronomical age of
the proposed GSSP level (i.e., mid-point of the marly interval above Megabed IV which has been correlated to the most prominent ~100-kyr
eccentricity maximum with an astronomical age of 15.981 Ma according to La2004 nominal solution) are indicated (see also text)

Lower La Vedova Beach section

Eveats positon ) e )
P gl. glomerosa FO 59.715 + 0.085 15.163 = 0.002
C5Bn.2n (o) 56.385+0.305 15.264 + 0.009
P. glomerosa curva FO 53.475+0.135 15.356 = 0.004
P, siakensis A,E 52.805 £+ 0.055 15.374 £ 0.001
S. heteromorphus PE 52.220+0.110 15.389 + 0.003
H. waltrans FRO 51.185+0.115 15.414 + 0.003
P, siakensis A,B 48.045 £ 0.095 15.502 + 0.002
S. heteromorphus PB 36.270 + 0.100 15.736 = 0.001
GSSP level 17.840 15.981

C5Cn.1n (y) 15.795 £ 0.305 16.017 + 0.005
P, bella LCO 12.205 + 0.095 16.067 = 0.001
H. ampliaperta LCO 10.490 + 0.110 16.093 = 0.002
G sicanus (3ap.) FO? 2.895+0.185 16.189 = 0.002
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Figure 13. Location map of Monte Cardeto, Spiaggia della Scalac-
cia and La Vedova.

Figure 14. Photograph of Monte Cardeto section. In the top part of
the outcrop the seven megabeds are present.

Accessibility

The Lower La Vedova Beach section is exposed along the beach
below the locality La Vedova (Ancona). Although an Ordinance of
the Mayor of Ancona forbids to reach and to stand on this tract of the
coast, we obtained an amendment to this Ordinance in order to allow
scientists to visit the section for research purposes. It is possible for
geologists to ask the municipality of Ancona for permission to visit
the section only for research purposes declaring to take on the respon-
sibility of any risk and in the possession of an insurance.

The section can be reached by path number 312 of the Parco del
Conero (Ancona) (https://www.google.com/maps/d/viewer?mid=
1pjcF6079P4vnp36LL{bhyPNwI1MipiLF7&I11=43.58511956799091%
2C13.555942920623773&2z=13), although it is temporarily forbidden,
or more easily by boat from either Ancona or Portonovo.

GSSP Definition

Adopted strategy for defining the GSSP level

Now that the Lower LVB section meets the strict criteria for defin-

ing a GSSP, we can proceed with defining the Langhian GSSP or
Langhian/Burdigalian boundary in this section. Hereby we follow the
same line of reasoning used to define most Neogene and Quaternary
GSSPs before, namely by starting from a characteristic cyclostrati-
graphic pattern that is sufficiently close to a major magnetic reversal
boundary and/or important bioevents to enhance global correlatability.

In our opinion, and that of SNS before, the characterization of sedi-
mentary cycles linked to astronomical pacing provides a strong means
of correlation with a near-time significance, also leading to direct cor-
relations of Mediterranean land-based deep marine sections to (well)
tuned deep marine records, using a high-resolution integrated strati-
graphic approach with astronomical tuning at its center. For instance,
published astrochronologic frameworks formed the basis for estimat-
ing diachrony of calcareous nannofossil events between the Atlantic,
Pacific and Indian Oceans (Raffi et al., 2006). Importantly, such frame-
works directly provide a very accurate and precise means to numeri-
cally date stratigraphic horizons, and in particular, also chronostratigraphic
boundaries. Nowadays, such an astronomically dated framework
already underlies the standard GTS for the entire Cenozoic to which
most if not all Neogene GSSPs are directly tied through astronomical
calibration. The Neogene GSSP proposals based on an astrochrono-
logic criterion have all been accepted by SNS and ICS and ratified by
TUGS (see https://stratigraphy.org/gssps/ for relevant details). More-
over, as far as we know, all these boundaries have been in use without
any serious problem for 15 to 25 years, which is also reason not to
depart from this common SNS procedure.

One of the main reasons to define the Langhian GSSP following
the astrochronologic approach is that the magnetostratigraphic signal
in the Lower LVB section (see, Turco et al., 2011, 2017) leaves some
uncertainty in accurately and precisely pinpointing the exact position
of the reversal boundary, so that a date for it would always be with
potential error. This uncertainty is considered less favorable for allo-
cating a chronostratigraphic horizon that has to be tied to the standard
Neogene time scale, which is based on astronomical dating, on the
basis of the magnetostratigraphy at La Vedova. Comparable problems
were also encountered when defining other GSSPs in the Mediterra-
nean, such as the Piacenzian GSSP and the Gelasian GSSP and pre-
sent-day Neogene/Quaternary boundary (Castradori et al., 1998; Rio
et al., 1998). The Zanclean GSSP or Miocene/Pliocene boundary can
be considered a special but also very illustrative case, as it is defined
at the base of the Trubi at Eraclea Minoa, 5 precession related cycles
below the oldest magnetic reversal boundary, the Lower Thvera, of
the Pliocene, and reflecting the Pliocene reflooding following the Mes-
sinian Salinity Crisis (Van Couvering et al., 2000). Yet, this GSSP,
correlating to insolation cycle 510, as counted from the present with
an astronomical age of 5.33 Ma according to the L.a93 solution, func-
tions perfectly well. Integrating cyclicity and astronomical solution in
similar fashion as for the Zanclean, all current Neogene GSSPs have
been simultaneously defined and dated. In this way, the stratigraphic
record is directly projected onto the standard geological time scale,
which is based on astronomical dating as well. As such it seems safe
to state that astronomical cycles offer maximum potential in chronos-
tratigraphy and chronology, surpassing that of magnetic signals. Yet,
close proximity to an important magnetic reversal/chron boundary
strongly enhances the global correlatability potential of all these
GSSPs.
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Turco et al., 2019).

Selected astrochronologic criterion

We therefore prefer to define the Langhian GSSP starting from an
astrochronologic criterion. For this purpose, we selected the exact
level of 17.84 m, marking the mid-point of the dark marly interval
above “Megabed IV” that has been astronomically tuned to the most
prominent ~100-kyr eccentricity maximum in the 405-kyr long
eccentricity maximum around 16.0 Ma with an astronomical age of
15.981 Ma according to La2004 nominal solution and of 15.978
according to L.a2011a. The level at 17.84 m is located sufficiently close
to the top of C5Cn (at 15.795 m, with an astronomical age of 16.017 Ma),
which not only remains the main event for identifying the boundary
on a global scale in sections that lack astrochronology, but - in com-

mon practice - can be thought as being practically time equivalent to
the boundary with an age difference of 36 kyr. Importantly, such a
prominent short 100-kyr eccentricity maximum results in a marked
climate response, as observed in our sedimentary paleoclimate archives
(see, Turco etal., 2017).

An alternative option would be to select the mid-point of the whit-
ish interval (~13-16.6 m, i.e., Megabed IV) below, at 14.85 m, as this
level corresponds to the older short 100-kyr eccentricity minimum
and is located somewhat closer to the reversal boundary. However, the
climate response to such eccentricity minima is less distinctive than
the response to short eccentricity maxima also because the maxima
are clearly modulated by the long 405-kyr eccentricity cycle, as can
be seen in stable isotope records from the open ocean. In fact, the most
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extreme climate response is recorded at 15.6 Ma, one long 405-kyr
eccentricity maximum post-dating the selected criterion for the GSSP.
The isotope signals associated with the short eccentricity minima do
not show this strong modulation effect of long eccentricity and often
reach more or less similar baseline values.

A further alternative option to define the GSSP, and in fact closest
to the magnetic reversal boundary, would be the base of the dark marl
bed or better the boundary between the dark marl and whitish lime-
stone bed/interval (at 16.6 m). However, in this case the phase rela-
tion with eccentricity becomes less certain as it is not clear whether
this level corresponds to the inflection point halfway between the
eccentricity minimum and maximum, because it is in addition con-
trolled by the smaller-scale precession related variability. This argu-
mentation about the best tuning strategy elaborates on, for example,
Martinson et al. (1987), who discuss different tuning strategies for
marine (oxygen) isotope stages.

Yet, there is one important difference with all younger Neogene
GSSPs definitions and that is that precession and obliquity are no lon-
ger reliable in the astronomical solution around 16 Ma for tuning, due
to the problem of the tidal dissipation and dynamical ellipticity. Both
these parameters affect precession and obliquity (their values back to
16 Ma are not yet exactly known), but not eccentricity which only
depends on the planetary part of the solution. Thus, using the tuning
of a marked climate cycle/event to eccentricity (and thus not to preces-
sion and/or obliquity) for defining the Langhian GSSP also makes sense.
And, as mentioned before, our approach follows the long-standing
tradition by SNS in defining GSSPs (see ICS website: https:/stratig-

raphy.org/gssps/).

Open-Ocean Standard Auxiliary Boundary Strato-
type (SABS)

In view of the importance of benthic foraminiferal isotope records
in establishing a global integrated stratigraphy and astrochronology
for the Miocene, it was considered appropriate to select a Standard
Auxiliary Boundary Stratotype (SABS) (Head et al., 2022a, b) based
on one of the deep-sea successions drilled in the open ocean as an
alternative to St. Peter’s Pool. This has the additional advantage that
the low latitude calcareous plankton biostratigraphy can be incorpo-
rated as well. IODP Site U1337, drilled in the eastern equatorial Pacific
(Fig. 16) during Leg 320/321 (Pilike et al., 2010), was selected as
SABS, as it contains a continuous succession across the Burdigalian/
Langhian boundary with a good-quality benthic isotope record that
has been astronomically tuned (Holbourn et al., 2015, 2022).

In addition, tuned age models have been developed for parallel
Sites U1335-U1336, following a stepwise procedure by first correlat-
ing their isotope records to the astronomically tuned (isotope) records
of Sites U1337 and U1338, followed by the fine tuning of minima in
the higher-resolution XRF-scanner derived CaCO; records to ~100-kyr
eccentricity maxima (Kochhann et al., 2016). Unfortunately, a mag-
netostratigraphy is lacking for Site U1337, but this can be overcome
through detailed cyclostratigraphic correlations (stable isotopes, CaCO5)
to Sites U1335 and U1336 that have a reliable magnetostratigraphy
across the boundary interval.

Comparison of the initial astronomical ages for the younger end of

Water depth (km)

Figure 16. Location map of sites drilled during Expedition 320/321.
Red stars: sites drilled during Expedition 320; red circles: sites drilled
during Expedition 321; black circles: previous DSDP and ODP
sites. F.Z.: fracture zone (modified after Piilike et al., 2010).

Chron C5Cn, the main event for identifying the boundary on a global
scale, revealed a significant discrepancy with the reversal being
approximately ~100-kyr younger at Sites U1335 and U1337 than at
Site U1336 and the Lower LVB (Holbourn et al., 2015; Kochhann et
al., 2016; Turco et al., 2017). This issue has been resolved, as initial
misfits in the Site U1337 shipboard splice (a missing and a duplicated
~100-kyr eccentricity related cycle, see e.g., Wilkens et al., 2013 and
Holbourn et al., 2022) have been corrected. In addition, the intercala-
tion of two distinct turbidites perturbs the cycle pattern in the CaCO;
record of Site U1335, complicating its tuning. Removing these turbi-
dites results in a very similar pattern and tuning of the CaCO; cycles,
eliminating the ~100-kyr younger C5Cn reversal age at this site com-
pared to Site U1336 and the Lower LVB.

Following these splice revisions, the U1337 astronomical ages
based on the tuning of the §'30 record down to 18 Ma have been revi-
sed by Holbourn et al. (2022). The Site U1337 tuned chronology is
based on correlation of §'30 minima to maxima in a composite eccen-
tricity-tilt-precession target curve, derived from La2004 with equal
weight of eccentricity and obliquity and 0.3 weight of precession
(ET+0.3P). Here we include this open ocean record for the interval
between 14.9 and 17.0 Ma, as its tuning is largely consistent with that
of the carbonate cycles in Sites U1335 and U1336 (see Kochhann et
al., 2016) (Fig. 17).

In the open ocean Site U1337, here proposed as SABS, the GSSP
level can be identified with the mid-point of a darker interval that has
been astronomically calibrated to the same prominent ~100-kyr
eccentricity maximum as the mid-point of the marly interval above
Megabed IV at the Lower LVB. At Site U1337, this level coincides



Kochhann et al. (2016)

327

Holbourn et al. (2022)

12 —
r U1336 U1336 U1337-U1338
L Declination (°) 5'3C (%o vs. V-PDB) 5'80 benthic (%o vs VPDB)
- 100 300 500 2 1 0 N S
L T | IS N N N ==
.:a{?;ﬂ'i ] © g
13- e i, U] b}
C5AAN = . S =
B C5AAr = g
T C5ABn st
. . c
i C5ABr . »S ©
Sg 3
L == S8
C5ACn g @
14 — z
C5ACT 5
" c5ADn e
- C5ADr : . %
= - C5Bn.1n
S C5Bn.1r
S 15| g
% C5Bn.2n ==
< r -
i = g
15.6 Ma ==
B C5Br Thermal, e Y
Maximum “ -t
GSSP
16 F
| C5Cn.1n =
C5Cn.1r el
- C5Cn.2n h———1
C5Cn.2r
- C5Cn.3n .
i cscr
17 = MCO onset Y
C5Dn e =
| C5Dr.1r
C5Dr.1n 5
[ 3
B C5Dr.2r -
o . 5
18 - ——T
1 100 60 20

3 2

U1336 U1336
CaCo, (%)

5'%0 (%o vs. V-PDB)

U1337-U1338

5'3C benthic (%o vs VPDB)
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(Figure modified after Kochhann et al., 2016 and Holbourn et al., 2022).

with a minimum in the oxygen isotope record (cycle 160 in Holbourn
et al., 2022) and an increase in the carbon isotope record (CM3 event)
around 16 Ma (Fig. 17). At Site U1336, this level coincides with a
CaCO; minimum which is very close to the top of Chron C5Cn (Fig.
17). This level is approximately one 405-kyr eccentricity cycle older
than the most dramatic isotope minima in §'30 and §'*C dated astro-
nomically at 15.6 Ma, marking the most extreme warming during the
entire Miocene (Holbourn et al., 2014, 2022; Kochhann et al., 2016),
both at Sites U1337 and U1336 (Fig. 16).

In terms of biostratigraphy the GSSP level falls within the plank-
tonic foraminiferal Zone M5 (Wade et al., 2011) and Zone N8 (Blow,
1969), defined by Base of Praeorbulina sicana and Base of Orbulina
suturalis, and in the uppermost part of the calcareous nannofossil

Zone CNM6 (Backman et al., 2012) (corresponding to the upper part
of Zone NN4 of Martini 1971). Flaws of this definition, however, are
(i) the age calibration of Base of Praeorbulina species, that at low lat-
itudes is markedly older than in the Mediterranean; (ii) as with the
considered reference sites, the definition of the biostratigraphic signal
is not detailed, based on relatively low sample resolution determined
by the standard shipboard procedures. For these reasons, the strati-
graphic position of calcareous plankton biohorizons straddling the
interval across the Burdigalian/Langhian boundary (Base of G sicanus,
P curva, P. glomerosa, R/S P. siakensis as for planktonic foramini-
fera, Base Discoaster signus and Top common Discoaster deflandrei
as for calcareous nannofossils) are not placed precisely and coherently at
Sites U1335, U1336, U1337 and U1338, which results in uncertain-
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ties concerning their relative position with respect to the boundary
level. Nevertheless, the observed biohorizons closer to the boundary
level are Base D. signus and Top common D. deflandrei that occur ca.
6 m (about 3-4 ~100-kyr eccentricity cycles) above the boundary at
Site U1337 and in equivalent stratigraphic position at Site 1338 (I.
Raffi, unpublished). The biohorizon Top common D. deflandrei should
correspond to the D. deflandrei Acme End as defined in Mediterra-
nean at DSDP Site 372 (Di Stefano et al., 2008, with an inferred age
of 15.67 Ma according to the revised age-model of Baldassini et al.,
2021). The R/S coiling direction change of P. siakensis is detected at
Site U1337 above Base P. glomerosa (shipboard data, Pilike et al.,
2010). According to a recent study by King et al. (2023), based on
quantitative analysis, the R/S coiling direction change of P. siakensis
at Site 1337 is dated at 15.368 Ma following the age model of Koch-
hann et al. (2016).

Langhian GSSP and Standard Microfossil
Zonations

Planktonic Foraminifera

The GSSP falls within Zone M5 (Wade et al., 2011) and Zone N8
(Blow, 1969). The lower boundary of zones M5 and N8 is defined by
Base Praeorbulina sicana, dated at 16.39 Ma (ATNTS 2020 Raffi et
al., 2020). However, according to the taxonomic revision presented in
Turco et al. (2011a), this zonal species should be incorporated in the
genus Globigerinoides following Blow (1969). According to ATNTS2020
(Raffi et al., 2020) the planktonic foraminiferal bioevent that better
approximates the boundary level is Base Praeorbulina glomerosass.s.,
which defines the lower boundary of Subzone M5b (Wade et al.,
2011). However, at Site U1337 the stratigraphic position of this event
with respect to the GSSP level is poorly defined. Note that the age cal-
ibration of Base Praeorbulina glomerosa s.s., dated at 16.27 Ma
(ATNTS2020, Raffi et al., 2020) results markedly diachronous with
respect to the Mediterranean (P glomerosa glomerosa FO dated at
15.16 Ma, Turco et al., 2017).

Calcareous Nannofossils

The GSSP falls within standard zones NN4 (Martini, 1971), CN3
(Okada and Bukry, 1980) and close to the top of Zone CNM6 (Back-
man et al., 2012) (ATNTS 2020 Raffi et al., 2020). The top of Zone
CNMG6 is defined by Base Discoaster signus (= D. petalosus) (dated
at 15.85 Ma) which is slightly older than Top common Discoaster
deflandrei (dated at 15.80 Ma) (ATNTS 2020 Raffi et al., 2020).
These two biohorizons closely approximate the GSSP.

Larger Foraminifera

The GSSP is slightly younger than the shallow benthic foramin-
iferal SBZ 25-26 zonal boundary. The base of Zone SB 26 is defined
by the FO of Borelis gr. melo (in the Mediterranean domain only) and
the disappearance of Miogypsina (see Hilgen et al., 2012). Bassi et al.
(2021), however, reported the presence of B. melo in the Mediterra-
nean in the Aquitanian.

Dinoflagellates

The GSSP falls within Subzone DM3b in the northwestern Europe
zonation (King, 2016). The top of this subzone is defined by the Base
of Labyrinthodinium truncatum, tentatively dated at about 15.2 Ma
(ATNTS 2020 Raffi et al., 2020).

Radiolarians

The GSSP falls within radiolarian zone RN4 close to Base Corca-
nopsis cristata dated at 15.797 Ma (ATNTS 2020 Raffi et al., 2020).

Diatoms

The GSSP approximates Base Subzone Cestodiscus peplum a (Barron,
1985), defined by the Base of the nominal taxon dated at 16.15 Ma
(ATNTS 2020 Raffi et al., 2020).

Regional Stages

The GSSP corresponds to Altonian/Clifdenian regional stage bound-
ary in New Zealand and the Karpatian/Badenian and Kotsakhurian/
Badenian boundaries in the Central and Eastern Paratethys, respec-
tively (see, Hilgen et al., 2012; Raffi et al., 2020). Note that the FO of
Praeorbulina curva is the defining event in the case of the regional
stage boundary in New Zealand, but that this event is much younger
in the Mediterranean with a tuned age of 15.356 Ma (Turco et al.,
2017).

Continental Records

The Langhian GSSP at La Vedova coincides approximately with
the Hemingfordian/Barstovian boundary in terms of the North Ameri-
can Land Mammal ages (see, Hilgen et al., 2012). However, it makes
a difference whether that boundary is defined on the basis of multivari-
ate faunal analysis (16.3 Ma) or immigrant taxa (FA Plithocyon and
Zygolophodon; 16.0 Ma). In Europe, the GSSP is preceded by the
MN4-5 boundary at 16.4 Ma, which in addition corresponds to the
lower-middle Aragonian boundary.

The GSSP coincides with the final stages of the main phase of the
Columbia River flood basalts lasting from 16.7 to 15.9 Ma (Kasbohm
and Schoene, 2018).

Climate, Isotope, Sequence Stratigraphy and
Sea-Level

The GSSP falls in the Miocene Climatic Optimum (MCO), the
interval between 17 and 14.7 Ma characterized by the lightest deep
marine 8'%0 values (minimum ice) and the heaviest 8"°C values, cor-
responding to the Monterey §'"C isotope excursion paced by long
405-kyr eccentricity cycles (astrochronozones nos. 35 to 41/42, Raffi
et al., 2020). Specifically, the boundary postdates the beginning of the
MCO and the Monterey excursion by approximately one million



years and predates, by 405 kyr or one long eccentricity cycle, the §'%0
spike at 15.6 Ma, with the lightest values linked to hyperthermal-like
conditions, CO, release and a maximum in the 2.4 Myr eccentricity cycle
(Holbourn et al., 2014, 2022). Based on boron isotope data, atmo-
spheric pCO, was slightly higher during the MCO than the remainder
of the Miocene, but still at a level similar to or slightly higher (400-
600 ppmv) than today (Steinthorsdottir et al., 2021); however, we should
not forget that typical peak interglacial CO, concentrations almost
never exceeded 300 ppm and normally reached values of 280 only
(Petit et al., 1999) and that the present-day climate system is not in
equilibrium. Global (eustatic) sea-level was supposedly somewhat higher
during the MCO compared to the early and late Miocene, and some
100 m above present-day sea-level (Haq et al., 1987; Miller et al., 2020).
The Langhian GSSP also approximates a sustained 8'*0 increase that
punctuated the MCO and suggests a transient glacial expansion and
CO, decrease (Mi2 Event of Miller et al., 1991). This short-term cli-
mate change is contemporaneous with a marked §'"°C increase corre-
sponding to the onset of CM3, one of the most prominent §"°C maxima
of the Monterey Excursion (Holbourn et al., 2022). The GSSP further
coincides with the end of the main eruption of the Columbia River
flood basalts, which lasted from 16.7 to 15.9 Ma, when more than 95% of
the CR basalts were formed and which may have significantly con-
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tributed to the Miocene Climatic Optimum (Kasbohm and Schoene,
2018).

Summary

The Langhian GSSP should preferably be defined at or close to the
selected primary boundary criterion, the younger end of C5Cn, in the
Lower La Vedova Beach section. This criterion with an astronomical
age very close to 16 Ma is preferred to the classical Praeorbulina datum,
which has been complicated by taxonomic confusion and revision,
and hence is considered less suitable for defining the boundary. How-
ever, instead of the magnetic reversal boundary, we define the bound-
ary at 17.84 m in the middle of the dark colored marls above Megabed
IV. This level, which corresponds closely to the top of C5Chn, is astro-
nomically calibrated to the most prominent ~100-kyr eccentricity
maximum in the 405-kyr maximum centered around 16 Ma. The ~100-
kyr maximum has an age of 15.981 Ma according to La2004 nominal
solution, and of 15.978 Ma according to the La2011 (Fig. 18).

In addition, the IODP Site U1337, a deep-sea site from the eastern
equatorial Pacific, is designated as SABS with the aim to directly link
the open ocean benthic isotope record to the boundary definition. This
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Figure 18. Correlation of mid-latitude North Atlantic, Mediterranean and equatorial Pacific successions across the boundary interval and the
position of Langhian GSSP level in the Lower La Vedova Beach section and Sites U1336 and U1337-U1338. This level closely approximates
the top of Chron C5Cn, the principal event for correlating the base of the Langhian Stage globally. Stable isotope data of Site U1336 are from
Voigt et al. (2016) and XRF-scanner derived CaCO; (%) from Shackford et al. (2014) and Wilson (2014).
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level marks the mid-point of a darker interval that has been astronom-
ically calibrated to the same distinct ~100-kyr eccentricity maximum
and coincides with distinctive features in the stable isotope records.
Also, this level corresponds closely to the top of C5Cn, based on detailed
cyclostratigraphic correlations to parallel Sites U1335 and U1336
having an excellent magnetostratigraphy (Fig. 18).

The addition of the SABS in the open ocean further shows that the
boundary is ~400-kyr older than the most prominent peak in the sta-
ble isotopes dated astronomically at 15.6 Ma. This peak has been
identified as an eccentricity-paced hyperthermal event within the
Miocene Climatic Optimum (MCO) by Holbourn et al. (2013, 2022).
The boundary corresponds to the previous 405-kyr long eccentricity
cycle (maximum) and falls right in the middle of the MCO.
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