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Preface: the new Pleistocene

JOHN A. VAN COUVERING

Nailing down the golden spike

The goal of the International Geological Correlation Program,
Project 41 (IGCP-41), was to propose a formal definition for the
base of the Pleistocene Series — by international agreement the
lower (and only) boundary of the Quaternary subsystem — in
accordance with the resolution passed by the XVIII Interna-
tional Geological Congress (IGC) in London in 1948 (King and
Oakley, 1950}, as well as to characterize and globally correlate
this boundary. After years of study and discussion, as described
by K. V. Nikiforova and M. N. Alekseev in the first chapter of
this volume, the members of IGCP-41 agreed on a boundary
defined by a physical reference point or “golden spike” within
the outer-shelf marine section exposed at Vrica, near Crotone,
Calabria. As this book demonstrates, the members of IGCP-41
were able to recognize this level in marine and nonmarine
sections around the world. The Vrica boundary-stratotype for
the Pleistocene boundary was ratified and adopted by the
international authorities and has gained approval as a global
boundary-stratotype section and point {GSSP) (Cowie and
Bassett, 1989).

The participants in IGCP-41 may take pride in the establish-
ment, at long last, of an internationally accepted and unambigu-
ous definition for the base of the Pleistocene. With regard to this
momentous advance, this book has three aims: (1) to document
the Vrica boundary-stratotype; (2) to show how the boundary-
stratotype can be characterized in terms of the paleontological
and paleoenvironmental record, radiometric dating and magne-
tostratigraphy; and (3) to describe the worldwide stratigraphic
context of the boundary.

Editorial history and notes on style. The great majority of
manuscripts for this book were in hand by the end of 1984,
although a few solicited chapters and revisions were submitted in
1987. Progress in preparing the book was regrettably slow, but all
manuscripts were circulated for updating in 1992, and most
chapters (notably Chapter 2, on Vrica itself, and Chapter 10, on
the rapidly changing context of human evolution) also incorpo-
rate even more recent information. In particular, age determina-
tions derived from the paleomagnetic time scale have been

corrected in the text to the current orbitally tuned calibration of
the geomagnetic polarity time scale (GPTS) (Table 1), although
some figures could not be revised.

In editing this work, I have held to the general principle that
authors should be allowed to speak with their own voices in
regard to matters of taste such as “planktic” versus “planktonic,”
“ostracod” versus “ostracode,” and “-logic” and “-graphic” (as in
geologic and stratigraphic) versus “-logical” and “-graphical.” As
for the problems introduced by my attempts to standardize the
terms and usages in this volume, I am grateful for the patience of
my colleagues.

Modern stratigraphic philosophy is based on the principle that
base defines boundary, which is to say that the base or beginning
of each unit also defines the top of the preceding unit (Salvador,
1994). In view of this, the terms “Pliocene—Pleistocene bound-
ary” or “Neogene/Quaternary boundary” actually mean the
same as “Pleistocene boundary” or “Quaternary boundary,” and
both usages are found in this work as space or taste dictates.
With regard to punctuation, many authors have used the virgule,
as in “Pliocene/Pleistocene,” rather than the dash, as in
“Pliocene—Pleistocene,” to express the boundary between two
units such as these. The older term is written first, as is
stratigraphically logical, but unfortunately the line of the virgule
symbolizes a boundary, and its slant might be taken to suggest
that the older unit rests on the younger. For this reason, I have
preferred the dash where there was a choice. The term “Plio—
Pleistocene” is restricted herein to mean a body of strata or time
that includes both Pliocene and Pleistocene parts.

Is there a “Neogene—Quaternary” boundary?

The International Union of Geological Sciences (IUGS) cur-
rently recognizes the units “Paleogene,” “Neogene,” and “Qua-
ternary” as the three periods making up the Cenozoic era (Cowie
and Bassett, 1989). The expression “Neogene—Quaternary,” or
its abbreviation “N/Q,” which appears throughout this work to
indicate the chronostratigraphic boundary defined by the base of
the Pleistocene epoch, is therefore correct according to interna-
tional guidelines. The philosophy and history behind the

Xi



xii John A. Van Couvering

terminology suggest, however, that this arrangement is vulnera-
ble and may be changed in the future.

It has been pointed out by Berggren and Van Couvering (1974,
1979) that the original mid-nineteenth-century meaning of
“Neogene,” which Moritz Hérnes (1853) coined for the marine
fossils of the Vienna Basin, does not agree with the sense of the
term as used by M. Gignoux (1913) in the first decade of this
century. I am greatly indebted to Prof. F. Steininger (personal
communication, 1991) for pointing out that Hornes based his
term on the “meiocin” and “pleiocdn” local faunal units outlined
by Bronn in 1838. Admittedly Bronn (1838) was extending to the
Vienna Basin the terms “Miocene” and “Pliocene,” which had
just been introduced by Charles Lyell (1833), but Hornes,
writing in 1853, made it clear that it was Bronn’s units, rather
than Lyell’s {(contra Harland et al., 1990), that he considered to
be basic to the Neogene. In so doing, Hornes ignored Lyell’s
post-1838 revisions regarding the limits of his epochs, not to
mention Beyrich’s studies, which were soon to lead to the formal
proposal of the Oligocene in 1855. Thus, the original Neogene,
like the original Miocene and Pliocene on which Bronn based his
units, encompassed the entire post-Eocene fossil record. Hornes
specifically included collections from the glacial “Loss-” and
“Diluvial-Bildungen” in Austria. Furthermore, in correlating the
Vienna Basin Neogene assemblages with Mediterranean faunas,
Hoérnes (1853, p. 809) mentioned collections from Rhodes,
Crete, and Sicily that would now be dated to the Pleistocene.

The term “Neogene” was thereafter much neglected until
Gignoux (1913) reintroduced it. In its revised form, it appears to
have been nothing more than a casual literary convenience
(Gignoux, 1955, p. 467), with no definition beyond the bald
statement that it consisted of the Miocene and Pliocene epochs
together. Despite the superficial resemblance of this diagnosis to
the original, Gignoux’s meaning for “Neogene” was actually
quite different, because Hornes did not recognize the Pleistocene
as separate from the Pliocene, whereas Gignoux, writing 60 years
later, took this separation for granted. Furthermore, although
Hornes, like Lyell, defined his unit in terms of the fossil record,
unlike Lyell he seems to have ignored its application to geologic
time, as is suggested by his choice of “-gen” rather than “-cen” as
an ending. Gignoux made no mention of Hdrnes’s faunal
definition (indeed, he made no mention of Hornes at all) in
treating the Neogene as a compound of epochs, or chrono-
stratigraphic units. In that rather careless way the Pleistocene
(and Oligocene, for that matter) was excluded from the Neogene
without discussion, and it was in this “modern” sense that the
term was used by IGCP-41 and eventually by the IUGS. Taking
all this into consideration, Berggren and Van Couvering (1974,
1979) contended that the Neogene, in its original sense, was a
biochronological unit irrelevant to the time-rock unit of the
Quaternary, and chronologically overlapping it.

No post-Neogene unit is specified in the definition of Neogene
given by Gignoux, let alone by Hornes. On the other hand, the
most appropriate term for the unit preceding the Quaternary is,
of course, “Tertiary” — and if the one is valid it is difficult to see
why the other is not. Indeed, the 1948 commission (King and

Oakley, 1950) stated that it was the Tertiary—Quaternary
boundary which would be identified with the Pliocene—
Pleistocene boundary in its recommendation.

Gignoux’s revised concept has been accepted by those who
advocate that “Tertiary” should be dispensed with, and that
“Neogene” and “Paleogene” should be used in its place. Harland
et al. (1990) proposed to effect this change by elevating both
“Tertiary” and “Quaternary” to the functionless rank of sub-era,
where both antique concepts could be expected to fade away. To
follow the Neogene, they introduced “Pleistogene” in place of
“Quaternary” as the final system/period of the Cenozoic. On the
other hand, as noted earlier, the approach of the JTUGS (Cowie
and Bassett, 1989) is to leave “Quaternary” as is, sequential to
the Neogene, although it makes a somewhat inappropriate name
for a third (alas, not fourth!) division of the Cenozoic.

A third proposal for the name of a unit to follow the Neogene
(sensu Gignoux), with more historical and aesthetic merit than
either of the preceding two, is the term “Anthropogene,” as
described in K. V. Nikiforova’s Foreword to this volume.
Though it originated as a conceptual definition of a geological
interval, it is no different from Paleogene and Neogene in that
regard, and in the end, as a chronostratigraphic unit, it would be
defined by the base of the Pleistocene, just as the equivalent
Pleistogene or Quaternary would.

New geochronology at the Pleistocene boundary

Upper limit of the Olduvai subchron. Pasini and Colalongo
(Chapter 2, this volume) detail a minor but important change in
the position of the Pleistocene boundary-stratotype at Vrica with
regard to the conventional paleomagnetic model. The age of the
top of the Olduvai normal-polarity subchron has been difficult to
fix, because of a mixed-polarity “flutter” in the transition
(Hilgen, 1991). Analysis of closely spaced samples by Zijderveld
et al. (1991) in the Vrica section showed that a thin normal-
polarity zone is present above marker e, which in turn is slightly
above the reversal which was identified as the “top of the
Olduvai” by Tauxe et al. (1983) and Nakagawa et al. (Chapter 3,
this volume; Pasini and Colalongo, Chapter 2, this volume). This
brief normal-polarity interval is not to be confused with the Cobb
Mountain event (Turrin et al., 1994) or with other short normal-
polarity excursions in the upper Matuyama chronozone which
have been noted by various workers (Azzaroli et al., Chapter 11,
this volume), including the N3 unit above marker s at Vrica
(Tauxe et al., 1983).

With this new analysis, a slight modification is required for
paleomagnetic characterization of the Pleistocene boundary-
stratotype at Vrica. Although evidence for a complex structure
in the upper Olduvai has been noted in a few instances
(Zijderveld et al., 1991, p. 711), most published paleomagnetic
profiles that show the Olduvai subchronozone have been in more
condensed (or less closely sampled) sections, in which the short
reversed section that contains marker e at Vrica was not
resolved. Thus, as Zijderveld et al. (1991) reasoned, the thin
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normal-polarity zone above the main zone has always been
included in the Olduvai wherever this upper zone has been
sampled, and to consider it now as a separate subchron is not
useful or practical. In view of this, the Vrica boundary should
now be described as being “just below” rather than “just above”
the top of the Olduvai. The time difference is not great (Table 1),
and all of the associated biochronological markers cited in this
work remain valid (Pasini and Colalongo, Chapter 2, this
volume).

Table 1. Comparison of the paleomagnetic time scale in use 10
years ago and the current, orbitally tuned time scale.

Magnetostratigraphic Age, Ma Age, Ma
boundary (1985) (1995)
Matuyama-Brunhes 0.73 0.780
Jaramillo top 0.90 0.990
Jaramillo base 0.97 1.070
*Cobb Mt. (Gilsa) - 1.186
Olduvai top 1.65 1.770
Vrica zone f top - 1.785
— P/P boundary 1.65 1.796
Vrica zone f§ base (1.65) 1.815
Olduvai base 1.82 1.950
Réunion top 1.99 2.140
Réunion base 2.02 2.150
Gauss-Matuyama 2.48 2.581
Kaena top 2.92 3.040
Kaena base 299 3.110
Mammoth top 3.08 3.220
Mammoth base 3.18 3.330

Note: The earlier time scale (Berggren, Kent, and Van
Couvering, 1985) gives values that average 6% older than the
orbitally tuned time scale (Cande and Kent, 1995) at each point.
The Cobb Mountain subchron is dated according to Turrin et al.
(1994). The age limits for the Vrica interval 3 were calculated
from the upper and lower age limits of the Olduvai subchron,
assuming a constant sedimentation rate in the Vrica sequence
(Pasini and Colalongo, Chapter 2, this volume). In 1985 (column
1) the accepted age of 1.65 Ma for the top of the Olduvai
subchron was erroneously applied to the top of the normal zone
below interval 3 at Vrica.

xiii

Astronomically tuned time scale. Mathematical models of long-
term variations in global insolation values, as predicted on the
basis of harmonics in the obliquity of the earth’s axis and the
ellipticity and precession of its orbit, have been refined with the
aid of modern computers (Berger and Loutre, 1988). This has
brought fresh success in calibrating the proxy records of
astronomically forced climatic periodicities to the magne-
tostratigraphy and biostratigraphy in marine deposits (Hilgen
and Langereis, 1989; Shackleton, Berger, and Peltier, 1990;
Shackleton et al., 1995a). The application of the new astronomi-
cally calibrated time scale to the Vrica section is discussed by
Pasini and Colalongo (Chapter 2, this volume), but has not been
consistently applied in the descriptions of other Plio-Pleistocene
sequences in this volume. Table 1 is a reference to the “old”
versus “new” values, as an aid to the reader.

Standard global Plio—Pleistocene chronostratigraphic
units

The adoption of a stratigraphically defined lower boundary of
the Pleistocene opens the possibility for an improved worldwide
standard chronostratigraphy for the Plio-Pleistocene interval.
Global standard stages have recently been established or
proposed, based on the same marine sequences in southern Italy
that comprise the type area of the Pleistocene. Figure 1
summarizes the consensus from a recent meeting of Italian
stratigraphers (Van Couvering, 1995).

Calabrian versus Selinuntian. For some time now, the lowermost
stage of the Pleistocene has been the subject of controversy. The
1948 resolution (King and Oakley, 1950) invoked a basic
principle of chronostratigraphy in advocating that “the Pliocene—
Pleistocene boundary should be based on changes in marine
faunas,” and to that end recommended that “the lower Pleisto-
cene should include as its basal member in the type area the
Calabrian formation (marine)” and that “according to evidence
given this usage would place the boundary at the horizon of the
first indication of climatic deterioration in the Italian Neogene
succession” (King and Oakley, 1950, p. 214).

Gignoux did not specify a type section for the Calabrian.
According to correspondence seen by G. B. Vai (personal
communication, 1994), he purposely declined to do so on the
grounds that it was impossible to consider any single exposure to
be an adequate example of the complete “cycle.” In order to
convert the Calabrian to a standard chronostratigraphic unit,
Selli (1971) selected one of Gignoux’s described sections, Santa
Maria di Catanzaro, as the stage stratotype, but this only proved
Gignoux’s point. Ruggieri and Sprovieri (1977), as discussed by
Rio, Raffi, and Backman (Chapter 5, this volume) and Azzaroli
et al. (Chapter 11, this volume), demonstrated that the Santa
Maria di Catanzaro section represents only the uppermost part
of Gignoux’s (and the 1948 subcommission’s) concept of the
Calabrian and is stratigraphically far above levels where it might
be expected that the evidence for the end-Pliocene climate
change would be found. Furthermore, micropaleontological
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Figure 1. Chronostratigraphic units in the Plio—Pleistocene sequence of
the Gulf of Taranto, southern Italy. Locations for GSSPs at the bases of
the newly proposed Gelasian and Ionian stages and those of the
revalidated Calabrian and its substages are shown according to the con-
sensus at the 1994 Bari workshop (Van Couvering, 1995).

correlations have indicated that this section is in fact equivalent
to strata in Sicily that had been regarded as typical of the piano
siciliano of Doederlein since the nineteenth century (Ruggieri
and Sprovieri, 1976; Rio et al., Chapter 5, this volume). Because
Gignoux (1913) considered that the Sicilian “cycle” followed that
of the Calabrian, the validity of the Santa Maria di Catanzaro
stratotype came into question, and thus, by definition, the
validity of the term “Calabrian” itself (Ruggieri and Sprovieri,
1977, 1979; Ruggieri, Rio, and Sprovieri, 1984).

The approach of IGCP-41 was to defer the problem presented
by the stratotype of the Calabrian Stage and to follow the spirit,
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rather than the letter, of the 1948 IGC resolution in proposing to
locate the Pliocene—Pleistocene boundary at Vrica. The strata in
the Vrica section are in the same sub-Apennine formation that is
partially exposed at Santa Maria di Catanzaro and Le Castella
(Haq, Berggren, and Van Couvering, 1977) to the west, and
although Vrica was not mentioned by Gignoux, it clearly
demonstrates the concept of a change from warm- to cold-
climate deposition at the end of the Pliocene, which was the basis
of his Calabrian Stage.

In consideration of their view that the Calabrian was an
“invalid junior synonym,” Ruggieri and Sprovieri (1979) pro-
posed the creation of two new pre-Sicilian stages/ages for the
lowest Pleistocene, the Santernian and Emilian, based on
sections in the Santerno River basin near Bologna. Those stages,
together with the Sicilian, were considered to be components of
a new Lower Pleistocene superstage, the Selinuntian, in place of
the Calabrian sensu largo. Later, Ruggieri et al. (1984) revised
the status of the Selinuntian, defining it as a single, composite
stage/age made up of the Santernian, Emilian, and Sicilian at
substage/chronozone rank. This position was also taken by Rio
et al. (Chapter 5, this volume) and Azzaroli et al. (Chapter 11,
this volume). In effect, the Selinuntian defined in this way
occupies the same interval, and carries the same meaning, as the
historical concept of Calabrian.

The question is not yet fully resolved, but many Italian
stratigraphers involved in the debate now favor a return to the
historical usage (Van Couvering, 1995) in which the status of the
Calabrian is restored as the lowest stage of the Pleistocene in
Italy, by recognizing that its lower boundary-stratotype is
established at Vrica. One primary reason is the fact that,
according to international guidelines (Salvador, 1994), this
recognition may be merely a formality. Two points must be kept
in mind: that chronostratigraphic units are fundamentally hierar-
chical, and that a boundary-stratotype may be defined separately
from a body-stratotype. Few stages have such explicit hierarchi-
cal status as the Calabrian, which was specified as the basal unit
of the Pleistocene in the same international resolution that
justified the proposals made by IGCP-41. We must therefore
agree, according to the concept of hierarchy outlined in the
international guidelines, that any definition of the base of the
Pleistocene Series cannot exist apart from the base of the
Calabrian Stage. The basal limit of the Calabrian Stage would
thus have been removed axiomatically from the base of the body-
stratotype at Santa Maria di Catanzaro to a boundary-stratotype
at the level of the claystone overlying marker e at Vrica, by the
act of proposing this level as the definition for the base of the
Pleistocene Series. It should be noted that the problem of
synchronicity or “priority” between the body-stratotype of the
Calabrian at Santa Maria di Catanzaro and the typical Sicilian at
Ficarazzi disappears when the Sicilian is considered as a
substage, as proposed by Ruggieri et al. (1984).

New stages and boundary proposals. Recent advances in mi-
cropaleontology, magnetochronology, and stable-isotope cyclo-
stratigraphy in the upper Cenzoic marine strata in southern Italy
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support the recognition of new Pliocene and Pleistocene global
chronostratigraphic units in the same context as the Pleistocene
boundary-stratotype. Rio, Sprovieri, and Thunell (1991) have
conclusively demonstrated that in the upper Pliocene, the
stratotype of the Piacenzian Stage is erosionally truncated near
the Gauss~Matuyama boundary, some 0.8 m.y. prior to the base
of the Pleistocene as presently recognized. Under the interna-
tional guidelines (Salvador, 1994), chronostratigraphic “gaps”
such as that are eliminated by considering the top of a unit to be
defined by the base of the next succeeding unit, so that the
Piacenzian Stage could be considered to continue up to the base
of the lowest stage in the Pleistocene. (An alternative proposal,
to move the base of the Pleistocene downward to fill the gap, is
not in accord with the guidelines, as discussed later). Rio,
Sprovieri, and Di Stefano (1994) pointed out that the
paleobiological and paleoclimatic characteristics of the gap in
question, as seen in the well-studied section at Monte San Nicola
in Sicily, distinguish it from the typical Piancenzian. Those
authors proposed a new stage, the Gelasian, to embody the
Upper Pliocene and to more clearly document the sharp change
from warm-climate to cold-climate conditions at the level of the
Vrica boundary.

The Ionian Stage has been proposed for the Middle Pleisto-
cene by a group led by Neri Ciaranfi at Bari University (Van
Couvering, 1995), to be based on the upper part of a thick
sequence of highly fossiliferous Lower and Middle Pleistocene
marine clayey silts at Montalbano Ionico in southern Basilicata
(Ciaranfi et al., 1994). Preliminary studies of the sequence have
shown continuous sedimentation from the middle Matuyama to
the middle Brunhes, in the context of calcareous nannoplankton
zones of “large” Gephyrocapsa, “small” Gephyrocapsa, and
Pseudoemiliana lacunosa (Rio, Raffi, and Villa, 1990). In order
to avoid the problems raised by the fact that cold-climate
lowstands are erosional in shallow-marine and continental
deposits, the boundary-stratotype of the Ionian has been
proposed at the level of the last warm, transgressive event prior
to the Menapian “glacial Pleistocene,” at the 0.9-Ma paleo-
climatic step, and the end of the Villafranchian (Azzaroli et al.,
Chapter 11, this volume). This is isotope stage 25, just above the
Jaramillo and correlative to the base of the P. lacunosa zone
(Castradori, 1993), which is well documented at Montalbano
Tonico.

Boundary-stratotypes for the Santernian, Emilian, and Sicil-
ian, which have been designated as Lower Pleistocene substages
(Ruggieri et al., 1984), have been proposed in southern Italy
(Figure 1). The base of the Santernian substage is identified, by
hierarchic necessity, with that of the Calabrian Stage and that of
the Pleistocene Series at the Vrica GSSP. The boundary-
stratotype of the Emilian has been defined by Pasini and
Colalongo (1994) at a point 71 m stratigraphically above the
Pleistocene boundary in the Vrica section, at the level of
Hyalinea baltica FAD and the base of the “large” Gephyrocapsa
zone. A boundary-stratotype for the Sicilian has not been
designated, but Ruggieri et al. (1984) suggested the first
appearance level of Globorotalia truncatulinoides excelsa FAD at

Ficarazzi (Sicily), which is near the base of the “small”
Gephyrocapsa zone.

Lowering the Quaternary

Years of effort have culminated in the establishment of an
internationally accepted Pleistocene boundary-stratotype coinci-
dent with a major climatic downturn. This level, near the top of
the Olduvai subchron, with an age of about 1.8 Ma, is (by
definition) the Quaternary boundary as well. It is now well
known that the shift from the equable, stable climates of the
early Pliocene to the intensely seasonal and highly cyclic climates
of the late Pleistocene and Recent proceeded episodically, with
progressive step-like increments, from the middle Miocene
climatic maximum to modern “fully glacial” conditions by about
0.4 Ma (Thunell and Williams, 1983). Major steps toward the
present glacial-climate condition have been confirmed in high-
quality deep-sea records at 3.2 Ma and 2.5 Ma (Shackleton, Hall,
and Pate, 1995b), prior to the 1.8-Ma downturn, and other major
steps at 0.9 Ma and 0.4 Ma (Shackleton et al., 1990; Hilgen,
1991). A detailed review is beyond the scope of this brief
commentary, but it is safe to say that whereas a given step or two
may be strikingly distinct in one or more of the proxy records
that have been developed - stable isotopes, vertebrate fossils,
land microflora and macroflora, marine planktic and benthic
microfossils, marine and continental epiglacial sediments — no
one climatic downturn stands out from all the rest on a consensus
basis. Because the step at 1.8 Ma is not universally dominant, the
effects of the two most closely bracketing steps have also been
advocated as criteria for the Pliocene—Pleistocene boundary.

For example, Nikiforova describes, in the Foreword to this
volume, how researchers in eastern Europe and Russia have long
held (with some justification) that the establishment of lowland
glaciers on the European continent at about 0.9 Ma (i.e., isotope
stage 24) (Hilgen, 1991) marked the proper beginning of the
Pleistocene, in accord with the original intentions of nineteenth-
century stratigraphers. Itihara et al. (Chapter 24, this volume)
show that Japanese stratigraphers have also dated the base of the
Pleistocene to that time, coincident with the extinction of typical
Pliocene macroflora.

On the other hand, the glacial maximum at about 2.5 Ma (i.e.,
isotope stage 100) (Shackleton et al., 1995b) appears to have
been the first to have noticeably impacted the continental and
shallow-marine environments, and it was also the earliest cold-
climate phase in which the limits of ice-rafted debris (IRD)
expanded beyond the Arctic Ocean and into the northern
Atlantic and northern Pacific. Workers in China, as noted by
Zhang (Chapter 26, this volume), were accustomed to using the
earliest loess, together with evidence for the development of the
Villafranchian mammal fauna, as indicators that the Pleistocene
epoch began at levels now dated to 2.5 Ma. Likewise, evidence
has been cited for distinct changes in continental mammal faunas
at that time in western Europe (Azzaroli et al., Chapter 11, this
volume), North America (Lindsay, Chapter 30, this volume),
and Africa (Cooke, Chapter 27, this volume). Although the next
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major cold-climate period, at about 1.8 Ma, was more intense,
its effects were less dramatic, in the context of a biosphere that
had already been “winterized” to a significant extent.

Historically, as Berggren and Van Couvering (1979) described,
agreement on the Pliocene-Pleistocene boundary was a vexa-
tious problem for many years, because researchers in different
fields, like the blind men examining the elephant, were unable to
reconcile their separate understandings. The physical reference
point, or “golden spike,” adopted by the 1948 London IGC was a
logical and practical solution, with the goal of shifting the
argument from the debating room to the outcrop. Nevertheless,
the ideology of the ice ages continues to exert a fascination. The
primary example is opposition to the Vrica definition (e.g.,
Zagwijn, 1992; Sibrava, 1992), on the ground that the cold-
climate maximum in the 2.5-Ma step, being of greater extent and
severity than those known earlier in Norway and Iceland, was the
true “first glacial.” It is worth noting, in this regard, that the
extent of ice-rafting and the latitudinal distribution of indicator
biota suggest that at its coldest, the 2.5-Ma “glacial” was warmer
than the present-day interglacial. Furthermore, between 2.5 and
1.8 Ma, the Tiglian phase (approximately equivalent to the
marine Gelasian Stage) could be characterized as “the last
preglacial,” because it was characterized by global climates that
were significantly warmer and more equable than those in any
Pleistocene cycle that followed. The conundrum faced by the
climatically correct is thus to decide whether it offends more that
the Pliocene should include an interval of relatively cold climate
if the Pliocene—Pleistocene boundary is at 1.8 Ma, or that the
Pleistocene should include a clearly pre-glacial interval if the
boundary is at 2.5 Ma.

That such considerations should be brought forward as reason
to question the 1948 resolution and to reopen the boundary wars
is, however, quite another matter. There is no necessary
relationship between chronostratigraphy and past climate (Salva-
dor, 1994), even though the identity of the Pleistocene epoch has
been gravely debated as if it were a paleoclimatic unit ever since
Edward Forbes (1846) noticed that it was also a time of “ice
ages.” The truth is that whereas it is pleasing, and even logical,
to make an epoch boundary coincident with a notable
geohistorical event such as a change in global climate, it cannot
be made a requirement in chronostratigraphy. After three
decades of conscientious and painstaking study, an internationat
agreement has been reached to the effect that the intent of the
1948 resolution has been fulfilled with the selection of a physical
boundary-stratotype at Vrica. It is our hope that this volume will
demonstrate that in addition to being legitimate, the Vrica
boundary-stratotype is in fact as practical and appropriate as any
other.
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Foreword

KSENIA V. NIKIFOROVA

Quaternary deposits are everywhere. In mountainous areas they
range from thin soils and scree through ephemeral accumula-
tions, such as talus fans and stream alluvium, to sometimes quite
long-lived deposits like peat, valley fills, lake beds, and glacial
moraines. The acidic ground water and soils of mountains,
however, leave few fossils, apart from pollen and macrofloral
impressions. In lowland river valleys and coastal margins,
continental Quaternary deposits are thicker, more widespread,
and more fossiliferous. Even so, they are lithologically and
stratigraphically discontinuous on the larger scale. Only in the
marine environment, particularly on the floors of the deep ocean
basins, are essentially uninterrupted and highly fossiliferous
sequences of Quaternary strata found over wide regions.
Because the boundary between land and sea has changed very
little, relatively, during the geologically brief period of the
Quaternary, the early, classic studies of this crucially important
interval in the earth’s history were restricted to the relatively
discontinuous continental deposits. The number of studies of
marine Quaternary deposits has increased greatly during the past
few decades, however, and they have provided us with a new and
much better documented basis from which to establish the
position of the lower boundary of the Quaternary.

As far back as 1760, the Italian geologist Arduino singled out
Quaternary strata as a distinct group of geological deposits
characterized by lack of induration. The concept of a Quaternary
time, as the most recent part of geological history, was suggested
in 1825 by Desnoyers, and in 1839 Charles Lyell introduced a
new term, “Pleistocene,” for the epoch of youngest marine
faunas. By the middle of the nineteenth century it was evident
that much of the Quaternary was characterized by ancient glacial
deposits; at the same time, the distinct paleofaunal change from
Pliocene to Pleistocene was understood to be caused by the
increased influence of glacial environments. Thus, “Pleistocene”
and “Quaternary” came to be considered as coeval terms for the
glacially dominated period that ended the Cenozoic.

In 1846, Forbes recommended that use of “Pleistocene” be
restricted to exclude the most recent post-glacial strata, which he
denoted by the term “Holocene.” Eventually the term “Pleisto-
cene” came to be used by most stratigraphers in that way, as a
name for the deposits of the “Ice Age,” with an upper limit

equivalent to the ending of glacial conditions in temperate
lowlands, presently dated to about 12,000 years ago.

The lower limit of the Quaternary is still subject to dispute,
and some researchers do not even acknowledge its existence,
because of the opinion that it is based on the same antiquated
preconceptions as the Tertiary, not to speak of the Primary and
Secondary. These workers consider the Cenozoic era to be
directly divided into constituent epochs, such as the Pleistocene,
or that the Pleistocene epoch is included in an extended Neogene
sub-era. A second group (including some of the same research-
ers) would also eliminate the Holocene as a separate, indepen-
dent epoch. The work of IGCP-41, on the other hand, is based
on the prevailing opinion that the Quaternary should be
considered an independent period of the Cenozoic and that its
lower limit, the boundary between the Neogene and the
Quaternary (the N/Q boundary), is equivalent to the boundary
between the Pliocene and the Pleistocene.

In Russian, the terms “Post-Tertiary” and “Post-Pliocene,” as
synonyms for the Quaternary, were widely used until the 1920s.
In 1919, A. P. Pavlov proposed to replace the name “Quater-
nary” with “Anthropogene,” according to the view that the main
event in the organic history of the final system/period of the
Cenozoic was the appearance of humans. In actual fact, as E.
Aguirre points out in this volume (Chapter 10), the evolution of
Homo erectus in Africa at about 1.8 Ma is almost coincident with
the age of the N/Q boundary at Vrica, as recommended by
IGCP-41. The name “Anthropogene” accorded well with the
preceding “Paleogene” and “Neogene,” which had already
replaced “Tertiary” in the Soviet schema, and it is now
commonly used throughout central and eastern Eurasia. In 1963
the names “Quaternary” and “Anthropogene” were officially
approved as equivalents by the Interdepartmental Stratigraphic
Committee of the USSR, in the MSC (modern stratigraphic
code) (Zhamoida et al., 1977). The term “Anthropogene” has an
obvious priority over the recently proposed “Pleistogene” of
Harland and others (Van Couvering, Preface, this volume).

Also, in consideration of priority, one should remember that
“Pleistocene” was long applied in the Soviet Union according to
a strict interpretation of Forbes’s definition, which restricts the
term to the time of fully glacial conditions. It is now known that
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in mainland North America, continental ice sheets appeared
during the climatic deterioration at the beginning of the
presently defined Pleistocene, and even before that in Green-
land and Iceland, whereas in subpolar Eurasia (to which Forbes
was referring) the first fully glacial conditions are identified with
the Menapian (classic Mindel) paleoclimatic unit, now dated as
being of early Middle Pleistocene age. The pre-Menapian
deposits corresponding to the Lower Pleistocene of western
Europe are therefore equivalent to the Eopleistocene (“dawn of
Pleistocene™) in the former USSR.

The definition of boundaries is a major issue in the debates on
Quaternary geology. The first step toward fixing the place of the
boundary between the Pliocene and the Pleistocene was the
organization of a special temporary commission at the XVIII
International Geological Congress in London in 1948. The
commission, affirming that the base of the Quaternary was
equivalent to the base of the Pleistocene, outlined three basic
criteria for the placement of the boundary: (1) the boundary
should be based on a faunal change in a section of marine
deposits, (2) the boundary should be located in the classic
territory of Quaternary marine deposits of Italy, the area in
which these principles can be best applied, and (3) the boundary
should be placed at a horizon demonstrating the first indication
of a deterioration of climate in the Italian deposits, as evidenced
by the first appearance of (unspecified) “northern guests” in the
Mediterranean Sea. Based on those criteria, the commission
recommended that the lower boundary of the Pleistocene should
be drawn at the base of the Calabrian Stage in Italy. That
recommendation was approved and adopted in the closing
session of the XVIII International Geological Congress.

The commission was aware of the fact that in proposing the
Calabrian Stage, Gignoux (1913) had referred to a number of
sections throughout Italy that evidenced a change from warm,
Pliocene conditions in the Mediterranean to a significantly colder
climate. That environmental change was documented by the first
appearance in Italian sections of animals that clearly originated
in the North Atlantic bioprovince. The first species identified as
a “northern guest,” and still the most popular example, is the
mollusk Cyprina islandica, now generally referred to the genus
Arctica, which today lives in shallow subarctic waters above the
60-m isobath. Its value for close correlation is limited, and
stratigraphers therefore put forward a boreal benthonic foramini-
fer also found in the Calabrian, Hyalinea baltica, as a deep-water
indicator for the base of the Pleistocene (and also Quaternary).

Evidence of glacial climates can now be documented by
characteristic changes in many different assemblages of micro-
organisms and in the composition of fossil-spore spectra.
Originally it was assumed that the earth had been free from
lowland ice sheets until it suddenly entered a worldwide ice age
in the last part of the Cenozoic. With the aid of modern studies
of microfossil groups, however, we can recognize diachronous
and recurring appearances of cold-climate conditions in the
Mediterranean Sea. Application of this type of data to the
history of the late Cenozoic confirms that the deterioration in
climate throughout the Neogene was in fact a succession of

gradually intensifying global cycles, with repeated coolings
having taken place in the Mediterranean long before the first
appearance of the truly boreal elements that are designated as
indicative of the beginning of the Quaternary. In addition, Italian
geologists have recently shown that the appearances of the two
most often cited “cold guests,” Arctica islandica and Hyalinea
baltica, were not synchronous and that H. baltica is certain to
have appeared later than A. islandica.

Among the typical Calabrian sections, Gignoux (1913) in-
cluded Santa Maria di Catanzaro (Calabria), and that section
was later designated by Selli (1971) as the neostratotype. As far
back as 1961, Ruggieri proposed a new stratigraphic zonation of
the Italian Pliocene and early Pleistocene, with two zones: a
Lower Pliocene zone with two subzones (A and B), assigned to
the early Pliocene, and an upper zone also divided into two
subzones (C, with A. islandica, and D, with A. islandica plus
Hyalinea baltica). Ruggieri considered subzone D to be the base
of the Pleistocene because it coincided with the first appearance
of H. baltica, with subzone C representing the late Pliocene.
Later on, Ruggieri and Sprovieri (1976) recognized that subzone
C, with its famous “cold guest,” was actually equivalent to the
lowermost Pleistocene, corresponding with the accepted general
concept of the Calabrian Stage. Subzone D was coeval with the
beginning of the Emilian Stage, and the overlying Sicilian Stage
was characterized by the two species named earlier plus
Globorotalia truncatulinoides excelsa.

As is now well known, the same authors (Ruggieri and
Sprovieri, 1977) later felt it necessary to abandon the name
“Calabrian” for the lowermost Pleistocene stage when it was
discovered that the Calabrian of Santa Maria di Catanzaro
appeared to be synchronous with the typical Sicilian, and the
Calabrian Stage defined in that section by Selli (1971) was, in
their view, therefore an invalid “synonym” of the type Sicilian
proposed by Doederlein in 1872 in a section at Ficarazzi
(Palermo). In place of the Calabrian, Ruggieri and Sprovieri
(1977) proposed a new stage, the Santernian, defined in the
Santerno Valley tributary to the Po in northern Italy.

At the IGCP/Plio-41 symposium in Italy in 1975, R. Selli and
G. Pasini proposed the section at Vrica, 4 km south of Crotone
(Calabria), as a candidate to serve as the boundary-stratotype of
the N/Q or Pliocene—Pleistocene boundary. Study of this section
by the working group of IGCP Project 41 and INQUA
Subcommission 1-d, “Pliocene—Pleistocene Boundary” (Selli et
al., 1977), showed that the section met all the requirements of
the modern stratigraphic codes for such a boundary (Hedberg,
1976; Zhamoida et al., 1977). Further investigations have only
strengthened the acceptance of the Vrica section as a location for
the Pliocene—Pleistocene boundary-stratotype, or neostratotype
according to the Soviet rules of stratigraphic nomenclature
(Zhamoida et al., 1977). Detailed descriptions of the section are
given in publications of Aguirre and Pasini (1985) and Nikiforova
(1985), as well as in various chapters in this volume.

The three stages Santernian, Emilian, and Sicilian were united
by Ruggieri and Sprovieri (1979) into one superstage, Selinunt-
ian, although the short durations of those units prompted those
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authors subsequently to reconsider them as substages or chrono-
zones of a Selinuntian Stage (Ruggieri, Rio, and Sprovieri,
1984). Most recently there has been general agreement (Preface,
this volume) to restore the Calabrian as the lowest stage in the
Pleistocene, according to the historical argument that the
boundary-stratotype for this stage was automatically established
at the same lithologic point as the definition of the Pliocene—
Pleistocene boundary-stratotype.

Thus, the section at Vrica proposed by Selli and Pasini in 1975,
and thoroughly studied afterward, meets all the international
requirements for adequate definition of the boundary-stratotype.
If we understand the restored Calabrian to embody the original
Calabrian concept of Gignoux, then the Vrica proposal also meets
every condition set by the 1948 London IGC for definition of the
Pliocene—Pleistocene boundary.

It should be noted in conclusion that the most urgent task now
facing the INQUA Commission on Stratigraphy is standardiza-
tion of Quaternary stratigraphical and geochronological units
and their terminology, as concerns both the name of the system
itself and its subdivisions. As the stratigraphic range of the
Quaternary does not exceed one normal biozone, that of
Globorotalia truncatulinoides, recognition of series, stages, and
chronozones within the Quaternary may not be justified. In the
Stratigraphic Code of the USSR (Zhamoida et al., 1977),
subdivisions even finer than zones are described, some of which
(division, link) have been included in the standard stratigraphic
scale and may be appropriate as Quaternary subunits. These
problems are not proper subjects for this volume, of course, but
are considerations that arise now that the work on IGCP Project
41 is completed.
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1  International Geological Correlation Program, Project 41:
“Neogene/Quaternary Boundary”

KSENIA V. NIKIFOROVA and MIKHAIL N. ALEKSEEV

Formation of the project

Research on Project 41, “Neogene/Quaternary Boundary,” was
initiated in 1974 under the auspices of the International
Geological Correlation Program at the second session of the
IGCP board held in Vienna. At the same session, a separate
proposal by the Geological Survey of India to define this
boundary in the Indo-Pakistani subcontinent was included in
IGCP Project 41 (Sastry, Chapter 23, this volume).

The first session of the working group for Project 41 was held
in Barcelona in September 1974. In attendance were E. Aguirre
(Spain), A. Azzaroli (Italy), M. Alekseev (USSR), W. A.
Berggren (USA), H. B. S. Cooke (Canada), L. K. Gabunia
(USSR), C. Ghenea (Romania), J. Michaux (France), K. V.
Nikiforova (USSR), A. Roénai (Hungary), M. V. A. Sastry
(India), R. Selli (Italy), K. O. Lange (UNESCO), and R.
Gonzales (Spain). At the conclusion of that meeting, it was
agreed that the membership of the Project 41 working group
would be as follows:

K. V. Nikiforova (chairman), Geological Institute,
USSR {now Russian] Academy of Sciences, Mos-
cow, Russia

E. Aguirre (treasurer), Ciudad Universitaria, Madrid,
Spain

M. Alekseev (secretary), Geological Institute, USSR
[now Russian] Academy of Sciences, Moscow,
Russia

A. Azzaroli, Museum of Geology and Paleontology,
Florence, Italy

L. Benda, Niedersachsisches Landesamt fiir Bodenfor-
schung, Hannover, [West] Germany

W. A. Berggren, Woods Hole Oceanographic Institu-
tion, Woods Hole, MA, USA

H. B. S. Cooke, Dalhousie University, Halifax, N.S.,
Canada

L. K. Gabunya, Institute of Paleobiology, Academy of
Sciences of the Georgian SSR [now Georgian
Academy of Sciences}, Tbilisi, Georgia

E. D. Gill, University of New South Wales, Canterbury,
Australia

C. Ghenea, Geological Institute, Bucharest, Romania

H. M. S. Hartono, Geological Research and Develop-
ment Centre, Bandung, Indonesia

R. W. Hey, Cambridge University, Cambridge, UK

1. C. Ingle, Stanford University, Stanford, CA, USA

M. Itihara, Osaka City University, Osaka, Japan

H.-D. Kahlke, Institute of Quaternary Paleontology,
Weimar, {East] Germany

J. Michaux, University of Montpellier, Montpellier,
France

H. Nakagawa, Tohoku University, Sendai, Japan

R. Pascual, National University, La Plata, Argentina

K. Prasad, Geological Survey of India, Bangalore,
India

A. Psilovikos, Aristotle University of Thessaloniki,
Greece

A. A. Rénai, Hungarian Geological Institute, Buda-
pest, Hungary

M. V. A. Sastry, Geological Survey of India, Calcutta,
India

R. Selli, Institute of Geology, Bologna, Italy

N. J. Shackleton, Cambridge University, Cambridge,
UK

P. Vella, Victoria University, Wellington, New Zealand

The members of the working group agreed that the main task
of Project 41 would be detailed studies of the stratigraphy of
Pliocene and Lower Quaternary deposits developed on conti-
nents, islands, and ocean floors, aimed at definition and
worldwide recognition of the Neogene—Quaternary boundary.
Establishment of that boundary would be of great importance for
the universal stratigraphic scale and for strengthening the
standardized basis for mineral prospecting, geological mapping,
map legends, neotectonics, geomorphology, and so forth.

In accordance with the adopted program, the group agreed
that various methods should be used for solving this problem:
biostratigraphic, climatostratigraphic, and physical methods such
as paleomagnetic, paleotemperature, and radiometric age deter-
minations. Studies of marine and continental faunas and floras
and of climatic changes at various intervals of the Pliocene and
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Quaternary would provide the research data for paleogeographic
reconstructions of certain time sections. Of particular impor-
tance would be the use of physical methods that could provide
more precise dating, applicable to the problems of synchroneity
and metasynchroneity of geological events on a regional or
global scale.

Work on Project 41 would elucidate the geological history and
structure of continental shelves that hold oil and gas prospects.
Continental and near-shore deposits of Quaternary age include
placers of precious metals and rare ores. Superficial deposits of
tropical continents include large-scale oxide ore bodies and
concentrations of heavy minerals.

The project was conceived as an interdisciplinary study.
Specialists from various fields — geology, geomorphology, paleo-
climatology, paleontology, micropaleontology, archeology, an-
thropology, chemistry, and physics — took part. Close coopera-
tion with international and national organizations such as IUGS
(International Union of Geological Sciences) and INQUA
(International Quaternary Association) was deemed essential. In
this respect the project conforms fully to the aims and goals of
UNESCO (United Nations Educational, Scientific, and Cultural
Organization).

Background

The position of the N/Q (Neogene—-Quaternary) boundary had
already been discussed at several meetings of the IUGS and
INQUA, as well as in international symposia and colloquia
convened especially to study this problem. The problem of
defining the boundary was first debated at the XVIII Interna-
tional Geological Congress in London in 1948, which recom-
mended that the deposits of the Calabrian Stage of Italy (in
which the northern immigrants Arctica islandica and Hyalinea
baltica appear for the first time) be defined as the basal member
of the Lower Pleistocene in the Quaternary system. The
Villafranchian was considered to be the terrestrial equivalent of
the Calabrian. Later it was found that the term “Villafranchian”
applied to a much wider time interval and that its lower two-
thirds belongs to the Pliocene, if the Calabrian represents the
oldest part of the Pleistocene.

At the international colloquium organized by the INQUA
Subcommission 1-d, “Pliocene/Pleistocene Boundary,” held in
the USSR in 1972, the following recommendation was adopted:
“the lowermost level in the section of Le Castella in Calabria
with remains of Hyalinea baltica (Schrotter) [is] selected as the
initial definition of the base of the Pleistocene in a marine section
of the Mediterranean basin.” The colloquium also noted the
need for more exact correlation between marine and continental
deposits and the establishment of stratigraphic analogues of the
Calabrian in other territories, including sections of sea-floor
sediments. The recommendation of the 1972 colloquium in the
USSR served as the basis for the subsequent recommendations
of the XXIV International Geological Congress in Montreal in
1972.

It must be noted here that in subsequent studies by Italian

stratigraphers it has been shown that H. baltica unquestionably
appears in the southern Italian sequences much later than
Arctica islandica, at a level that has been identified with the base
of the Emilian substage. The first appearance of A. islandica in
Italian strata is still considered to be an accurate indication of the
earliest part of the Pleistocene.

The next international colloquium on the Pliocene—Pleisto-
cene boundary organized by INQUA Subcommission 1-d was
held in Christchurch, New Zealand, in December 1973 during
the IX INQUA Congress. That congress provided an important
opportunity for firsthand examination of the Upper Pliocene and
Lower Pleistocene deposits, as well as the position established
for the N/Q boundary in New Zealand and Australia. Some of
the papers read at that symposium were published in Bulletin 13
of the Royal Society of New Zealand, Quaternary Studies, in
1975.

Organization and objectives of Project 41

Plan of work

The basic goals of the international working group on IGCP
Project 41, “Neogene/Quaternary Boundary,” were as follows:

1. analysis of the available data and solution of approach-
able problems through investigations carried out by the
national working groups, or in cooperation with scien-
tists from other countries involved in these activities

2. field studies regarding new objectives and critical
sequences proposed by national working groups

3. field investigations, consulitations, and exchange of
knowledge on the geology of Pliocene and Lower
Pleistocene deposits in the developing countries in
order to stimulate scientific work

4. interdisciplinary studies in regions of difficult access,
with priority given to studies of abyssal oceanic
sediments, in consultation with the INQUA Subcom-
mission on Stratigraphy of Deep-Sea Sediments

The field-team concept

The field-team approach was adopted as the best method to
study important local stratigraphy and correlation of Pliocene
and Lower Quaternary deposits. The following are some of the
particular sections studied by the national working groups:

Italy: stratotypical Calabrian and Villafranchian sec-
tions; review of the present state of investigations of
the problem “N/Q Boundary” in the type area.

Japan: key sections of the Pliocene and Lower Quater-
nary deposits of the Akita, Kinki, and Kanto
regions.

USSR: nearly complete sections of Pliocene and Lower
Pleistocene deposits in the European part of the
former USSR and in middle Asia.

United States: key sections of the Pliocene and Lower
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Pleistocene marine and continental deposits of
California and the interior areas.

India: field conference, study of Pliocene and Lower
Pleistocene deposits of the Siwaliks.

Correlation

The program of stratigraphic studies was planned to correlate in
time and space the Pliocene and Lower Quaternary deposits in
various paleogeographical provinces of different continents and
islands, and on the ocean floor, as follows:

Deposits in continents and islands. Elaboration of stratigraphy
and correlation of deposits located in different paleogeographic
provinces, as well as correlations between marine and continen-
tal deposits, would pose a problem. The stratigraphic sections in
Italy, England, and The Netherlands had been the best studied in
the regions of western, central, and northern Europe, although
the sections in western and eastern Germany would also be of
importance.

In eastern Europe, successions in the European part of the
USSR, southern Moldavia, Ukraine, Azerbaijan, and Georgia
had been well studied. The sections in Romania, Yugoslavia, and
Hungary would be very important. The main problems in
Europe appeared to involve correlation of marine and continen-
tal deposits, using a combination of methods such as radiometric
and paleomagnetic analyses, and coordination with the sections
of subaqueous and subaerial series.

In Asia, determination of the N/Q boundary would involve
studies in the sections of Turkmenia, middle Asia, Turkey,
Transuralian Russia, western and eastern Siberia, the northeast-
ern USSR, the Far East, the Indian subcontinent, Burma,
Indonesia, China, and the Japanese islands. The principal
problems in those regions would also lie in the correlation of
marine and continental deposits, as well as volcanogenic
formations of boreal and tropical zones, and in the definitions of
the nature of sedimentation, erosional phases, and sea-level
fluctuations.

Africa would require study of the sections of continental fossil-
bearing deposits of Pliocene and Lower Quaternary age in the
African rift zone. The main task here would be to detail the
chronostratigraphic correlations of the Rift Valley sections with
the climatically influenced sections of the southern Mediterra-
nean coast (Algeria, Tunisia, Morocco) and those of the
northern coast of the Mediterranean.

In the case of North America, the most important objectives
would be comparisons of the marine sediments of California and
the Gulf of Mexico with the continental sediments. It would be
necessary to correlate the older glacial deposits and to work out
the detailed stratigraphic schemes based on the use of a number
of methods.

In South America, objectives would include thorough studies
of the stratigraphy of Pliocene and Lower Pleistocene deposits of
the Pampas, radiometric ages for volcanogenic deposits, elabora-
tion of the stratigraphy of Plio—Pleistocene marine sediments,

and, above all, correlation of climatic fluctuations between the
southern and northern tropical zones on the South American
continent.

Australia and New Zealand would offer an opportunity for
thorough study of the Pliocene and Lower Quaternary sections
of marine, continental, and volcanogenic deposits, thus provid-
ing the data to work out a climatostratigraphic scheme for the
deposits of those ages. A more precise definition of the positions
of datum planes with regard to global chronostratigraphy would
be the final objective.

Deposits of ocean basins. The objectives of studies in the ocean
basins would be analyses of the precise stratification of abyssal
deposits and establishment of the boundary of the Globorotalia
tosaensis and Globorotalia truncatulinoides zones, as well as the
stratigraphic positions of other oceanic fossils in the Pacific,
Indian, and Atlantic oceans. A further major objective would be
the zonation and correlation of sections of Upper Pliocene and
Lower Pleistocene deposits at high, middle, and low latitudes.
Establishment of stratigraphic analogues of the G. rosaensis and
G. truncatulinoides zones, as well as nannoplankton and ra-
diolarian zones typical of middle latitudes, would be required for
deposits laid down in high latitudes. Contributing to that effort
would be studies of the paleomagnetism, radiometric age, and
paleotemperatures of such deposits.

History of the working group activities

During 1975, national and regional working groups were
organized and began to implement research activities in the
German Democratic Republic, the Federal Republic of Ger-
many, India, Spain, Japan, Italy, the USA, and the USSR, and
international groups began work on the magnetostratigraphy and
stratigraphy of deep-sea Pliocene and Lower Quaternary depos-
its. They were joined by working groups in Australia and New
Zealand in 1976.

The Italian national working group carried out extensive
studies on the establishment of a stratotypical section in marine
deposits in southern Italy, as well as research on Pliocene and
Lower Quaternary continental deposits.

The symposium of the working group in Italy, 1975

The second symposium was held in Bologna, Italy, in October
1975, and the presented papers were published in the Giornale di
Geologia, vol. 41 (1977). The meeting was attended by 47
representatives from 12 countries (United Kingdom, France,
Federal Republic of Germany, The Netherlands, Hungary,
Canada, Spain, Italy, Japan, Yugoslavia, the USA, and the
USSR). Twenty-five contributions from various countries were
delivered at the Bologna session, most of which were preliminary
to the chapters in this volume.

The group spent six days making excursions to the sections of
Pliocene and Quaternary deposits in central Italy (basins of the
Santerno, Arno, and Tiber rivers) and in Calabria. The
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participants agreed that there were some difficulties in the
published interpretation of the Santa Maria di Catanzaro
sections, as well as in the Le Castella outcrop, with regard to
locating a boundary-stratotype. It was noted that the Vrica
outcrops of the Crotone area, not far north of Le Castella in
Calabria, form a section about 300 m thick in which there are no
apparent interruptions in sedimentation. It was already known
that sedimentation at Vrica had taken place under conditions of
rather deep water, as compared with those farther to the south,
and that changes of both foraminiferal and ostracod complexes
could be observed in the section (Pasini et al., 1975). The
participants decided to study the Vrica section in detail and to
submit the results at the session of the working group in 1977 at
the X INQUA Congress in Birmingham. The working group
members also suggested that by the end of 1977 the Vrica section
would have been sufficiently well studied to enable them to
recommend it as a potential stratotype of the N/Q boundary.
Paleontological and radiometric studies of the Vrica section were
to be carried out by the Italian national working group, and the
paleomagnetic determinations by Japanese scientists.

To that end, the conference adopted a resolution to the effect
that the working group of IGCP-41, “Neogene/Quaternary
Boundary,” had drawn the attention of the appropriate Italian
authorities to the great importance of the geological sections in
Calabria for the establishment of a time scale for use all over the
world. Thick deposits at Vrica, near Crotone, were currently
being investigated and promised to yield resuits of major
importance to this purpose.

More detailed evaluations of the small and large mammalian
markers, to establish a reliable subdivision of the continental late
Pliocene and early Pleistocene, would be necessary. It was
recommended that an international meeting of mammalogists be
held in the western Mediterranean region to achieve a common
understanding of the detailed mammalian biostratigraphic subdi-
visions that could be relevant to the aim of Neogene/Quaternary
correlation.

The IGCP-41 working group symposium in Japan,
1976

The third IGCP-41 symposium took place as a joint meeting of the
IGCP-41 working group and the IUGS working group on the
Pliocene—-Pleistocene boundary in May 1976, during the First
International Congress on Pacific Neogene Stratigraphy, in
Tokyo.

The participants at the symposium examined the key sections
of the Pliocene and Lower Quaternary on the Boso Peninsula
and in the Kinki and Kakegawa regions. The Pliocene—
Quaternary sequences of Japan are key sections for eastern Asia
and the North Pacific region and can be correlated with the
stratotypical section of the same age in Italy.

In a number of districts on Honshu Island, three groups of
deposits have been defined: the Osaka, Kobiwako, and Tokai
groups. In the Osaka group, a little below ash bed Ma-0, an
uncomformity indicating a transgression was discovered, with a

radiometric age of 1.6-1.7 Ma. This transgression could perhaps
correspond to the Calabrian transgression of Italy and, conse-
quently, to events near the N/Q boundary.

The fresh-water Kobiwako group is subdivided into two parts.
Early regression in the basin is estimated to have occurred
between 1.7 and 2.0 Ma, followed by the formation of Biwa
Lake. Thus, the origin of this lake may be coincidental with the
Neogene—Quaternary boundary as well. The Tokai group is also
subdivided into two parts. The earlier part is close in age to the
early Kobiwako group, but the later part is much younger than
Biwa Lake.

Technical reports at that session were devoted mainly to the
micropaleontology of the N/Q boundary level in deep-sea
records.

Round-table meeting in Spain, 1976

In order to help correlate the N/Q boundary in continental
environments by means of land-mammal biostratigraphy, the
divisions and nomenclature for a mammal biostratigraphic scale
were adopted in a round-table meeting in Madrid, 1976, by
representatives of the various IUGS and IGCP projects for the
Neogene. Those standards were published in Trabajos Sobre
Neogene-Cuaternario, No. 7, Madrid, Instituto Lucas Mallada
CSIC.

Birmingham, 1977

A joint meeting of the INQUA subcommission on the Pliocene—
Pleistocene boundary and the IGCP working group on Project 41
was held in Birmingham, England, during the X INQUA
Congress. Papers presented at this meeting were published with
the proceedings of the congress.

The participants of the meeting heard accounts of the ongoing
studies of the N/Q boundary conducted during the intercongress
period 1974-1977, prepared by the chairmen of the subcommis-
sion and the working group, as well as reports on the studies that
were carried out in various countries. The participants were
informed that a considerable amount of progress had been made
during this period, including collection of abundant material on
the geology, biostratigraphy, climatostratigraphy, and, to a lesser
extent, the radiometric ages of Pliocene and Lower Quaternary
deposits of the various continents, islands, and oceans.

General agreement among the investigators was obtained on
the following matters:

1. The Neogene—Quaternary boundary should be drawn
in accordance with general stratigraphic principles (i.e.,
based on changes in the open-ocean marine faunas).

2. Italy should be the stratotypical area for determination
of the N/Q boundary.

3. Detailed correlations between marine and continental
deposits will be necessary in order to establish the
correlation of the N/Q boundary. Data on paleomagne-
tic stratigraphy and the radiometric ages of deposits
must also be taken into consideration. The boundary
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defined in marine sections in Italy must be taken as a
basis, and then correlated with the continental se-
quences. These analyses can provide reliable grounds
for global correlation.

4. The participants at the meeting emphasized the neces-
sity for further micropaleontological investigations
aimed at finding more reliable criteria for definition of
the Neogene—Quaternary boundary.

In addition, the participants at the meeting concentrated on
the considerable advances in our knowledge in the fields of
biostratigraphy and magnetostratigraphy and agreed that the use
of radiometric dating would be one of the most important
methods for wide-range correlation, although such data were not
yet available for many parts of the world. The participants
expressed a desire for this method to be used more extensively in
the work of Project 41. The participants at the meeting
supported the suggestion to take the Vrica section as the N/Q
boundary-stratotype and recommended that a detailed, complex
study of this section be proposed.

The meeting approved the membership of an editorial board
for the final report, to consist of E. Aguirre, M. Alekseev, W. A.
Berggren, F. P. Bonadonna, H. B. S. Cooke, R. W. Hey, H.
Nakagawa, K. V. Nikiforova, G. Pasini, and R. Selli. At that
time, the board recommended further study of the following
stratigraphic and chronological levels:

1. The boundary between the Gilbert and Gauss paleo-
magnetic epochs (3.3-3.5 Ma) that tentatively corre-
sponds to the base of the Astian and Piacenzian of the
Italian sections and the Akchagylian in the USSR

2. The beginning of the Matuyama paleomagnetic epoch
(approximately 2.5 Ma), corresponding to the bound-
ary of the Lower and Middle Villafranchian and the
base of deposits containing the fauna of the Khaprovian
complex of mammals in the USSR

3. The beginning of the Olduvai event of normal magneti-
zation, which, at that time, was thought to be dated to
approximately 1.79 Ma and to be related to a shift to
faunas with arctic elements (mollusks, ostracodes, and
foraminifers), as well as to the base of the Upper
Villafranchian in Italy, the Apsheronian in the USSR,
and deposits containing the mammalian fauna of the
Odessa complex in the USSR

4. The boundary between the Brunhes and Matuyama
paleomagnetic epochs (0.7-0.8 Ma), which is tenta-
tively correlated with the base of the Cromerian in The
Netherlands and, in the USSR, with the base of the
Bakunian deposits, as well as with the base of the series
of continental deposits enclosing the mammalian fauna
of the Tiraspolian complex

IGCP review, 1977

During the meeting of the governing board of the IGCP in Paris
in March 1977 it was decided that it was time for an appraisal of

the program as a whole. The board requested all project leaders
to submit reports to the Secretariat describing the progress and
achievements of their projects. Statements for 1973-1977 were
presented and published in a special issue of Geological
Correlation in 1978.

At that time, four different concepts regarding the placement
of the lower boundary of the Quaternary were noted:

1. At the location of the cooling event below the
Piacenzian in Italian sections, which was related to the
Globorotalia miocenica zone of Bolli and Premoli Silva,
as well as to the Upper Ruscinian and Lower Villa-
franchian mammalian faunas, and which is close to the
boundary between the Gilbert and Gauss paleomag-
netic epochs.

2. At the location of the significant climate changes that
marked the base of the Middle Villafranchian, coincid-
ing approximately with the boundary between the
Gauss and Matuyama paleomagnetic epochs.

3. At the base of the Calabrian Stage, which contains
arctic elements (beds with Arctica islandica). (At that
time, the horizon was believed to be correlated to the
base of the Globorotalia truncatulinoides zone and the
beginning of the Olduvai paleomagnetic event, as well
as to Upper Villafranchian faunas of Italy.)

4. At the base of the Cromerian in The Netherlands (base
of the “glacial Pleistocene” in Europe), which is close
to the boundary between the Matuyama and Brunhes
paleomagnetic epochs.

It was pointed out that only two of those suggested boundaries
(1 and 3) could be seriously regarded as definitions of the
Neogene—Quaternary boundary, because only they were in
accord with the general principle of placing such a boundary at a
widely recognized horizon in marine sequences, in this case
involving planktonic organisms that could allow widespread
correlation. The other two suggested boundaries were in
nonmarine or local sequences defined by a climatic change.

It was firmly established by the 1948 London IGC resolution
that the stratotype sections for the Neogene—Quaternary bound-
ary should be in Italy and should be situated within Mediterra-
nean marine deposits of the Calabrian in relation to the
appearance of cold-water Atlantic immigrants. The IGCP-41
working group noted that the Vrica section met all of the
necessary requirements to be chosen as a stratotype; it is
characterized by continuously deposited strata laid down under
bathyal conditions and is rich in fossil organisms, including
planktonic groups.

By the time of the Paris IGCP board meeting in 1977, research
had been expanded considerably within the framework of the
project. For example, additional studies in Java had been
initiated with the help of Japanese working group members.
Also, the Indian working group had organized studies on the
stratigraphy of the Pliocene and Lower Quaternary deposits in
the Nicobar and Andaman islands and had extended its interests
to remote northern and northeastern regions of the country.
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Symposium in Tadjikistan (USSR), 1977

Findings in southern Tadjikistan in 1977 were the subjects of an
IGCP-41 symposium. The group studied the following reference
sections: Akjar, Karamaidan, Karatau, Lakhuti, Khonako, and
Kuruksai. The papers presented during the meeting were devoted
to the stratigraphic subdivision of the Upper Pliocene—Quater-
nary deposits in Tadjikistan, their paleomagnetic characteristics,
their fauna and flora, a comprehensive analysis of the loess-soil
formations, and studies of the newest tectonic movements and the
structural characteristics of the Upper Cenozoic molasse. The
problems of the geology of Paleolithic deposits and the ecology of
ancient humans in Tadjikistan were examined. Additionally,
papers were presented on the stratigraphy of Pliocene and
Quaternary deposits, the flora and fauna of Kirgizia, Uzbekistan,
Turkmenia, and Kazakhstan, and the problems of stratigraphy of
the Pamir glacial deposits and their correlation with glacial
sequences in middle Asia. The presented papers appeared in the
Proceedings of the second symposium on the Neogene/Quaternary
boundary (Nikiforova and Dodonov, 1980).

In carlier years, the stratigraphic subdivisions of the Upper
Pliocene and Quaternary deposits had been based mainly on
geological-geomorphological criteria, together with paleontolog-
ical and archeological data. Practically no analyses on stratig-
raphy of overlying deposits and their correlation with alluvial
complexes had been carried out. More recently, considerable
success has been achieved in studies of the Upper Cenozoic
deposits in Tadjikistan by applying interdisciplinary techniques to
micropaleontological (i.e., palynological), paleopedological, pa-
leomagnetic, and thermoluminescent methods. Thus, the Tadjik
depression has become an important reference region for solving
various problems of Quaternary stratigraphy in Central Asia.

Participants at the meeting agreed that interdisciplinary
studies of the Upper Cenozoic deposits of Tadjikistan should be
continued and widened to establish the climatostratigraphic
essence of the previously mentioned alluvial, alluvial-proluvial,
and glacial deposits.

Activities in 1978

During 1978, a working group in Greece joined Project 41 under
the coordination of A. Psilovikos. A group in Bangladesh also
joined the project, with a new branch of the Geological Survey
of Bangladesh created to study Quaternary geology. Additional
studies in Java were continued by Indonesian and Japanese
members of the working group. The work of Project 41 will be
important in developing countries of Asia and the Pacific region,
complementing IGCP Project 32, “Stratigraphic Correlations
between Sedimentary Basins of the ESCAP Region.” In 1977,
Dr. H. F. Doutch, an expert from the ESCAP Secretariat,
participated in the Tadjikistan symposium.

In November 1978, the 15th session of the United Nations
Committee for Coordination of Joint Prospecting for Mineral
Resources in Offshore Areas of ESCAP met in Bangkok and
considered the possibility of cooperation with the stratigraphic

research of IGCP Project 41. Considerable attention was given
to the studies produced by Project 41 on stratigraphic correlation
between the sedimentary basins of the ESCAP region. The
developing countries of the ESCAP region were invited to take
part in implementation of Project 41 research, and there were
discussions with the professional staff of the Geological Survey
of Indonesia about possible specific research projects. Various
regional meetings were held to discuss the N/Q boundary
problem in the USSR (in Bashkiria, Transcaucasia, the lower
Volga River basin, etc.), in addition to field conferences, drilling,
and field work in the USSR, Hungary, India, Japan, Indonesia,
Germany, Spain, Greece, and the USA. New groups of
organisms were used for definitions of stratigraphic boundaries
in this interval. The number of countries participating in the
work increased, and the developing countries began to partici-
pate more actively in the work of Project 41. Also in 1978, the
INQUA subcommission on European stratigraphy met to discuss
the problem of the N/Q boundary. The almost complete absence
of correlations between the stratigraphy of continental deposits
and the oceanic zonation was widely discussed. That may have
influenced the majority of the western European scientists to
conclude that the N/Q boundary should be positioned at the base
of the Middle Villafranchian (about 2.5 Ma), because that level
was marked by an intensive cooling of the climate. However,
that cooling is not strongly reflected in the deep-sea sediments,
and significant changes in the assemblages of marine organisms
have not been recorded at that level.

Activities in 1979

A field conference held in the northwestern part of India in 1979
was devoted to the problems of stratigraphy, paleontology,
tectonics, and volcanism of the Upper Pliocene—-Lower Pleisto-
cene, as well as to the magnetostratigraphy and geochronology
of the Pliocene—Quaternary transitional interval. The presenta-
tions were given at sessions on (1) stratigraphy, (2) paleontology
and paleogeography, (3) tectonics, volcanism, magnetostratig-
raphy, and geochronology, and (4) paleoanthropology and
archeology. All reports were later published by the Geological
Survey of India (Sastry et al., 1981). The scientific sessions were
followed by excursions to sections of the Siwalik series in the
Himachal Pradesh and Jammu provinces and the Karewa series
in Kashmir.

The editorial board met in Madrid in February 1979 to discuss
the preparation of the final report on Project 41: clarification of
the program, its mode of presentation, and the date of its
completion. It was decided to include J. A. Van Couvering
(USA) and M. V. A. Sastry (India) on the editorial board. Dr.
Van Couvering was named to be editor of the final report.

At the International Pacific Science Congress in Khabarovsk,
USSR, in 1979, the secretary of the central working group, M. N.
Alekseev, reported on the activities of Project 41. Reports
devoted to the N/Q boundary problem on the eastern coast of
Asia and in Siberia were presented and discussed at a section on
Upper Cenozoic stratigraphy. An excursion to the Kolyma
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lowland was organized to study the stratigraphy of the Quater-
nary. Also in 1979, M. N. Alekseev convened a meeting at
Sangiran, Java, to review cooperative work between the Geologi-
cal Survey of Indonesia and Japanese scientists on a detailed
study and geological survey of the critical area in central Java,
emphasizing correlations between continental and marine Plio—
Pleistocene deposits. That led to a more precise understanding of
the positions of stratigraphic boundaries in the portion of the
section intermediate between the Pliocene and the Quaternary.

Further physical research into the problem of the N/Q
boundary was carried out by the national working groups of
Hungary, India, Indonesia, the German Democratic Republic,
Spain, Italy, Greece, the USA, the USSR, and some other
countries. The Project 41 leaders maintained close contact with
the investigators of Project 32, “Stratigraphic Correlation
between Sedimentary Basins of the ESCAP Region,” Project 25,
“Stratigraphic Correlation of the Tethys—Paratethys Neogene,”
and Project 114, “Biostratigraphic Datum-Planes of the Pacific
Neogene.” Considerable micropaleontological research was con-
ducted by the national working group of Italy to document the
Vrica section (Italy) as a key stratotype section for the N/Q
boundary. In addition, magnetostratigraphic studies by H.
Nakagawa revealed a normal-polarity interval in the predomi-
nantly reverse-polarized section that potentially can be consid-
ered to represent the Olduvai episode of the Matuyama
geomagnetic epoch near the N/Q boundary. Samples were
collected for further determination of the radiometric ages of the
ash interlayers. A meeting of the Spanish national working group
was held to discuss new research on selecting the local
parastratotype section. The coastal area from the Portuguese
frontier around to the Ebro delta was investigated, and studies of
new sites with mammalian fauna and detailed geomorphological
study in La Mancha indicated that the Campo de Calatrava
volcanic formations in western La Mancha could be used for
radiometric age determinations to help date the Spanish N/Q
sequence. It was recommended that magnetostratigraphic investi-
gations be carried out in the southern Meseta and in the Baza
basin and in the territories of the Cadiz coast, Murcia-Alicante,
and the Ebro River.

During 1979, Project 41 engaged 19 regional working groups
to conduct broad investigations in the territory of the USSR. The
reports of those regional groups were discussed at a meeting of
the Soviet working group in March 1979. The Hungarian
working group drilled research boreholes in the Great Hungar-
ian Plain, with the goal of interdisciplinary geological analysis.
They encountered Quaternary and Upper Pliocene sequences
that in some places were continuous and complete, without
stratigraphic lapses. The borehole samples were investigated
from many points of view, including magnetostratigraphy, and
the preliminary results were published.

Activities in 1980

A meeting of the Project 41 working group was held during the
26th session of the International Geological Congress in Paris,

jointly with INQUA Subcommission 1-d on the Pliocene—
Pleistocene boundary. Twenty-five delegates from various coun-
tries attended the meetings. The recent activities of the working
group were presented by the leader of the project, K. V.
Nikiforova. That was followed by a report on the previous two
years of work by the INQUA subcommission and the TUGS
working group on the Pliocene—Pleistocene boundary, and a
report on the results of a mail consultation conducted by its
chairman, E. Aguirre. The current state of research on the
sections at Le Castella, Santa Maria di Catanzaro, and Vrica was
discussed by G. C. Pasini, and an introduction to the report on
Plio—Pleistocene datum levels in the deep sea was given by J. A.
Van Couvering. After discussions on the reports, the meeting
unanimously adopted the following principles:

1. The lower boundary of the Quaternary would have to
be established in accordance with the general principles
of stratigraphy (i.e., the decision must conform to the
guidelines recommended by the International Commis-
sion on Stratigraphic Classification) (Hedberg, 1976).

2. The recommendation of the IGC (London, 1948)
should be slightly modified to state that the boundary
must be designated as a stratigraphic plane (boundary-
stratotype) in a continuous sequence of open-marine
deposits.

3. The 1948 recommendation is understood to mean that
the base of the Quaternary (viz., the Pliocene—Pleisto-
cene boundary) should be defined by the base of the
Calabrian Stage in southern Italy. It was therefore
recommended that the Calabrian Stage should be
redefined (taking into account modern research, which
indicated that the Catanzaro section is not satisfactory
to express Gignoux’s concept of the Calabrian Stage) to
make its base unambiguous.

4. Multiple criteria should be used in selecting a strati-
graphic plane for the base of the Calabrian and thus the
N/Q boundary-stratotype; that is, all the available
evidence that could help wide-range correlations should
be taken into account. The positions corresponding to
the N/Q (Pliocene—Pleistocene) boundary in other
arecas would have to be determined by working out local
stratigraphic scales and correlating them to the strato-
type section. For compilation of the local scales, a
synthesis of biostratigraphic, climatologic, magneto-
stratigraphic, and radiometric techniques should be
used. Special attention would have to be paid to the
current difficulties of identifying the boundary, by
means of correlation, in different latitudes and in
continental sequences.

As a first criterion, it was proposed that the N/Q boundary
could be placed in the Vrica section at the FAD (first-appearance
datum) of the “cold guest” ostracode Cytheropteron testudo,
whatever its paleoclimatic significance might be. At the time of
that meeting it was thought that the first C. testudo could be
found in the Vrica section 10 m above sapropel e, but in later
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studies (Pasini and Colalongo, Chapter 2, this volume) it was
established that this FAD actually occurs somewhat earlier.

An alternative possibility for selecting a level in the Vrica
section as the N/Q boundary-stratotype would be to place it
within the stratigraphic interval between the level of sapropel e
and the level of volcanic ash m, as close as possible to a
paleomagnetic reversal. It was recommended that the final
decision on the exact placement of the N/Q boundary-stratotype
be deferred until the paleomagnetic record of the Vrica section
could be further investigated. F. P. Bonadonna agreed to
coordinate that work, which was to include a new detailed
sampling and study of the section, with the cooperation of
scientists from several institutions and countries.

Studies within the framework of the national working groups
were continued throughout 1980. A field conference devoted to
the problems of biostratigraphy and magnetostratigraphy was
held in Spain, with scientists from Spain, Italy, USA, USSR, and
France taking part. The most suitable paleontologically charac-
terized Plio—Pleistocene sections were selected, with the aim of
paleomagnetic investigations. In 1980 the working group in
Japan summarized its results from thorough studies of sections of
the Boso Peninsula (Honshu). The first appearance of Globo-
rotalia truncatulinoides was established in the middle part of the
Kiwada Formation. Japanese and Indonesian scientists contin-
ued studies of Pliocene—Quaternary sections in the central part
of Java.

Scientists in the People’s Republic of China managed to
establish that the loessic series of Malan and Lishi belong to the
Brunhes zone of positive paleomagnetic polarity. On the basis of
paleomagnetic measurements, the Wucheng loess was attributed
to the Matuyama reversed-polarity zone, with the upper part of
these loessic series falling in the Upper Matuyama.

The USA working group concentrated on studies of sections in
Arizona and California, in preparation for a field conference at
Tucson, Arizona, in March—April 1981.

In the USSR, important studies were carried out in prepara-
tion for the scientific excursions of the XI INQUA Congress in
1982, primarily in middle Asia, Moldavia, Transbaikalia, and
Yakutia. In the eastern provinces of the USSR, local biostrati-
graphic subdivisions and the alluvial series on the high terraces of
the Lena River were correlated to the general magnetostrati-
graphic scale, and many studies dealt with climatostratigraphic
interpretations in both the European and the Asian parts of the
USSR.

Activities in 1981

The meeting in Tucson was followed by a field conference on the
key sections of Pliocene and Pleistocene deposits in Arizona and
California, coordinated by the USA working group. Members
from China, Hungary, India, Italy, Spain, the USA, and the
USSR took part. The meeting was held jointly with IGCP
Project 128, “Late Cenozoic Magnetostratigraphy,” and the
INQUA subcommission on the Pliocene—Pleistocene boundary.

At the Tucson meeting, the findings from ongoing studies were
discussed, and further work on the Vrica section was proposed,
to be carried out during 1981 by scientists from Italy and the
USA. Following the Tucson meeting, magnetostratigraphic
investigations, further collection of radiometric samples, and
detailed micropaleontological studies in the Vrica section were
carried out. Paleontological studies of the continental deposits of
northern Italy were included as stratigraphic analogues of the
Pliocene—-Lower Pleistocene marine beds.

During 1981, the Spanish working group continued biostrati-
graphic study of some key sections of Neogene—Quaternary age
to develop correlations to the stratotypical section of Italy. Work
also continued in various regions of the European and Asian
parts of the USSR to compile a series of key sections with clearly
distinguishable chronologic, biostratigraphic, and magnetostrati-
graphic evidence from the Olduvai event to the Gilbert—-Gauss
boundary. A significant scientific event in this respect was the
All-Union Meeting on Quaternary Research at Ufa, Kuibyshev,
in August 1981, with part of the program devoted to the problem
of the N/Q boundary. The geological excursions included a
special visit to Pliocene and Lower Pleistocene deposits in
Bashkiria and Kuibyshev Zavolzhie. In addition, the fifth
meeting of the Soviet working group, held in April 1981,
recommended additional research, including drilling in the deltas
of the Dniestr, Don, Dnieper, Lena, and other rivers.

The national working group of China studied the stratigraphic
subdivision of the Pliocene—Quaternary deposits in the regions
of Pingliang, Xifeng, and Wuchi. In the course of studying the
Plio-Pleistocene deposits of the Beijing plain, a biological
boundary corresponding to the magnetostratigraphic boundary
between the Matuyama and Gauss paleomagnetic zones was
established. According to the Chinese working group, the N/Q
boundary in China should be drawn at this level, now dated to
2.5 Ma. Future studies were to be carried out in the western part
of the North China Plain.

Adoption of a proposal

A meeting of the IGCP-41 working group was held in Moscow
during the XI INQUA Congress in 1983, jointly with the INQUA
subcommission on the Pliocene—Pleistocene boundary. The
purpose of the meeting was to consider the progress made toward
implementation of Project 41, the results of studies on the N/Q
boundary-stratotype, the problems of correlation of the N/Q
stratotype with key N/Q sequences in various parts of the world,
and preparation of the final report. At that meeting it was
proposed, discussed, and adopted that the Vrica section, located
in Calabria, be designated as the Pliocene—Pleistocene boundary-
stratotype section.

The Vrica section, located in Calabria, southern Italy, had
been extensively described by Selli et al. (1977) and Colalongo,
Pasini, and Sartoni (1981), among other reports (Pasini and
Colalongo, Chapter 2, this volume). That Plio—Pleistocene
section satisfied all the internationally accepted guidelines for an
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adequate boundary-stratotype: good vertical development (more
than 300 m), complete exposure, stratigraphical continuity,
abundance and variety of well-preserved fossils, facies (bathyal
marine sediments) favorable for recognizing time-significant
biohorizons in long-distance correlation, no structural complica-
tion or metamorphism, suitability for magnetostratigraphic
investigations, and accessibility. The Vrica section offered the
possibility of selecting a Pliocene—Pleistocene boundary-strato-
type that was consistent with the original concepts of Pliocene
and Pleistocene, as described by Lyell and as elaborated by
generations of later workers. Moreover, the magnetostratig-
raphy of the section had already been determined, and some
radiometric ages of several included ash levels had been
obtained, as reported by Nakagawa et al. (1980), Nakagawa
(1981), and Tauxe et al. (1983), as reviewed by Nakagawa et al.
(Chapter 3, this volume).

At the 1983 meeting, the members of IGCP-41 and INQUA
Subcommission 1-a (i.e., 1-d) initially proposed to the INQUA
Commission on Quaternary Stratigraphy that the Pliocene—
Pleistocene boundary-stratotype be defined in the Vrica section.
The base of the bed of silty-marly claystone conformably
overlying the sapropelic bed e at the Vrica section, where this
level is exposed in profile B, as described by Colalongo et al.
(1982), was selected as the boundary marker point or “golden
spike,” for many reasons. One of those was the fact that several
paleontologic markers (first and last occurrences of microfossils)
straddling the proposed boundary-stratotype occur in Italian
shallow-water sections near the first appearance of Arctica
islandica, which is one of the main criteria for locating the base
of the Pleistocene. The biostratigraphy at the selected boundary
level has been reviewed in detail (Pasini and Colalongo, Chapter
2, this volume). It was noted that these paleontologic markers
are found in the same order and in the same position with respect
to the Olduvai subchron in the Vrica section and in oceanic deep-
sea cores. Furthermore, the Mediterranean first appearance of
A. islandica, historically the index for the beginning of the
Calabrian (and, in present terms, the Santernian as well)
(Preface, this volume), clearly postdates the upper levels of the
Piacenzian stratotype, as defined by Colalongo, Elmi, and
Sartoni (1974). According to modern stratigraphic guides, this
means that the base of the lowest Pleistocene stage, if defined in
a level that accurately reflects the appearance of A. islandica in
Italian sequences, will also define the top of the Piacenzian,
according to the principle of “base defines boundary,” at a level
that essentially accords with the previously accepted upper limit
of the Piacenzian. This condition appears to be met in the Vrica
definition, although A. islandica itself is not autochthonous in
this deep-sea section. Therefore, the recommended Pliocene—
Pleistocene boundary-stratotype will coincide with the top of the
Piacenzian, the youngest stage of the Pliocene, as well as with
the established marine biostratigraphic concept for the beginning
of the Pleistocene in Italy.

With the presentation of that final report, the work of the
IGCP Project 41 was brought to a successful close.

Subsequent activities

Acceptance of the Vrica section as a stratotype for establishing
the N/Q boundary was provisionally approved by members of
the working groups of IGCP Project 41 and the INQUA
Subcommission 1-d on the Pliocene—Pleistocene boundary. The
final decision was submitted to the IUGS Commission on
Stratigraphy and then to the XXVII International Geological
Congress in 1984. In 1985, the complete Vrica proposal was
published (Aguirre and Pasini, 1985) together with the announce-
ment (Bassett, 1985) that the terms of the proposal had been
formally ratified by the ICS (International Commission on
Stratigraphy) as of May 31, 1985. The Vrica boundary-stratotype
was subsequently adopted by the IUGS Executive as a global
stratotype section and point (GSSP) (Cowie et al., 1986) and was
included as such in the ITUGS 1989 Global Stratigraphic Chart
(Cowie and Bassett, 1989).

The subject of continental analogues to the earliest marine
Pleistocene beds was not addressed in the proposal to JTUGS. At
present, it can be considered that the basal marine Pleistocene
(e.g., the Santernian of the Po Valley) (Ruggieri, Rio, and
Sprovieri, 1984) relates only to the upper Villafranchian. The top
of the Olduvai paleomagnetic zone coincides very closely with
the appearance of the Late Villafranchian mammalian fauna in
the continental deposits of the Mediterranean, as exemplified in
the fauna of the Olivola and Tasso intervals (Azzaroli et al.,
1988; Azzaroli et al., Chapter 11, this volume). The Olivola
fauna is presently attributed to the beginning of the Eburonian
Stage in The Netherlands; in turn, the beginning of climatic
cooling is recorded in faunal and floral markers seen in the
Eburonian, as well as in the Baventian in East Anglia and in the
lower Apsheronian in the former USSR.
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2 The Pliocene—Pleistocene boundary-stratotype at Vrica, Italy
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Introduction

The Plio—Pleistocene sequence of deep-water marine beds at
Vrica, Calabria, Italy, was proposed by INQUA Subcommission
1-d, “Pliocene/Pleistocene Boundary,” and by the working group
of IGCP Project 41, “Neogene/Quaternary Boundary,” as the
location for a physical boundary-stratotype for the base of the
Pleistocene, according to modern chronostratigraphic guide-
lines. The recommended level has been adopted formally by the
TUGS (Nikiforova and Alekseev, Chapter 1, this volume). That
section is herein characterized in terms of sedimentology,
paleoecology, biostratigraphy, biochronology, and magnetostra-
tigraphy, based on a decade of studies by stratigraphers in
different countries. According to criteria established by prior
recommendations, the physical location of the Pleistocene
boundary-stratotype is identified with the base of the claystone
conformably overlying marker bed e of the Vrica section. This
level is very close to the Olduvai normal-polarity subzone and is
approximately coeval with the beginning of a cold-climate phase
marked by the first appearance of the “northern guest” Arctica
islandica, a mollusk confined to boreal waters during interglacial
periods.

Background

At the XVIII International Geological Congress in London in
1948, the council unanimously accepted the recommendation of
the temporary commission to advise on the question of the
definition of the Pliocene—Pleistocene boundary, which made the
following essential points: “The Commission considers that the
Pliocene~Pleistocene boundary should be based on changes in
marine faunas. . . . The classic area of marine sedimentation in
Italy is regarded as the area where this principle can be
implemented best” (King and Oakley, 1950).

Following that recommendation, during the joint meeting in
India in 1979 of the working group for IGCP Project 41,
“Neogene/Quaternary Boundary,” and the INQUA Subcommis-
sion 1-a (since changed to 1-d), “Pliocene/Pleistocene Bound-
ary,” it was further resolved that “the territory of Southern Italy
(the region of Calabria) is selected as type area for establishing

the Pliocene—Pleistocene boundary, so consequently the type
section should be chosen in the marine sequences... of
Southern Italy.”

Accordingly, among the sections located in Calabria, three
were considered as candidates for the location of the Pliocene—
Pleistocene boundary: (1) Santa Maria di Catanzaro, (2) Le
Castella, and (3) Vrica. Studies by Colalongo, Pasini, and
Sartoni (1981) indicated that neither the Santa Maria di
Catanzaro section nor the Le Castella section was suitable as a
standard section for defining the Pleistocene boundary-strato-
type, because of evidence that each contains a hiatus correspond-
ing to the uppermost Pliocene and the lowermost Pleistocene.
Thus, the only one of those sections suitable for defining the
Pleistocene boundary-stratotype was at Vrica, where a continu-
ous, highly fossiliferous bathyal sequence is exposed.

The Vrica section is located about 4 km south of the town of
Crotone (Figure 2.1). Like the areas of Le Castella and Santa
Maria di Catanzaro, which are 19 km to the southwest and 55 km
to the west-southwest, respectively, the Vrica area is an
emergent portion of the Crotone sedimentary basin. According
to Barone et al. (1982), the Crotone basin is a graben-like
structure containing postorogenic sediments deposited since
Tortonian times on top of the nappes making up the emerged
Calabrian Arc. After the early Pleistocene, a large portion of the
Crotone basin emerged north of the Catanzaro isthmus, expos-
ing Miocene sediments and a thick Plio—Pleistocene sequence.

The Plio—Pleistocene sediments of the Marchesato peninsula
(Figure 2.1), including the Vrica area, are very gently folded,
with axes oriented approximately north—south; the folds are cut
by normal faults (Selli, 1977). The Vrica section is located in a
regular monocline, dipping 5-15° westward (Figure 2.2).

Physical stratigraphy of the Stuni-Vrica sequence and
the Vrica section

In the extensive badlands area located between Crotone and C.
Colonne (Figures 2.1 and 2.4) a well-exposed Plio-Pleistocene
sequence crops out. The lowermost part of this sequence is
formed by gray claystones of the “Semaforo Formation” of Selli
(1977) (Figures 2.2 and 2.3), which is middle Pliocene in age. At
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Figure 2.1. Geologic map of the
Marchesato Peninsula, an emerged
portion of the Crotone sedimentary
basin. The submerged part of the ba-
sin is located southeast of this penin-
sula: 1, continental sediments (Pleisto-
cene and Holocene); 2, sediments of
the Upper Pleistocene marine ter-
races; 3, Middle-to-Upper Pliocene
and Lower Pleistocene sediments; 4,
Tortonian—Lower Pliocene sedi-
ments; 5, rocks of the substrate; 6,
main faults; 7, possible faults. (From
Tortorici, 1982, courtesy of Societa di
Geologica Italiana.)

Figure 2.2. Geology of the Vrica
area: 1, beach sand and dunes; 2,
calcarenites and sands of the
“Milazzian” marine terrace; 3, gray
silty-marly claystones, with interca-
lated sapropelic layers (Lower Pleis-
tocene); 4, first appearance of
Hpyalinea baltica, 35 m above the m
volcanic ash layer (maximum age
1.99 Ma); 5§, gray silty-marly
claystones, with intercalated
sapropelic layers (Lower Pleisto-
cene, Upper and Middle Pliocene);
6, lower volcanic ash layer (l.a.),
dated to 2.22 Ma; 7, gray
claystones (Middle Pliocene); 8,
faults; 9, strike and dip; 10,
component-sections measured and
sampled by Pasini and co-workers
(Figure 2.3, second column); 11,
component-sections measured and
sampled by Nakagawa and co-
workers (Figure 2.3, third column).
(Adapted from Selli et al., 1977.)
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the top of these claystones is the middle Pliocene volcanic ash  sequence there is a second volcanic ash horizon, layer m, varying
horizon lLa. (=lower ash), with a thickness of about 20 cm. The in thickness between 2 and 7 cm. The lower and middle parts of
overlying portion of the sequence, about 380 m thick, is formed this sequence are well exposed in gullies in the Stuni region, and
by gray silty-marly claystones with several shale layers and a few, the upper part crops out near the site of Vrica, a ruined
rare sandy horizons, belonging to the Upper Pliocene-Lower farmhouse used as a geodetic point (Figure 2.2). Thus the Stuni—
Pleistocene “Tripolacea Formation” and “Papanice Formation” Vrica sequence, as the full section is called, is a composite of
of Selli (1977). Approximately 100 m below the top of the correlated component-sections from different areas (e.g., Fig-
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ures 2.5-2.7). The Stuni—Vrica sequence has been measured and
sampled independently by Italian and Japanese geological teams
(Pasini et al., 1975, Selli et al., 1977; Nakagawa, 1981; Nakagawa
et al., 1980; Nakagawa et al., Chapter 3, this volume).

The Italian geological team has used the name “Vrica Section”
in a restricted sense to mean the middle and upper parts of the
Stuni-Vrica sequence (Figure 2.3), specifically a stratigraphic
interval 306 m thick measured from 125 m below the marker bed
a to the exposed top. The level of the Pleistocene boundary-

Figure 2.3. The Stuni-Vrica se-
quence and the Vrica section.
The component-sections selected
by Pasini et al. (1975), and de-
scribed in this chapter are com-
pared with those selected by
Nakagawa et al. (1980), marked
originally as A, B, C, and D,
but shown here as JA, JB, JC,
and JD, for clarity. The colum-
nar section from zero to 140 m
is taken from Nakagawa et al.
(1980), and that from 140 m up
to the top is from Selli et al.
(1977).

stratotype is approximately in the middle of this measured
sequence, about 140 m below the top.

The Vrica stratigraphic section, from which the Italian team
has collected 275 samples, is represented in three partly
overlapping component-sections identified as A, B, and C
(Figures 2.2-2.7). The correlations between the component-
sections are based on conspicuous and clearly identifiable
groupings of sapropelic shale layers. The beds of the lowermost
45 m of component-section A (from the sapropel-clay layer
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Figure 2.4. Aerial photograph of the Vrica outcrop area. For the loca-
tions of the component-sections A, B, and C, compare this photograph
with Figures 2.19 and 2.20. (I.G.M.I. photo no. 227/10145, 1955, repro-
duced with permission of the S.M.A. in publication no. 231, of April 7,
1970.)

down to the base: see Figure 2.3) are not well exposed, and the
section is synthesized by correlation between scattered outcrops
of claystones.

The Japanese geologists initially reconstructed a Plio—
Pleistocene sequence in the Vrica area starting from a level 67
m below the la. (lower ash) horizon up to the top, for a total
thickness of about 450 m, in four component-sections D, C, B,
and A in ascending stratigraphic order (Nakagawa, 1977, 1981;
Nakagawa et al., 1980) (Figure 2.8). In Figures 2.2 and 2.3, and
throughout this chapter, the Japanese component-sections are
given here as JD, JC, JB, and JA, to distinguish them from the
Italian A, B, C, and D component-sections. The component-
sections JB and JA were measured in the same gullies where
the Italian team measured the component-sections B and C
(Selli et al., 1977) and therefore relate to the same boundary-
stratotype section and point.

In recent years, the Vrica section has been extended down-
ward and upward. At Monte Singa, Calabria, about 100 km
southwest of Vrica, a thick sequence of marine marls and clays

with sapropelic layers spans the middle and upper parts of the .

Pliocene and the lower part of the Pleistocene. This sequence
includes the Pliocene—Pleistocene boundary level according to
the criteria presented here, and its upper part has been
accurately correlated to the Vrica section by Zijderveld et al.
(1991). The same authors also correlated the uppermost part of
the Vrica section to the Crotone section (located in the environs
of this town), where about 40 m of strata overlying marker bed ¢
are exposed.

Sedimentology and paleoecology

The Vrica section, 306 m thick, is a well-exposed, continuous
sequence of silty-marly claystones sparsely intercalated with
laminated sapropelic shales and fine sands, with one volcanic ash
layer (Figure 2.3). As noted, 275 samples were collected for
biostratigraphic and sedimentologic studies.

Silty-marly claystones

The Vrica section is dominated by silty-marly claystones, gray or
blue-gray in color, obscurely bedded, and containing 60.0-
78.9% clay, 20.5-38.3% silt, and 0.7-9.3% fine to very fine
sand. Its carbonate content ranges from 14.5% to 25.1%. These
sediments were formed mainly from clay minerals and the
remains of calcareous nannoplankton and foraminifera (with
planktic species more abundant than benthic). Variable, though
subordinate, amounts of volcanic glass and detrital minerals
(feldspars, micas, glauconite) are present. Rarely, the claystones
show surfaces and beds with red staining, probably due to
limonite. Other claystone beds show burrows filled with indu-
rated clay (often reddish), and some are distinguished by
abundant brachiopods, echinoid fragments, or pteropods. Well-
preserved mollusks, mostly small gastropods, are rare; a few
solitary corals, otoliths, and fish teeth have also been collected.

In addition to calcareous nannofossils and foraminifera, the
well-preserved microfauna includes abundant ostracodes. The
presence within the claystones and throughout the section of
psychrospheric ostracodes such as Agrenocythere pliocenica,
Bathycythere vanstraateni, Zabythocypris antemacella, and Bytho-
ceratina scaberrima mediterranea (Colalongo and Pasini, 1980a),
deep-water benthic foraminifera including Articulina tubulosa,
Bolivina albatrossi, Cassidulina carinata, Discospirina italica,
Eggerella bradyi, Gyroidina soldanii, Hoeglundina elegans,
Planulina wuellerstorfi, Karreriella bradyi, Pleurostomella al-
ternans, Pullenia bulloides, and Rhabdammina linearis (D’Ono-
frio, 1981), and the deep-water mollusks Propeamussium duo-
decimlamellatum and Malletia excisa (Selli et al., 1977) indicates
that the deposition of the clays took place in a bathyal
environment, in water depths of approximately 500-800 m. This
paleodepth range is in agreement with the interpretation of the
fish fauna, as discussed later.

Shale layers (sapropelites)

Fourteen conspicuous layers of thinly laminated shales are
interbedded with the massive claystones of the Vrica section.
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Figure 2.5. Portion of component-section A of the Vrica section, located
above the sapropel-clay layer (see Figure 2.3).

These shale layers are useful marker beds; their thicknesses,
measured in the line of section (Figure 2.2), are approximately as
follows (from top down):

75 cm
65 cm
35cm
80 cm
55cm
55 cm
100 cm
90 cm
115 cm
190 cm
155 ¢cm
340 cm
115 cm
70 cm

shale layer ¢
shale layer s
shale layer r
shale layer g
shale layer p
shale layer o
shale layer n
shale layer h
shale layer f
shale layer e
shale layer d
shale layer ¢
shale layer b
shale layer a

The shale units are gray-pink in color and show undisturbed
primary laminae parallel to the bedding that measure from a few

millimeters to less than 1 mm in thickness. The composition of
the shales is 56.7-78.3% clay, 20.6-36.8% silt, and 0.9-11.3%
fine sand, with a carbonate content ranging from 11.3% to
19.2%.

In our opinion (Pasini and Colalongo, 1982) the laminites of
the Vrica area should be interpreted as sapropelic layers and
possibly as true sapropels (Kidd, Cita, and Ryan, 1978) from
which some organic carbon has been removed by surface
weathering. Like typical sapropels (Sigl et al., 1978), the Vrica
organic laminites appear to have been formed during short
periods of oxygen deficiency in the bottom water, most probably
during intervals of poor ventilation related to overwhelming
surface productivity, judging from the following observations.
First, because primary laminae deposited on well-oxygenated
bottoms are quickly destroyed by mud-eating organisms, such
laminae can be preserved only where such organisms are rare or
absent because of anoxic conditions at the sediment interface. In
the Vrica laminites, a very few clay-filled burrows, all starting
from the overlying claystones, indicate that mud-eating organ-
isms that lived after the deposition of the sapropelite shales



Figure 2.6. Component-section B of the Vrica section (in the foreground). Marker beds ¢, d,
¢, f, and h are indicated. On the right side, the uppermost part of component-section A and
the Costa Tiziana Hotel are visible.
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sometimes deepened their burrows down into the shale layers.
Second, the planar and undisturbed lamination also suggests the
absence of bottom currents. Finally, the virtual absence within
the shale units of the benthic epifauna that is common in the
enclosing mudstones is another indication of a severe oxygen
deficit in bottom waters. According to D’Onofrio (1981), the
presence of dwarfed, rare bolivinids and brizalinids is due to “the
presence of oxygen-depleted waters” during deposition of the
shale layers.

Correlative evidence comes from the presence of fish remains
in all of the sapropelic layers examined (9 out of the 15 shale
layers, b to p) (Landini and Menesini, 1978a). The abundance
and good preservation of the fish fossils indicate the absence of
scavengers and aerobic bacteria (Brongersma-Sanders, 1957). In
addition, the presence of minerals that are formed through
alteration of iron sulfides, such as gypsum, goethite, limonite,
and (rarely) jarosite, suggests that the Vrica laminites contained
primary sulfides, strongly indicating euxinic conditions. It may
be that some of these layers are coeval (considering the
geographic location of the area) with the Pliocene and Quater-
nary sapropels of the eastern Mediterranean (Stanley, 1978;
Kidd et al., 1978), but Raffi and Thunell (Chapter 4, this
volume) were not able to identify any of the Vrica sapropelic
layers with Plio—Pleistocene sapropels in cores from DSDP
(Deep Sea Drilling Project) site 125.

The fish species identified by Landini and Menesini (1978a)
from the sapropelic layers today live exclusively or preferentially
at depths exceeding 500 m, which supports the evidence from the

Figure 2.7. Component-section C
of the Vrica section, exposed along
the ravine to the left.

benthic microfauna that the Vrica sediments were deposited in a
bathyal environment.

The sapropelic laminites of the Vrica section have been further
studied by Howell, Rio, and Thunell (1990), Hilgen (1991), and
Lourens et al. (1994). In the two latter papers the sapropelites
were calibrated to astronomically forced climate cycles.

Sandy layers

About 100 m below the top of the Vrica section, three closely
spaced sandy layers (g, i, and /) are interbedded with the
claystones. These layers are pale gray in color, weathering to
reddish. The thicknesses of the sandy layers in the line of section
are as follows:

sandy layer [ =3-6cm
sandy layeri =3-6cm
sandy layer g =6-10 cm

These layers, which are very useful (kilometers wide) marker
beds, contain 1.0-3.5% fine sand (3 to 2 ¢ units), 37.1-60.4%
very fine sand (4 to 3 ¢ units), 15.2-21.1% silt, and 22.0-40.8%
clay. The carbonate content ranges from 12.3% to 14.3%.

The sandy layers are composed of calcareous nannoplankton,
foraminifera, volcanic glass (more or less altered), clay minerals,
and relatively coarse-grained terrigenous debris, including
quartz (mostly metamorphic), altered plagioclases, micas, and
sparse lithic fragments. The terrigenous debris, mostly of
metamorphic origin, probably came from the Paleozoic crystal-
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Figure 2.8. Stratigraphic distributions of foraminifera, calcareous nannofossils, pollen,

and spores in the Stuni-Vrica sequence, according to Nakagawa and co-workers.
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line rocks of the Sila massif, about 40 km west-northwest of the
Vrica area.

Volcanic ash layer m and pumice block

Layer m, a 2-7-cm-thick silt-textured layer of pale gray color
(reddish where weathered), crops out on the line of component-
section B about 6 m above the top of the sapropelic shale layer 4,
and 2.5 m above the sandy layer /. Macroscopically it is very
similar to the sandy layers g, i, and [ and is also a useful marker.
It has the following granulometry: 3.9% fine sand, 10.9% very
fine sand, 51.4% silt, and 33.8% clay; the carbonate content is
relatively low, at 3.3%.

Mineralogically, layer m is made up of about 80% very fresh,
colorless, often fibrous or vesicular volcanic glass, with small
amounts of fresh, euhedral to subhedral andesinic plagioclases,
well-preserved biotite, altered micas, amorphous ferric aggre-
gates, microfossils, and carbonate fragments. The glass is
chemically rhyo-dacitic, with a refraction index of 1.512 =0.001
(Savelli and Mezzetti, 1977). Plagioclase and biotite crystals are
included within the glass shards in some samples. The abundance
of glass and the freshness of the volcanic materials, including the
glass itself, indicate a primary ashfall that was essentially
synchronous with eruption.

A block of pale-gray pumice, about 30 cm in diameter and
perfectly preserved, was delivered to one of the authors (G.P.)
by a quarryman from Crotone who had extracted it from a clay
quarry some 3 km north of component-section C and about 1 km
south of the center of Crotone, near the coastal road. In that
quarry the volcanic ash layer m, the three sandy layers g, i, and /,
and the sapropelic shale layers f to p crop out. The quarryman
was able to show the exact spot where the pumice block was
found, about 1 m above the volcanic ash layer m (Selli et al.,
1977) (Figure 2.3).

The pumice block consists of fresh, colorless glass (refraction
index = 1.500 £0.001) and includes phenocrysts of hornblende
and plagioclase (Savelli and Mezzetti, 1977; Obradovich et al.,
1982). The mineralogy and chemistry of the pumice are unlike
those of the underlying volcanic ash layer m, which contains
biotite and plagioclase. Instrumental neutron activation analysis
(INAA) of the glass fraction indicates that the pumice is in fact
very similar to the thick volcanic ash layer in the lower part of the
Stuni—Vrica sequence (layer La. in Figure 2.3) (Obradovich et
al., 1982).

Biostratigraphy and biochronology

The Vrica section is very rich in fossils. Groups that have been
studied include calcareous nannoplankton, planktic and benthic
foraminifera, ostracoda, mollusks, fish, and pollen, as well as
diatoms (Palmer, Chapter 6, this volume). Besides these groups,
silicoflagellates, radiolarians, octocorals, brachiopods, ptero-
pods, and echinoderms are present.

In this section we consider the biostratigraphy and the
biochronology of the studied groups, in particular the fossils

whose first appearances (FA) or last occurrences (LO) in the
Mediterranean and also in the extra-Mediterranean regions are
considered by most authors as key events in late Pliocene or
early Pleistocene time. These biotic events can now be related to
the boundary-stratotype (sensu Hedberg, 1976) of the Pleisto-
cene as adopted in the Vrica section.

Calcareous nannoplankton

The calcareous nannoplankton of the Vrica section have been
studied by Nakagawa (1981), Nakagawa et al. (1980), Cati and
Borsetti (1981), Raffi and Rio (in Pasini and Colalongo, 1982),
Backman, Shackleton, and Tauxe (1983), Lourens et al. (1994),
and Rio, Raffi, and Backman (Chapter 5, this volume) (Figures
2.8-2.11).

Rio et al. (Chapter 5, this volume) emphasize that because of
reworked specimens, the extinction levels of species in the
section can be accurately identified only through careful
semiquantitative or quantitative analysis (Raffi and Rio, cited in
Pasini and Colalongo, 1982; Backman et al., 1983). The latter
authors have also standardized the informal morphometric
taxonomy of the Gephyrocapsa group as used by Rio (1982), in
place of the historically varied taxonomic concepts that have
made the studies in previous publications difficult to compare.

Among the major nannofossil events identified by Rio et al.
(Chapter 5, this volume) in the Vrica section, the most
important, from both the stratigraphic and biochronologic points
of view, are (from younger to older) as follows: the first
appearance of Gephyrocapsa spp. with coccoliths larger than 5.5
pm (i.e., “large” Gephyrocapsa); the extinction of Calcidiscus
macintyrei; the first appearance of Gephyrocapsa oceanica s.l.,
sensu Rio (1982) (i.e., “medium-sized” Gephyrocapsa, between
4.0 and 5.5 pm; teste D. Rio); the synchronous extinctions of
Discoaster brouweri and D. triradiatus. The relationships of
these events to one another and to the magnetostratigraphy are
the same in the Vrica section as in cores from the Mediterranean,
the Atlantic, the Pacific, and the Caribbean.

Lourens et al. (1994) calibrated the Lower Pleistocene
sapropels of the Vrica—Crotone composite section (as discussed
earlier) to the astronomical record in order to obtain an
accurate, high-resolution chronology for the Pleistocene part of
this section. Those authors analyzed oxygen isotopes from
microfossil samples and used their new age model to construct a
2180 curve. They concluded that “identification of oxygen isotope
stages in the Vrica/Crotone composite and their correlation to
obliquity is consistent with the astronomical calibration of these
stages proposed by Shackleton et al. (1990)” (Lourens et al.,
1994). In addition, those authors carried out a biostratigraphic
study of the calcareous nannofossils and selected planktic
foraminifera in the Vrica—Crotone composite section to corre-
late calcareous plankton events to the oxygen-isotope stages.
The stratigraphic positions of the nannofossil events indicated by
Lourens et al. (1994) are very similar to those shown herein
(Figure 2.9).

Raffi et al. (1993) studied the Plio—Pleistocene nannofossil
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biostratigraphy of DSDP site 607 (midlatitude North Atlantic)
and Ocean Drilling Program (ODP) site 677 (eastern equatorial
Pacific) and pointed out that “the successful astronomical ) specimen .
calibration of oxygen isotope stratigraphies from Deep Sea Rare

Drilling Project site 607 and Ocean Drilling Program site 677 in Scarce

the Matuyama Chron [as discussed by Shackleton et al., 1990] Abundant 7
permits calibration of the biostratigraphic events to these
uniquely resolved isotope chronologies.” In ODP Leg 138 sites COLUMNAR
(eastern equatorial Pacific), Shackleton et al. (1995a) dated SECTION
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numerous first and last occurrences of Neogene microfossils
belonging to different groups (nannofossils, radiolaria, plank-
tonic foraminifera, diatoms) based on the astronomically cali- 3008 t |
brated time scale of Shackleton et al. (1995b).

The results obtained by Lourens et al. (1994), Raffi et al.
(1993), and Shackleton et al. (1995a), as they pertain to the
calcareous nannofossil biostratigraphy in the Vrica section, will
be discussed in order of increasing age. Ages shown in italics are
those calculated for the Vrica section by Lourens et al. (1994).

LO-un

Event 4: 1.56 Ma(?). First appearance (FA) of “large” Gephyro-
capsa. This event (Figures 2.9, 2.11) occurs at isotope stage
boundary 53/52 in the Vrica section, dated to 1.56 Ma, and
practically in the same position in the Singa section (Lourens et
al., 1994). In DSDP site 607, the FA of “large” Gephyrocapsa
occurs in the top part of stage 49, dated to 1.479 Ma; in ODP site
677 this event is recorded in the top part of stage 48, dated to

a%a%%s%0%e

PLEISTOCENE

........

1.457 Ma (Raffi et al., 1993). In ODP Leg 138 sites the estimate  |—

for the time of this event is 1.44 Ma (Shackleton et al., 1995a). L

According to Berger et al. (1994), the FA of “large” Gephyro-

capsa occurs in the western equatorial Pacific at 1.515 =0.025 |z

Ma. If we accept the age estimate of Lourens et al. (1994), this

event would have occurred in the Mediterranean about 80 k.y. |y a . .
)
O

earlier than in the midlatitude North Atlantic. According to F. J.
Hilgen (personal communication), one option would be to
accept that the “large” Gephyrocapsa FA was in fact earlier in
the Mediterranean than in the open oceans; a second option
would be a hiatus in both the Vrica and Singa sections between
the LO of C. macintyrei and the FA of “large” Gephyrocapsa. -
Considering that the C. macintyrei LO has almost the same age
in the Vrica section as in the Singa section (Lourens et al., 1994), |
it would be required that such a hiatus would have to represent 50
precisely the same time interval in both sections, which are about |
100 km apart and had different sedimentation rates. In our |
opinion, the presence of such a hiatus is very unlikely, and the |
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noted event probably was diachronous between the Mediterra-
nean and the open oceans.
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Event 3: 1.67 Ma. Extinction of Calcidiscus macintyrei. This  Figure 2.9. Ranges of selected nannofossil species in the Vrica section,
event is recorded in the Vrica section at stage boundary 59/58. In  according to 1. Raffi and D. Rio (in Pasini and Colalongo, 1982).
DSDP site 607 it occurs at stage boundary 58/57, dated to 1.640

Ma; in ODP site 677 it is recorded in the top part of stage 55,

dated to 1.597 Ma (Raffi et al., 1993). The estimate for the

extinction of C. macintyrei in ODP Leg 138 sites is 1.58 Ma

(Shackleton et al., 1995a). In ODP site 806 this event is dated to

1.627 +0.025 Ma (Berger et al., 1994).
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Figure 2.10. Quantitative nannofossil stratigraphy for the Vrica section
and piston core V28-239 (western equatorial Pacific). On the left are data
from the Vrica section, starting with the lithologic section of Selli et al.
(1977) and the magnetostratigraphy of Tauxe et al. (1983). The abundances
of Discoaster brouweri, D. brouweri var. triradiatus relative to all forms of
D. brouweri, and Calcidiscus macintyrei each show a clear upper limit. Pre-
Pliocene discoasters maintain a uniform reworked abundance throughout
the section, and the proportion of Helicosphaera sellii relative to all
helicosphaerids also does not show any drop in abundance in the upper
part of the section. On the right side, the sequence in piston core V28-239 is
from Backman and Shackleton (1983), with magnetostratigraphy from
Shackleton and Opdyke (1976). (From Backman et al., 1983, with permis-
sion of the editors of Nature.)

Event 2: 1.71 Ma. First appearance of Gephyrocapsa oceanica
s.l., sensu Rio (1982) (i.e., medium-sized Gephyrocapsa between
4.0 and 5.5 um). This event in the Vrica section is documented
immediately below marker bed g, just above the Olduvai
subzone (Figures 2.9 and 2.18), and occurs within stage 60 both
here and in DSDP site 607, where it is dated to 1.700 Ma (Raffi
et al., 1993). In ODP Leg 138 sites the estimate for the time of
this event is 1.69 Ma (Shackleton et al., 1995a), and in ODP site
806 it is 1.664 +0.025 Ma (Berger et al., 1994).

Event 1: 1.95 Ma. Extinction of Discoaster brouweri. This event
is recorded in stage 72 in the Vrica section (Lourens et al., 1994)
(Figure 2.4), practically in coincidence with the lower boundary
of the Olduvai normal-polarity subzone, as defined by Zijder-
veld et al. (1991). In DSDP site 607 it occurs at stage boundary
72/71, dated to 1.950 Ma, simultaneously with the extinction of
Discoaster brouweri and D. triradiatus. Raffi et al. (1993, pp.
399-400) affirm in this regard that “the results from core V28—
239 [western equatorial Pacific] and those from DSDP site 606
[subtropical North Atlantic] (Backman and Pestiaux, 1987) . . .
seem compatible with those from site 607, which indicate that
both D. brouweri and D. triradiatus have their last occurrence
virtually at the Olduvai . . . [lower] boundary, although this
disappearance event probably occurred a few thousand years
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after the reversal, within the basal Olduvai. Both the disappear-
ance event and the reversal boundary are assigned age estimates,
however, of 1.95 Ma [according to] Shackleton et al. (1990).” In
ODP site 677 the extinction levels for D. brouweri and D.
triradiatus are not clear, but the estimate for the extinction of D.
brouweri in ODP Leg 138 sites is 1.96 Ma (Shackleton et al.,
1995a).

According to Nakagawa (1981), Raffi and Rio (in Pasini and
Colalongo, 1982), Backman et al. (1983), and Rio et al. (Chapter
5, this volume), Helicosphaera sellii is present throughout the
Vrica section (Figures 2.8-2.11), and therefore the top of this
section is older than the regional extinction of this species.
According to Lourens et al. (1994), the H. sellii LO occurs in the
Crotone section about 35 m above marker bed ¢, at the isotope
stage 38/37 boundary.

Planktic foraminifera

The planktic foraminifera assemblages of the Vrica section are
very diverse and abundant, in genera as well as species, and are
generally very well preserved. Figure 2.12 shows the strati-
graphic distributions of selected planktic foraminifera in the
Vrica section, based on studies by Colalongo and Sartoni (in Selli
et al., 1977), Colalongo et al. (1980, 1981, 1982), Pasini and
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Figure 2.11. Summary of nannofossil biostratigraphy in the Vrica sec-
tion. Data are from Rio et al. (Chapter 5, this volume), Nakagawa et

al. (1980), Cati and Borsetti (1981), 1. Raffi and D. Rio (in Pasini and
Colalongo, 1982), and Backman et al. (1983).



Plio—Pleistocene boundary-stratotype, Vrica

27

Wi COLUMNAR
(O] PLANKTIC FORAMINIFERA
«<| SECTION
t v
Lu300 3
I3
Lo
z , 3
wl [} < - E:
r = 9; o
) 3 =
O 9 3 3| = [ Ja
- « ] I
= < « = 1
®) 2 o ow sl 3| 2 g 2 2
250 ¢ [ = of 9 % =
i 5| 2 Z 13 8 3 3
= e = 3l 2 15 3 3 5 &
= - b
st 2 2l 8 % =z wl Y1 T
14p] o ! 3 < 2 = ]
° sl 8 B B I B I B
- i =l & 5| & g| | 2| g 2| =
- wlp = W
wl {m i gl &l z| 8 o| 2f & 8| g g
X - Sl 31 =2t 3} 8] & 31 3| o %
_ { o =1 S 31 9 o =1 S 2 = S
iL VLI ol ol af o] z| of of o] of &
H L5 @ [
Q_|2008 W1 o 2| «
A= cary = I =
95 s | S
o1
f E o« =
g 2l z
[: 4
]
L1 be 37z
g z
Ly d ;mﬁ
¢ Z 2 @
150y © [— gt 8 8
b 3l ¥ s
P o 8
2] ©
7l S
gl 8
w| {a o 8l 8
=z g =
S’:o
) £ 8
x| ©
- v
100 = <« < &
< 2| 3| ¢
O 3 o 9 =1 x| 2
-
> =l e] of =
5 =1 s ol | xf
< « =} <l = 3| 2] o ©
j - ot al = 3] of of =
- ] [ x 2 I 2 St gl ¢
gl g o of € z o] of °
et z| Al » I | F <« @
- §553_3mm§mgg
a8l | < 9 ) <] & w 5l o
50 : ot 2l 2l 2l s o « 5| 8| 2
a ---- | & < s & = of 2| & g = =] 2
S
’(g(m"“ngm(eo
| lwﬁ(g‘é"g 8904
< = =
< =] = = 4
! R 1 = 1 =] =1 =1 B { =1 I B -
ol =1 & = =l =] |l | & @
| 5000: T ] | I &
| :gsgssgssssa 2
z| o 8l 3| =) of 3 2| =z S
& S| 5| & S & 8 & 3 3 2 N
| 1 | 3 2| 3] o] 3] 3| = 3 3 & )
of O A\
mo% '

Figure 2.12. Distribution of selected planktic foraminifera in the Vrica section. Data are from M.-L. Colalongo (in Selli et al., 1977) and Colalongo

et al. (1981).

Colalongo (1982), as well as on recent research carried out by
one of us (M.L.C.). Planktic foraminifera at Vrica have also
been studied by Nakagawa et al. (1980) and Nakagawa (1981), as
indicated in Figure 2.8, as well as by Spaak (1983), Zijderveld et
al. (1991), Sprovieri (1993), and Lourens et al. (1994).

According to Colalongo et al. (1984), among the planktic
foraminifera events recorded in the Vrica section, the most
reliable for interregional correlation and dating are the
Globorotalia inflata FA, the beginning of dominantly sinistral
coiling in Neogloboquadrina pachyderma, and the Globigerina
cariacoensis FA.

Globorotalia inflata first occurs in the Vrica section between 62
and 67 m below marker bed a. Lourens et al. (1992) recorded the
first appearance of G. inflata in the upper Singa section in oxygen-

isotope stage 78, which those authors date to 2.076 Ma.
According to Sprovieri (1993), who found that fluctuations in
planktic foraminifera abundances in Mediterranean Plio—Pleisto-
cene sequences were in phase with astronomically forced oxygen-
isotope stages, the G. inflata FA in all studied sequences is
coincidental with oxygen-isotope stage 80. Sprovieri affirmed that
the most reliable estimate for the age of fluctuation 80is 2.13 Ma,
obtained by using the time scale of Hilgen (1991). On the other
hand, Raymo et al. (1989) found the G. inflara FA within isotope
stage 78 at DSDP sites 607 and 609, and perhaps slightly earlier at
DSDP site 552A; those three sites are located in the North
Atlantic, at latitudes of 41°, 50°, and 56°, respectively.

The beginning of dominant sinistral coiling in Neogloboquad-
rina pachyderma occurs about 178 m above the base of the Vrica
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section and is practically coincident with the top of the Olduvai
subzone as defined by Zijderveld et al. (1991) (Figure 2.18). This
event is also almost coincidental with the top of the Olduvai in
sites 650 and 651 of ODP Leg 107 (Tyrrhenian Sea) and in DSDP
sites 552, 607, 609, and 610 in the North Atlantic, whereas in
DSDP site 611 in the North Atlantic it slightly predates the top of
the Olduvai (Raymo et al., 1989; Channel et al., 1990).
According to Lourens et al. (1994), in the Vrica section the first
substantial increase in sinistrally coiled neogloboquadrinids
occurs in isotope stage 64 at an age of 1.80 Ma, very close to the
top of the main normal-polarity zone of the Olduvai, which is
dated by these authors at 1.79 Ma. In the Singa section, Lourens
et al. (1992) located that event in the same position as in the
Vrica section. Sprovieri (1993) noted that the first common
occurrence of left-coiling specimens of N. pachyderma in the
Vrica section and other Mediterranean sequences is coincident
with the abundance fluctuation linked to oxygen-isotope stage
64. According to Raymo et al. (1989), in DSDP sites 607, 609,
and 552A (North Atlantic) the first abundant occurrence of left-
coiled N. pachyderma is also found within isotope stage 64. The
beginning of dominant sinistral coiling in N. pachyderma has
been used as a criterion for recognizing the Pliocene—Pleistocene
boundary in northern Italy in the Santerno section {(Colalongo,
1968), the Rio Vendina—Crostolo section (Colalongo, Cremo-
nini, and Sartoni, 1978), and the Po plain (Dondi and Papetti,
1968), in southern Italy in the Pisticci section of Puglie (Lentini,
1971), and in other sequences.

The first appearance of Globigerina cariacoensis is in the Vrica
section about 2 m below the midpoint of marker bed f. Lourens
et al. (1994) dated the midpoints of marker beds f and e at 1.738
and 1.809 Ma, respectively. By linear interpolation between the
ages of these two sapropels, an age of about 1.744 Ma is obtained
for the G. cariacoensis FA in the Vrica section, which occurs in
this section within isotope stage 62. The G. cariacoensis FA is
recorded in sediments considered basal Pleistocene in many
other sections, such as the Capo Rossello—Punta Piccola section
and the Monte San Nicola section in southern Sicily (Rio,
Sprovieri, and Raffi, 1984), the Santerno section of northern
Italy, sections in the Marche region of central Italy and sections
in the Calabria region of southern Italy according to our own
unpublished data, in DSDP site 132 of the Tyrrhenian Sea
(Colalongo et al., 1981), and in DSDP site 125 of the Ionian Sea
(Rio et al., Chapter 5, this volume).

Other planktonic foraminifera events

The following are recorded in the Vrica section at the indicated
approximate stratigraphic distances above the base of the
section:

197 m: first appearance of Globigerinoides tenellus, an event
recorded in sediments assigned to the basal Pleistocene in the
Caraffa di Catanzaro section of Calabria (Pasini, Selli, and
Colalongo, 1977a), the Capo Rossello section (Sprovieri, 1978),
the Rio Vendina-Crostolo section (Colalongo et al., 1978),

DSDP site 132, and sections sampled in the Romagna and
Marche regions (M.L.C., unpublished data).

196 m: last occurrence of Globigerinoides obliquus extremus, an
event recorded in sediments considered to be basal Pleistocene
in age in DSDP site 132 and in the regions of Romagna, Marche,
and Calabria (M.L.C., unpublished data).

169 m: last occurrence of dextrally coiled Neogloboquadrina
atlantica, and, at 156.5 m (ca.), first occurrence of Globigerina
digitata digitata. According to R. Sprovieri (personal communica-
tion), those two events are recorded close to the Pliocene-
Pleistocene boundary, as presently understood, in the Monte San
Nicola section and in the Capo Rossello-Punta Piccola section.
According to our unpublished data (M.L.C.), these two events
are also recorded close to the Pliocene—Pleistocene boundary in
DSDP site 132 (Tyrrhenian Sea).

65 m: first appearance of Globorotalia oscitans, an event
recorded in sediments considered “upper Pliocene” in age (sensu
Colalongo and Sartoni, 1979, and Iaccarino and Salvatorini,
1982) in the Capo Rossello-Punta Piccola section, the Monte
San Nicola section and DSDP site 125 (Sprovieri, 1993), the Rio
Vendina—Crostolo section (Colalongo et al., 1978), the Marche
region (D’Onofrio, 1968), and, according to our unpublished
data (M.L.C.), DSDP site 132 and in the Calabria region.

40 m: first appearance of Globorotalia umbilicata. The appear-
ance of this taxon is recorded in Pliocene sediments, close to the
G. inflata FA, in the Capo Rossello—Punta Piccola section, the
Monte San Nicola section, and DSDP site 125 (Sprovieri, 1993).
According to our unpublished data (M.L.C.), this relationship
also occurs in DSDP site 132 and Italian land sections in the
Romagna, Marche, and Calabria regions.

The ages for most of the aforementioned planktic foraminifera
events in the Vrica section can be obtained from the accurate
astronomical calibration of sapropels in this section made by
Lourens et al. (1994). It should be noted that several of the
planktic foraminifera events noted here had not been widely
mentioned in earlier publications on the Mediterranean succes-
sions. That possibly was because their importance for Mediterra-
nean biostratigraphy had not been clearly recognized, even
though the species are not uncommon in most samples of the
appropriate ages.

Benthic foraminifera

The benthic foraminifera assemblages of the Vrica section are
also abundant and diverse and are generally very well preserved
(D’Onofrio, 1981). The stratigraphic distributions of selected
benthic foraminifera in the Vrica section, according to D’Ono-
frio, are shown in Figure 2.13. Nakagawa (1981) and Nakagawa
et al. (1980) reported only the range of Hyalinea baltica among
the benthics in the Vrica section (Figure 2.8).

According to Colalongo et al. (1984), among the benthic
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Figure 2.13. Distribution of selected benthic foraminifera in the Vrica
section. (Adapted from d’Onofrio, 1981, courtesy of Giornale di
Geologia.)

foraminifera events observed in the Vrica section, the three most
important are located as follows (in meters above the base of the
section, approximately located):

239 m: first appearance of Hyalinea baltica. In the Vrica section,
this event is evident between marker beds o and p. According to
Nakagawa (1981) and Verhallen (1991), the first occurrence of
H. baltica is between marker beds p and g (Figure 2.8). This
discrepancy is very probably due to the fact that whereas we
collected 22 samples between marker beds o and p, the Japanese
team and Verhallen collected only a few samples from this
stratigraphic interval, and by accident did not find any H. baltica
in their samples.

This first appearance of Hyalinea baltica is recorded in
sediments considered Lower Pleistocene in age in the section at

Tiepido, Emilia (Rio et al., Chapter 5, this volume), and in
sections at Santerno (Colalongo, 1968), Monte Cassiano,
Marche (D’Onofrio, 1968), Caraffa di Catanzaro (Pasini et al.,
1977a), Capo Rossello (Sprovieri, 1978), and several other
Italian sections. Furthermore, the H. baltica FA occurs in
sediments assigned to the lower part of the Pleistocene in the Po
plain of northern Italy (Dondi and Papetti, 1968) and in the
Puglie region of southern Italy and in Sicily (Wezel, 1968).

The H. baltica FA is synchronous with the “large” Gephyro-
capsa FA in the Vrica section (Figure 2.18) and in the Capo
Rossello-Punta Piccola section (Rio et al., Chapter 5, Figure
5.5, this volume). It slightly predates this nannoplankton event
in the Tiepido section and slightly postdates it in the Santerno
section (Rio et al., Chapter 5, Figure 5.5, this volume). Both of
these latter sections are characterized by very high sediment
accumulation rates.

216 m: first appearance of Bulimina etnea. This event is recorded
between marker beds m and n. Itis also seen in sediments assigned
to the basal Pleistocene at Santerno (Colalongo, 1968) and at
Caraffa di Catanzaro, Calabria (Pasini et al., 1977a), and in
Sicilian sections at Agrigento (Sprovieri, 1968), Monte Navone
(Di Geronimo, 1969), and Capo Rossello (Sprovieri, 1978). The
B. etnea FA occurs immediately above the Calcidiscus macintyrei
LO in the Vrica section (Figure 2.18), but below that datum,
between it and the G. oceanica s.l. FA, in the Capo Rossello—
Punta Piccola section (R. Sprovieri, personal communication).

160 m: first appearance of Uvigerina bradyana. This event is
recorded immediately below marker bed d. According to
Colalongo (1968) and R. Sprovieri (personal communication),
the U. bradyana FA approximates the Pliocene—Pleistocene
boundary in the Santerno section (Romagna, northern Italy) and
in the Capo Rossello-Punta Piccola section (Sicily), respectively.
In the Vrica section (Figure 2.18) and in the Capo Rossello—
Punta Piccola section (R. Sprovieri, unpublished data) the U.
bradyana FA occurs between the Discoaster brouweri 1.O and
the Globigerina cariacoensis FA.

According to Ruggieri and Sprovieri (1977), the H. baltica FA
marks the base of the “Emilian stage,” which these authors
consider to be the second of three chronostratigraphic units
making up the Italian Lower Pleistocene. According to Rio,
Ruggieri, and Sprovieri (1982), recent advances in nannofossil
biostratigraphy allow these units to be recognized, with approxi-
mate limits, in extra-Mediterranean regions. In view of the
unsatisfactory exposures at this level in the Santerno River
section, we have proposed (Pasini and Colalongo, 1994) to
define the boundary-stratotype and GSSP for the base of the
Emilian substage at a level 2 m below marker p in the Vrica
section, where H. baltica is first observed.

Ostracodes

The ostracofauna of the Vrica section is very well preserved and
rich in species {(Colalongo and Pasini, 1980a). Figure 2.14 shows
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Figure 2.14. Distribution of presumed autochthonous ostracodes in the Vrica section. (Adapted from Colalongo and Pasini, 1980a, courtesy of

Giornale di Geologia.)

below layer e, respectively, are important biostratigraphic
markers. In the Italian land sections, the Z. antemacella FA is
contemporaneous with or slightly predates the G. inflata FA

(G.P., unpublished data); in ODP site 654 (Tyrrhenian Sea) this

the stratigraphic distributions of the ostracodes that we consider

to be autochthonous, and Figure 2.15 shows the distributions of

the ostracodes that we consider to be displaced from shallow-

water sediments contemporanecus with the Vrica sediments

ostracode event is recorded a little above the G. inflata FA
(Colalongo et al., 1990). In addition, the M. adriatica FA has
been recognized by the present authors in Upper Pliocene

sediments of the Marche region.

(Colalongo and Pasini, 1980a). Besides the forms listed in these

figures, numerous specimens of Krithe spp. and Parakrithe spp.

are present throughout the section.

From Figures 2.14 and 2.15 we get the impression of a sharp
change in the ostracode fauna close to marker bed e. Below this

No ostracode extinction events are recorded in this lower
interval except for that of Agrenocythere pliocenica, which

disappears about 14 m below layer e. That was a local event

marker bed, the fauna consists of a comparatively small number
of species that continue to the top of the section, and above this

level many first appearances are recorded.

that appears to have predated the final extinction of this species

in the Mediterranean basin, because one of us (M.L.C.) has

found ostracofaunas rich in A. pliocenica (with larval stages) in
younger samples, including material from Le Castella, that

Ostracode events below marker bed e. Between the base of the

Vrica section and marker bed e, the Zabythocypris antemacella

FA and the Macrocypris adriatica FA, at about 69 m and 4 m

contain Globorotalia truncatulinoides excelsa — compare Cola-
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contemporaneous with the sediments of the Vrica section. (Adapted

Figure 2.15. Distribution, in the Vrica section, of the ostracodes dis-

from Colalongo and Pasini, 1980a, courtesy of Giornale di Geologia.)

placed from shallow-water marine sediments considered to have been

ance of the boreal clam Arctica islandica in Italian shallow-

longo (1965) with Pasini et al. (1977b) — and also in samples

marine sediments (Ruggieri, 1977b; Pelosio, Raffi, and Rio,
1980; Colalongo et al., 1981). The appearance of this famous
“northern guest” in the Mediterranean has long been one of the
main criteria for the beginning of the Pleistocene, and the C.

from the Marche region containing H. baltica (Colalongo,

Nanni, and Ricci Lucchi, 1979).

Ostracode events above marker bed e. The first appearance of

testudo FA has therefore also been considered as a marker for

Cytheropteron testudo, considered as a “northern guest” by

the base of the Pleistocene (Colalongo and Sartoni, 1977; Pelosio

Ruggieri (1977a, 1980), is about 9 m above the top of marker bed

et al., 1980; Colalongo and Pasini, 1980a; Colalongo et al., 1981,

e. Until the end of 1982 the C. testudo FA in Italian bathyal

sediments was considered approximately coeval with the appear-

1982; Pasini and Colalongo, 1982). According to more recent
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data, however, C. testudo first occurs in Sicily near the base of
the Upper Pliocene (i.e., Gelasian Stage of Rio, Sprovieri, and
Di Stefano, 1994).

Among the species listed in Figures 2.14 and 2.15, the
following appear in the Italian region in Lower Pleistocene
strata: Cytheropteron alatum (Colalongo et al., 1979); C.
rotundatum and C. punctatum (M.L.C., unpublished data);
Buntonia textilis (Ruggieri, 1980); Procytherideis subspiralis
(G.P., unpublished data); Microcytherura nigrescens (Ruggieri,
1976); Callistocythere praecincta (Ciampo, 1976); Semicytherura
calabra and Polycope demulderi (Ruggieri, 1980); Callistocythere
rastrifera (Ruggieri et al., 1976); Triebelina raripila and Cythero-
morpha nana (Ruggieri, 1980); Leptocythere ramosa (G.P.,
unpublished data); and Semicytherura quadridentata (Ruggieri,
1976). All of these species appear in the Vrica section between 9
and 82 m above marker bed e.

In our study of the ostracodes of the Vrica section (Colalongo
and Pasini, 1980a) we erected several new species which first
appear above marker bed e. The first occurrences of some of
these species, namely Typhlocythere ovata, T. carinata, Cytherop-
teron pseudoalatum, Typhloeucytherura calabra, “Bythoceratina”
poligonia, Saida limbata, Cluthia praekeji, Tuberculocythere
quadrituberculata, T. batrachoides, Neocytherideis vricae, Bytho-
cythere elliptica, Pedicythere polita, Cluthia undata, and Rug-
gieriella decemcostata, were later recognized by the present
authors (unpublished data) in Lower Pleistocene sediments of
different Italian regions, in some places associated with Hyalinea
baltica. In addition, we pointed out (Colalongo and Pasini,
1980a) that Cytheropteron garganicum, C. monoceros, Loxocon-
chidea minima, and Eucythere pubera, previously found only in
Holocene sediments, appear in the Vrica section a little above
the H. baltica FA.

Mollusks

The stratigraphic distribution of selected mollusks in the Vrica
section, according to Tampieri {in Selli et al., 1977), is shown in
Figure 2.16. Among these, only Pseudoamussium septemradia-
tum seems to be a true “northern guest” (e.g., Pelosio and Raffi,
1973; Ruggieri and Sprovieri, 1977). The paleoclimatic signifi-
cance of presently boreal taxa in the bathyal (psychrospheric)
sequences of the Mediterranean Lower Pleistocene (such as the
Vrica section) is still an open problem, however, according to S.
Raffi (personal communication). In any case it must be pointed
out that in the Vrica section the P. septemradiatum FA slightly
postdates the Gephyrocapsa oceanica s.l. FA, which in other
Italian shallow-water sections approximates the first appearance
of Arctica islandica (Rio et al., Chapter 5, Figure 5.5, this
volume).

According to the mollusk distribution scheme of Ruggieri
(1962), the Hinia turbinellus LO and the Turris contigua LO
seem to occur in the Italian sections close to the Pliocene—
Pleistocene boundary. Ruggieri and Sprovieri (1977) note also
that the extinction of Gimnobela brevis pliorecens occurs in Italy
in the lowermost Pleistocene.
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Figure 2.16. Distribution of selected mollusks in the Vrica section.
(Adapted from R. Tampieri, in Selli et al., 1977, courtesy of Giornale di
Geologia.)

Fish

The sapropel layers b, c, d, e, f, h, n, 0, and p have yielded an
abundant ichthyofauna of generally well preserved remains
(Landini and Menesini, 1978a,b). In all, more than 700 fossil
fishes have been identified to species (Table 2.1). All species
survive to the present in the Mediterranean, except for Engraulis
encrasicholus macrocephalus and Tavania crotonensis. Of the
living forms, Cyclothone pygmaea, Chauliodus sloanei, Hygo-
phum hygomi, Lobianchia dofleini, and Lampanyctus crocodilus
live exclusively or preferentially at depths exceeding 500 m.

Pollen

According to Accorsi, Bertolani Marchetti, and Bandini
Mazzanti (1978; Selli et al., 1977), the pollen of the Vrica section
generally shows marked prevalence of terminocrats (Figure

Drs G ZINS
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Table 2.1 Ichthyofauna of some sapropelic layers of the Vrica section

LAYERS OF ORIGIN PRESENT GEOGR. DISTRIB.
LIST OF SPECIES
b ¢ d e f h n o p 'E?,',;l Mgd. MMtled. ﬁtEl r'l\t'\ll létEl g\x Pacif. Ind.

Engraulis encrasicholus

macrocephalus 55 8 63
Engraulis sp. 1 1
Cyclothone braueri 13 8 6 34 16 3 5 18 5 108 + o+ + o+
Cyclothone pygmaca 1011 2 52 6 3 3 15 6 108 + 4+ —
Cyclothone spp. 23 10 13 39 14 9 6 42 17 173
Maurolicus muelleri 16 6 2 11 12 3 3 41 6 100 — 4+ 4+ 4+ o+ o+ o+ o+
Vinciguerria poweriae 3 3 + + + o+ +
Vinciguerria attenuata 1 - + + 4+ ? ?
Ichthyococcus ovatus 1 1 + + o+ o+
Argyropelecus hemigymnus 2 1 2 1 11 17 R T
Chauliodus sloanei 2 2 + o+ o+ o+ o+ - —
Electrona rissoi 1 1 2 4 1 9 + 4+ 4 + +  —
Hygophum hygomi 1 2 3 — 4+ 4+ + 4+ o+ o+ o+
Hygopbum benoiti 1 2 1 1 5 + + o+
Lobianchia dofleini 5 38 10 16 69 + + + + + —_—
Lampanyctus crocodilus 2 1 7 1 13% —_ 4+ —
Lampanyctus pusillus 3 14 — 4+ 4+ - =
Ceratoscopelus maderensis 3 2 1 2.1 9 + 4+ 4 —
Diaphus rafinesquei 3 3 + + >
Diaphus bolti 1 1 — 3+ ¥
Benthosema glaciale 1 1 + o+ o+ —
Belone belone 1 1 2 + 3+ o+
Micromesistius poutassou 1 1 —_ 4+ 4+ 3
Gadiculus argenteus argenteus 1 2 3 -+ —
Microichthys coccoi 1 1 — ?
Stephanolepis sp. 1 t
Tavania crotonensis 4 1 S

Symbols: (+) species of wide geographic distribution; (—) species of restricted geographic distribution; (?) uncertain

presence.

Source: Adapted from Landini and Menesini (1978a,b), courtesy of Societa di Paleontologia Italiana.

2.17). Among these, Pinus (as P. diploxylon and P. haploxylon)
predominates, in comparison with other genera of mountain
conifers (e.g., Picea, Cedrus, Tsuga, Podocarpus). Mediocrats
are represented mainly by Carya, Pterocarya, Corylus, Quercus,
Ulmus, Zelkova, Carpinus, Tilia, Castanea, Liriodendron, and
Liquidambar. Taxodiaceae (Taxodium type) are present only in
some intervals and in small percentages; they probably corre-
spond to coastal forests. Herbaceous taxa are neither frequent
nor significant. According to the aforementioned authors and to
C. A. Accorsi (personal communication), the pollen diagram
indicates a cool climate for the time interval represented by the
sediments between the base of the section and marker bed a.
Between marker bed a and marker bed f, mediocrat pollen
species are in general much more abundant, and terminocrats
scarcer, suggesting a milder climate. The sharp increase in
terminocrats and the decrease in mediocrats between marker

beds f and A should correspond to renewed cooling. The pollen
diagram between marker bed A and the top of the section
indicates a cool climate, with minor fluctuations.

According to Nakagawa et al. (1980; Chapter 3, this volume),
the pollen show abundant conifers, especially Pinus, throughout
the section (Figure 2.8). Pollen of broadleaf genera range from
10% to 30%. Those authors comment that the “paleoclimate is
considered to be moderate to cool temperate, and a gradual
cooling is suggested by the upward increase of Abies, Picea and
Tsuga, and decrease of Podocarpus, Taxodiaceae, Carpinus,
Juglans, Pterocarya and Ericaceae.” In particular, according to
those authors, it is possible to recognize unstable forest around
marker bed m and the beginning of a slight climatic deterioration
above that level.

Combourieu-Nebout, Sémah, and Djubiantono (1990) carried
out detailed pollen analyses of 60 samples from the Vrica
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section, 5 of which were collected from the crucial interval
between marker beds e and f (Figure 2.17). According to those
authors, in the lower part of the sequence (from the bottom to
sample 20, located about 15 m below marker bed a) there are
high percentages of altitudinal elements (7suga, Cedrus, Abies,
and Picea) and of herbaceous taxa. This association indicates a
relatively cool period, which on the basis of biostratigraphic and
chronostratigraphic data those authors ascribed to the “Praetig-
lian glacial phase” typified in northern Europe. Above sample
20, herbaceous taxa decrease, and Cathaia and Taxodiaceae
begin to increase. From marker a to marker e, a long period
dominated by forest in a subtropical to temperate—warm climate
is indicated by relatively high proportions of Taxodiaceae, Engel-
hardtia, Palmae, Cathaia, Quercus, Carya, Ulmus—-Zelkova, and
Carpinus. This interval has been correlated by Combourieu-
Nebout et al. (1990) to the “Tiglian interglacial phase.” From
marker bed e and continuing to the top of the section, the pollen
spectra recorded by those authors show a steady increase in her-
baceous taxa (especially Artemisia) and a corresponding de-
crease in forest taxa, with progressive enrichment of altitudinal
trees. This interval, which is considered by Combourieu-Nebout
et al. (1990) to have been a period of cool and xeric climate, is
ascribed to the “Eburonian glacial phase.” The most important

point in that detailed research is that the major floristic shift that
those authors identified as the transition from the “Tiglian inter-
glacial phase” to the “Eburonian glacial phase” corresponds to
the Pleistocene boundary-stratotype at the top of marker bed e.

K/Ar and fission-track dating

The volcanic ash layer l.a.

This layer, 20 cm thick, crops out about 65 m above the bottom
of the component-section JD of the Japanese team (Nakagawa et
al., Chapter 3, this volume) and at least 75 m below the base of
the Vrica section as defined here (Figure 2.3). This layer is
grayish in color and is characterized by the presence of
hornblende, plagioclase, zircon, and glass shards (Obradovich et
al., 1982).

Foraminifera assemblages examined by one of us (M.L.C.)
from the siltstone immediately below and above the la. layer
are typical of the Globorotalia crassaformis subzone (i.e., upper
part of the Globorotalia ex gr. G. crassaformis zone), which
corresponds to the lower portion of the Upper Pliocene (i.e.,
Gelasian Stage of Rio et al., 1994). In addition, the LO of
dominant left-coiled Neogloboquadrina atlantica is found about
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9 m below the la. layer. Zijderveld et al. (1991) noted the
LO of N. atlantica (which, in our opinion, means left-coiled
N. atlantica) in the Singa section at a level corresponding to
2.41 Ma.

Separated fractions from the la. horizon were dated by
Obradovich et al. (1982) to 2.22 +0.03 Ma (K/Ar, hornblende),
2.0 £0.16 Ma (fission-track, zircon), and 2.2 +0.2 Ma (fission-
track, glass). Obradovich et al. (1982) also demonstrated that the
age estimates previously obtained for this volcanic ash of 3.1 and
3.4 Ma, reported by Selli {(1970), were incorrect.

Volcanic ash layer m

This layer (Figure 2.3) is 2-7 cm thick and crops out about 6 m
above the top of sapropelic layer 4. The m ash was first dated at
2.07 £0.33 Ma by Bigazzi and Bonadonna (in Selli et al., 1977),
at 2.2 +0.2 Ma (K/Ar, hornblende) by Savelli and Mezzetti
(1977) and Savelli (in Selli et al., 1977), and at 2.5 =0.1 Ma (K/
Ar, glass) by Boellstorff (1977). Obradovich et al. (1982)
demonstrated that all of those age analyses were erroneous
because of misidentification of samples or because of the
unsuitability of the material used for dating. In re-dating the m
ash, Obradovich et al. (1982) found two distinct fractions of
older detrital biotite mixed with the primary volcanogenic
biotite. The amount of detrital biotite ranged from 0.91% to
4.72% of total biotite, related inversely to the grain size, so that
the coarsest fraction yielded the youngest K/Ar age: 1.99 £0.08
Ma. Even the coarse fraction, however, was contaminated with
reworked detrital biotite, and it can be concluded that the age of
the m volcanic ash is certainly younger than 1.99 Ma. The m ash
cannot be dated by fission-track analysis because the glass shards
are unsuitable and uranium-retentive minerals such as zircon and
apatite are not present. It might be possible to obtain a more
precise age determination for this ash by analyzing a small
sample of hand-picked large euhedral grains in a more sensitive
system (J. D. Obradovich, personal communication, 1993).

Pumice block

A whole-rock K/Ar age of 2.0 =0.1 Ma was obtained by Savelli
and Mezzetti (1977; Selli et al., 1977) on the pumice block found
about 1 m above volcanic ash layer m. It must be remembered
that whole-rock K/Ar analyses of glassy materials such as
pumice, especially those exposed to marine conditions, are
highly unreliable (Dalrymple and Lanphere, 1969). Subse-
quently, however, Obradovich et al. (1982) obtained a mineral
K/Ar age of 2.35 =0.16 Ma for hornblende from the pumice
block.

As noted earlier, the mineralogy and chemistry, as well as the
K/Ar age, of the detached pumice block differ conspicuously
from those of the autochthonous m ash. Obradovich et al. (1982)
interpret this “as indicating that the pumice block has been
reworked from an older pumice layer and thus has no relevance
to the age of the m marker bed.”

Magnetostratigraphy

In 1977, H. Nakagawa presented a preliminary version of the
magnetostratigraphy of the Stuni—Vrica sequence at the joint
meeting of INQUA Subcommission 1-a and the IGCP-41
working group in Birmingham, and later at the Neogene-
Quaternary boundary symposium in Dushanbe (Nakagawa et
al., 1980). The Japanese team subsequently reported revised
polarity sequences (Nakagawa, 1981, 1982), and other measure-
ments on the Stuni—Vrica sequence were published by Tauxe et
al. (1983). Nakagawa et al. (Chapter 3, this volume) repeated
their paleomagnetic sampling and analysis of the Stuni—Vrica
sequence with new equipment for their final version of the
magnetostratigraphy of this sequence.

The biostratigraphy of that part of the Stuni—Vrica sequence
stratigraphically below the Vrica section, as defined by Selli et al.
(1977) and in this chapter, has not yet been studied in sufficient
detail to evaluate the physical continuity of this part of the
section. For this reason, with regard to the data presented by
Nakagawa and co-workers, we have taken into account only the
paleomagnetic information that is inarguably within the Vrica
section, in sections JA and JB (Figures 2.3 and 2.18).

Nakagawa et al. (Chapter 3, this volume) correlated the
normal-polarity zone of the lower part of the Vrica section,
including two short reversed-polarity intercalations separated
by a short intermediate-polarity interval (Figure 2.18), with
the Olduvai subchron. Their correlation is supported by the
planktic microfossil events Gephyrocapsa caribbeanica FA,
Discoaster brouweri 1.O, Globigerinoides obliquus LO, Gephy-
rocapsa oceanica FA, and Calcidiscus macintyrei LO in or near
the normal-polarity zone of the Vrica section. These are
events that are recorded in or near the Olduvai subchron in
deep-sea sections, and to some extent in Japanese land
sections of the Boso Peninsula (Itihara et al., Chapter 24, this
volume).

Tauxe et al. (1983) studied almost all the Vrica section, but
they omitted the lower part of component-section A because that
part was synthesized from scattered outcrops, and they discarded
all samples above marker bed s because they were judged to be
unsuitable for paleomagnetic polarity measurements. According
to Tauxe et al. (1983), two normal-polarity zones are recogniz-
able in the Vrica section (Figure 2.18). The lower zone (N1-N2),
interrupted by a short reversed-polarity intercalation, is located
in the lower part of the section. The younger normal-polarity
zone (N3) was observed immediately below marker bed s. Tauxe
et al. (1983) correlated the N1-N2 normal-polarity interval with
the Olduvai subchron because it lies between the Discoaster
brouweri LO at its base and the Calcidiscus macintyrei LO above
its top, as discussed earlier (Figures 2.10 and 2.18). With regard
to the normal-polarity zone N3, the top of the Vrica section does
not extend to levels as young as the lower boundary of the zone
of “small” Gephyrocapsa, which is below the base of the
Jaramillo subzone (Rio et al., Chapter 5, this volume) (Figures
2.2-2.4). The top of the Vrica section is therefore older than the
Jaramillo, and the N3 zone, if confirmed, must represent a
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Figure 2.18. Distribution, in the Vrica section, of the most significant planktic and benthic Nakagawa (personal communication, 1983) and Nakagawa et al. (Chapter 3, this volume).
organisms from the biostratigraphic and biochronologic points of view. To the right, magne- Regarding the latter paleomagnetic log, we have considered only the information from

tostratigraphy of the Vrica section according to Tauxe et al. (1983), and according to H. component-sections JA and JB (Figure 2.3).
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normal-polarity interval between the Olduvai and the Jaramillo
subchrons.

Zijderveld et al. (1991) carried out a closely spaced
paleomagnetic sampling in the Vrica section, with a sampling
density much higher than that of Tauxe et al. (1983), by use of a
motorized corer to collect unweathered samples. The magne-
tostratigraphy of the Vrica section proposed by those authors is
shown in Figure 2.18. According to Zijderveld et al. (1991), a 10-
m-thick reversed-polarity interval, designated here as interval f3,
includes the Pleistocene boundary-stratotype. Interval f§ is
located above the 45-m-thick normal-polarity interval o, and
below the 5-m-thick normal-polarity interval vy, also as desig-
nated here. After reviewing the subject in detail, Zijderveld et
al. (1991, p. 711) concluded that the base of the normal-polarity
interval o represents the lower boundary of the Olduvai
subchron, and the top of the normal-polarity interval y above
sapropel e “most probably represents the upper Olduvai polarity
transition as generally found elsewhere.” That interpretation
places the short reversed-polarity interval f§ in the top part of the
Olduvai subzone. Zijderveld et al. (1991) did not find the
normal-polarity zone N3 reported by Tauxe et al. (1983) below
marker s at the top of the Vrica section, nor in the fresh rocks of
the parallel Crotone section; according to Zijderveld et al. (1991,
p. 712), “given the very weathered state of the top part of the
Vrica section these normal polarities are almost certainly due to
secondary magnetizations related to the weathering and do not
represent an extra normal subchron.”

The presence of a reversed-polarity interval within the upper
Olduvai had previously been recognized in the Boso Peninsula in
central Japan (Nakagawa et al., 1982), in core V20-109 from the
northern Pacific Ocean (Ninkovitch et al., 1966), in several
deep-sea cores of the Indian Ocean (Opdyke and Glass, 1969), in
loessic deposits on the Chinese Loess Plateau (Heller et al.,
1991), and in other sequences.

Adoption of the Vrica section

The Vrica section was first described in the guidebook for the
symposium on the Neogene/Quaternary boundary in Bologna
and Crotone in October 1975 (Pasini et al., 1975). The members
of the IGCP Project 41 working group, after visiting the main
Plio—Pleistocene sections of Calabria, recognized that “there are
some difficulties in the interpretation of the Santa Maria di
Catanzaro and Le Castella sections as [Pleistocene] boundary
stratotype [sections]” and that the Vrica section represented a
potential Pleistocene boundary-stratotype section (Selli and
Cati, 1977, pp. 29-30).

The results of further research on the Vrica section were
presented in 1977 by one of us (G.P.) with C. Savelli and R. Selli
(in Selli et al., 1977) and by H. Nakagawa at the joint meeting of
INQUA Subcommission 1-a and the IGCP Project 41 working
group during the X INQUA Congress in Birmingham. At the
close of that joint meeting, a resolution was passed, emphasizing
that “the participants of the Meeting support the suggestion to

take the Vrica Section (Crotone in Italy) as the Neogene/
Quaternary boundary stratotype [section], and find it necessary
to further a detailed complex study of this section.”

At the next joint meeting of the IGCP-41 working group and
the INQUA Subcommission on the Pliocene—Pleistocene bound-
ary, held in Chandigarh and Srinagar (India) in October—
November 1979 (Sastry et al., 1981), it was concluded that in view
of the resolution adopted by the 1948 International Geological
Congress in London, a physical reference point for the Pliocene—
Pleistocene boundary should be chosen in the marine sequences
of southern Italy, and that “the Vrica Section in Calabria, Italy,
described by Selli et al. (1977) appears more suitable [than the
Santa Maria di Catanzaro and Le Castella sections for defining
the Pleistocene boundary-stratotype] because it meets the
general criteria enumerated above,” and furthermore that “the
works of Selli et al. [1977], Nakagawa et al. [1980], and Arias et
al. [1980] show that the Vrica deposits contain many elements of
value for wide range correlation.”

Essentially the same conclusions were reaffirmed in subse-
quent meetings, as further work on the Vrica section continued
to demonstrate its suitability for the boundary-stratotype. One of
us (G.P.) presented a report describing and correlating the
principal Plio—Pleistocene sections of Calabria (including the
Vrica section) and DSDP site 132 (Tyrrhenian Sea) at the XXVI
International Geological Congress, Paris, 1980 (Colalongo et al.,
1981). At a joint meeting of INQUA Subcommission 1-a and the
IGCP-41 working group during this congress, the propositions
from that report were accepted, and it was resolved that “the N/
Q [Neogene/Quaternary] boundary [stratotype] should be placed
in the Vrica Section.” Again, at the joint international field
conference of IGCP Project 41 (“Neogene/Quaternary Bound-
ary”) and Project 128 (“Late Cenozoic Magnetostratigraphy”) in
Arizona and California, March—April 1981, a resolution was
passed that “the Vrica Section in Calabria is the most suitable
candidate for the P/P [Pliocene—Pleistocene] boundary strato-
type,” and that “paleontologic information already available
from Vrica offers a sound basis for world-wide correlations in
marine sections.”

At the next joint meeting of the INQUA Subcommission 1-a
and of the IGCP-41 working group at the XI INQUA Congress,
in Moscow, August 1982, the members of these groups and
outside specialists conducted a lengthy and detailed discussion
of the Pliocene-Pleistocene boundary problem and the bio-
stratigraphy, biochronology, magnetostratigraphy, paleoclima-
tology, radiometric ages, and sedimentology of the Vrica
section. At the end of the meeting, an overwhelming majority
of those present approved a formal proposal in favor of the
Vrica stratotype.

The final wording of the proposal of the ICS working group on
the Pliocene-Pleistocene boundary concerning the definition of
the Pliocene-Pleistocene boundary-stratotype, as described in
this volume, was edited during a joint meeting of the ICS
working group on the Pliocene—Pleistocene boundary and the
IGCP-41 working group in Madrid, May 23, 1983.
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Location of the Pleistocene boundary-stratotype in the
Vrica section

As is well known, the proposal by the temporary commission to
advise on the question of the definition of the Pliocene-
Pleistocene boundary, which was accepted as read by the council
_of the XVIII International Geological Congress in London,
1948, emphasized that the Pliocene—Pleistocene boundary-
stratotype should be placed not only to coincide with the base of
the Italian Calabrian Stage but also “at the horizon of the first
indication of climatic deterioration in the Italian Neogene
succession” and “should be based on changes in marine faunas.”

Given the state of knowledge at the time and the composition of
the temporary commission, there can be no question that the “first
indication of climatic deterioration” must be understood as an
allusion to the entrance of the first of the well-known “northern
guests” into Mediterranean faunas. This is made doubly clear in
the follow-up report organized by the Italian Geological Society at
the XIX International Geological Congress, in Algiers, 1952,
which was requested by the council of the London congress in
order to select “a type locality for the precise definition of the
boundary.” In that report, four sections were described: the
Monte Mario section near Rome (Blanc, Tongiorgi, and Trevisan,
1954), the Castell’Arquato section near Piacenza (Di Napoli,
1954), the Santerno section near Imola (Ruggieri, 1954), and the
Val Musone section near Ancona (Selli, 1954); see also Azzaroli et
al. (Chapter 11, this volume). In that report, the Pliocene—
Pleistocene boundary was placed to coincide in each section with
the first occurrence of “northern guests,” and each section was
considered to be an example of the Calabrian Stage. It is therefore
the appearance of the first “northern guest” in the Italian Plio—
Pleistocene sections that is the historical criterion used to mark the
Pliocene-Pleistocene boundary, in conformity with the intention
of the London 1948 resolution.

In 1977, proposals for the location of the Pliocene—Pleistocene
boundary-stratotype in the Vrica section were first advanced.
Selli et al. (1977) proposed to locate the Pliocene—Pleistocene
boundary within “Unit Y” of the Vrica section, an informal
biostratigraphic unit proposed by Selli et al. (1977) that extends
from the Cytheropteron testudo FA (between marker beds e and
f) to the Hyalinea baltica FA (between marker beds o and p).

Accordingly, various authors, including Colalongo and Sartoni
(1977), Nakagawa et al. (1980), Colalongo and Pasini (1977a,
1980a,b), Pelosio et al. (1980), Colalongo et al. (1980, 1981,
1982), and Nakagawa (1981), have proposed that the Pleistocene
boundary-stratotype should be equated with different horizons
located between marker beds e and m of the Vrica section.

In regard to these proposals, Colalongo and Pasini (1980a) and
Colalongo et al. (1980) recommended that the Pleistocene
boundary-stratotype be placed, in any event, within the e-m
interval because that is where the most pronounced, if not
precisely coincident, faunal changes in both planktic and benthic
microfossils are recorded. That recommendation was approved
at the joint meeting of IGCP-41 and INQUA Subcommission 1-a
at the 1980 Paris International Geological Congress.

At that point, the problem was to select a physical horizon
within the e-m interval that could serve as the definitive
Pleistocene boundary-stratotype. The 1982 joint meeting of
INQUA Subcommission 1-a and IGCP-41 in Moscow recom-
mended the physical horizon immediately below the first
occurrence of the cold-adapted ostracode Cytheropteron testudo
(between marker beds e and f), but, as noted earlier, that was
soon rendered unacceptable by the discovery that this ostracode
also was present in the Mediterranean basin during the middle
Pliocene.

Summary of the final proposal

After discussion with members of IGCP-41 and preliminary
approval at the 1968 Moscow INQUA Congress, in 1983 the ICS
Working Group on the Pliocene/Pleistocene Boundary presented
its final report to the parent ICS Subcommission on Quaternary
Stratigraphy, recommending “the base of the claystone conform-
ably overlying sapropelic marker bed e of the Vrica section . . . as
the Pliocene/Pleistocene boundary-stratotype.”

The document, “Proposal of the ICS Working Group on the
Pliocene/Pleistocene Boundary,” prepared in 1983 by E. Aguirre
and G. Pasini as chairman and secretary, respectively, of the
IGCP-41 working group, made three important points in support
of the Vrica section as the boundary-stratotype section for the
base of the Pleistocene epoch. Those points, which are even
more pertinent in view of more recent developments, are
reviewed and amplified as follows:

Point 1. The base of the claystone overlying marker bed e of the
Vrica section is an appropriate location for the boundary. In fact,
the base of the claystone unit is close to calcareous mi-
croplankton events such as the Gephyrocapsa oceanica s.1. FA,
Globigerinoides obliquus extremus LO, the beginning of domi-
nant left-coiled Neogloboquadrina pachyderma, and the Globig-
erina cariacoensis FA, which in other Italian sections (e.g.,
Santerno, Stirone) have been identified close to the first
appearance of the shallow-water mollusk Arctica islandica
(Colalongo, 1968; Pelosio et al., 1980; Azzaroli et al., Chapter
11, this volume; Rio et al., Chapter 5, this volume). In
particular, Rio et al. (Chapter 5, this volume) state that “the
stratigraphically lowest level where A. islandica is represented
seems to be in the Castell’Arquato and the Stirone sections. No
reliable nannofossil data are available from the former section.
In the Stirone section [near Parma], we have observed that the
appearance of A. islandica slightly predates the first occurrence
of G. oceanicas.l. . . . close to the top of the Olduvai subchron.”
In the Vrica section, the base of the claystone overlying marker
bed e is similarly positioned, being only 99 k.y. older than the
first occurrence of G. oceanica s.l. (“medium-sized” Gephyro-
capsa of Lourens et al., 1994) and close to the top of the Olduvai
subzone (Figure 2.18). We may consider that the base of the
claystone overlying marker bed e is penecontemporaneous with
the first appearance of A. islandica in Italy.

It is well known that the entrance of A. islandica, the most
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famous among the earliest “northern guests,” into the Mediterra-
nean has historically been the main criterion for recognizing the
beginning of the Pleistocene in Italy. Thus, the designation of the
base of the claystone overlying layer e as the Pleistocene
boundary-stratotype places the boundary very close to its
traditional statigraphic position, thereby avoiding serious upset
of the geological literature and maps, in accordance with the
recommendations of the International Stratigraphic Guide (Hed-
berg, 1976; Salvador, 1994). Furthermore, the paleomagnetic
reversal at the top of the Olduvai subzone, very close to bed e, is
clearly associated with evidence of major climatic deterioration
in various stratigraphic sections from around the world (as
exemplified by reports in this volume).

Point 2. Multiple, reinforcing criteria offer a sound basis for
worldwide correlation of the proposed boundary horizon. The
main calcareous nannofossil events associated with the base of
the claystone bed overlying marker bed e in the Vrica section,
such as the Discoaster brouweri LO, Gephyrocapsa oceanica s.1.
FA, and Calcidiscus macintyrei LO (Figure 2.18), are found in
the same order and in the same position with respect to the
Olduvai subzone in oceanic deep-sea sediments as well (Rio,
1982; Backman and Shackleton, 1983; Backman et al., 1983; Rio
et al., Chapter 5, this volume). Similarly, the base of the
claystone bed overlying marker bed e is close to planktic
foraminifera events such as the Globigerinoides obliquus
extremus LO and the beginning of dominant left-coiling in
Neogloboquadrina pachyderma (Figure 2.18) that have been
widely used in long-range correlations. Pollen analysis of the
Vrica section (Combourieu-Nebout et al., 1990) demonstrates a
clear correlation with the major Plio-Pleistocene paleoclimatic
phases in the continental environments of Europe and, by
extension, other continental regions. In terms of magne-
tostratigraphy, the base of the claystone overlying marker bed e
is a little below the top of the Olduvai subzone, and in high-
resolution sections can be even more precisely correlated within
the thin, distinctive reversed-polarity interval recognized in the
Vrica section by Zijderveld et al. (1991) (Figure 2.18). As for the
stable isotopes, according to Lourens et al. (1994), the Pleisto-
cene boundary-stratotype is located at oxygen-isotope stage
boundary 65/64. This determination unambiguously positions the
boundary-stratotype with respect to the precisely calibrated
record of orbitally forced climatic variation that has now been
observed in all the world’s oceans and is being extended to many
land sections.

Considering these data, the proposed Pleistocene boundary-
stratotype can be easily identified on micropaleontologi-
cal, palynological, magnetostratigraphic, and cyclostratigraphic
grounds in both marine and nonmarine Plio—Pleistocene se-
quences. Consequently, the base of the claystone overlying
marker bed e satisfies the basic requirement for a chronostrati-
graphic boundary, that is, its suitability for worldwide recogni-
tion, as recommended in the International Stratigraphic Guide
(Hedberg, 1976; Salvador, 1994).

Point 3. Marker bed e and its contact with the overlying claystone
are very well exposed in the Vrica section and in the surrounding
area, and abundant fossils are present to facilitate correlation,
again in accordance with the recommendations of the Interna-
tional Stratigrahic Guide (Hedberg, 1976; Salvador, 1994).

Approval of the final proposal by the ICS and the
IUGS

The final version of the document, “Proposal of the ICS Working
Group on the Pliocene—Pleistocene Boundary,” was presented
for discussion at the ICS business meeting in Moscow on August
13, 1984. In a postal ballot, the 25 voting members of the
commission approved the proposal by a vote of 20 to 1, with 4
abstentions. Following a report on behalf of the ICS by M. G.
Bassett and J. W. Cowie to a meeting of the full [IUGS Executive
Committee in Rabat, Morocco, on February 10, 1985, the
proposal was submitted in writing to the ITUGS Executive for a
postal ballot. On May 31, 1985, the secretary-general of TUGS,
R. Sinding-Larsen, informed the ICS that the proposal had
received majority support from the IUGS Executive. That
announcement of support represented formal ratification of the
proposal by the IUGS (Bassett, 1985, p. 91).

Dating the boundary

In order to calculate the age of the Pleistocene boundary-
stratotype, we take into account only the astronomically cali-
brated ages of the two boundaries of the Olduvai subzone. In the
time scale of Shackleton et al. (1990), the top of the Olduvai
subchron is placed in isotope stage 63, dated to 1.77 Ma, and the
lower boundary of the subchron in isotope stage 71, dated to 1.95
Ma. According to Hilgen (1991), the top of the Olduvai falls
within stage 64 and is dated to 1.79 Ma, and the base is dated to
1.95 Ma. Tiedemann, Sarnthein, and Shackleton (1994) re-
corded the upper boundary of the Olduvai in isotope stage 63,
dated to 1.78 Ma, and the lower boundary in stage 71, dated to
1.94 Ma. Lourens et al. (1994) located the upper boundary
within oxygen-isotope stage 64, dated to 1.79 Ma, and the base
within stage 72, dated to 1.94 Ma. In the time scale of Shackleton
et al. (1995a), the upper and lower boundaries of the Olduvai
subchron are dated to 1.770 Ma and 1.950 Ma, respectively. The
age values of Shackleton et al. (1995a) were also adopted by
Cande and Kent (1995) in the new GPTS (geomagnetic polarity
time scale). We have taken into account the magnetostratigraphy
of Zijderveld et al. (1991) (Figure 2.18) and have calculated the
age of the base of the claystone conformably overlying marker
bed e, the Pleistocene boundary-stratotype, by linear interpola-
tion between the ages of the bottom and the top of the Olduvai
subzone (Hilgen, 1991). With reference to the ages of these
boundaries proposed by Shackleton et al. (1990), Hilgen (1991),
Tiedemann et al. (1994), Lourens et al. (1994), and Shackleton
et al. (1995a), we obtain for the Pleistocene boundary-stratotype
the respective ages of 1.796, 1.813, 1.803, 1.811, and 1.796 Ma;,
the last value is the same as in the revised GPTS of Cande and
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Figure 2.19. Field-guide itinerar-
ies for component-sections A and
C of the Vrica section (Figures
2.2 and 2.3), indicated by arrows
marked with A and C, respec-

tively; 1, roads suitable for nor-
mal cars; 2, impassable to cars;

3, the component-sections. (Repro-
duced with permission of the
Istituto Geografico Militare, au-
thorization no. 2568 of April 1,

1987. Dai tipi dell’Istituto
Geografico Militare, autoriz-
zazione n. 2568 in data 1/4/1987.)

Kent (1995). All of these ages are the same, at 1.8 Ma, when
rounded up to one decimal place.

Appendix: accessibility of the Vrica section

The Vrica section is located about 4 km south of the town of
Crotone (Figures 2.1 and 2.19).

The component-sections A, B, and C in the Vrica section
(Figures 2.2 and 2.3) can be easily reached by automobile from
Crotone. Good boots are the only climbing equipment required
to traverse the exposures. The outcrops of the Vrica section are
being granted the status of nature preserves, with legal protec-
tion against intentional damage.

Component-section A (Figure 2.19)

This section can be reached from the parking lot at the Costa
Tiziana Hotel, 3 km south of Crotone. This hotel is located a few

tens of meters west (inland) of the coastal road, via a short
driveway.

The base of component-section A is located about 250 m south
of the hotel, at the confluence of two normally dry ravines. The
trail from the hotel to this point is not well marked but may be
followed easily with the aid of the map shown in Figure 2.19.

The traverse from the base of component-section A to the
“sapropel-clay layer” (Figure 2.3) follows up the valley that
extends southward from this confluence. The stratigraphy of this
lower part, measuring about 45 m in thickness, has been
reconstructed by geometric and lithologic correlations of scat-
tered outcrops on both sides of the valley. About 100 m south-
southwest of the base of the section is a small earthen check-
dam, and some 200 m farther, on the west side of the seasonally
flooded plain behind the dam, is the mouth of an east—west gully
(Figure 2.5). Just at the mouth of the gully, about 2 m above the
plain, a clearly laminated shale layer about 30 cm thick crops
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Figure 2.20. Field-guide itinerary
for component-section B of the
Vrica section (Figures 2.2 and 2.3),
indicated by arrows marked with
B. The road from Crotone to the
Costa Tiziana Hotel is shown in Fig-
ure 2.19; symbols as in Figure 2.19.
(Reproduced with permission of the
Istituto Geografico Militare, au-
thorization no. 2568 of April 1,

out. This is the “sapropel—clay layer,” 45 m above the base of the
Vrica section (Figure 2.3). This shale layer is normally deeply
weathered and not conspicuous, but it can easily be located with
the help of a rock hammer.

From this point, the section is followed westward up the side
gully for several tens of meters. The first conspicuous sapropelic
shale layer, cropping out near the head of the gully, is marker
bed a (Figure 2.3).

By climbing to the ridge above the gully (Figure 2.5) and
following the ridge line to the southwest for a few tens of
meters, the sapropelic marker beds b, ¢, d, and e can
be recognized according to the thicknesses of the respective
layers and the interbedded claystones, as described previously
(Figure 2.3).

Component-section B (Figure 2.20)

This section may be reached by continuing past the mouth of the
east—west gully in which the upper portion of section A crops out
and proceeding south-southwest up the dry ravine that feeds into
the impounded plain.

An easier way, however (Figure 2.20), is to continue driving
past the Costa Tiziana Hotel and Ca Donato on the coastal road,

1987. Dai tipi dell’Istituto
Geografico Militare, autoriz-
zazione n. 2568 in data 1/4/1987.)

to a crossroads about 8 km from Crotone. There, turn right and
drive past Ca Santo Spirito and Campione, and about 2.5 km
past Campione turn right again and go about 1.5 km to the end of
the country road that crosses the locality Parasinaci. Park and
walk northwest along the northern or northeastern margin of
marine terrace remnants. About 1 km northwest of the end of
the country road a northeast-trending ravine cuts sharply into the
terrace surface; the cliff on the opposite side of this ravine
exposes component-section B (Figure 2.6). To reach the base of
component-section B, go downhill (north-northeast) along a
gentle slope, as far as the normally dry bed of the ravine.
Marker bed a, at the base of component-section B (Figure
2.3}, crops out in the ravine near a curve about 40 m downstream
from a major confluence. In some seasons it may be covered by
alluvium and will not be easy to find. All the other marker beds
of component-section B, however, are always clearly recogniz-
able and can be identified (as outlined in the earlier section
“Sedimentology and paleoecology”) by their thicknesses and
internal spacing (Figure 2.3). To traverse component-section B
starting from the base at marker a, follow the ravine upstream to
the point where it crosses the tuff layer of marker bed m. From
this point onward, the section must be traversed on the steep
western slope of the ravine. The uppermost recognizable marker
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bed is sapropelic layer p, cropping out a few meters below the
crest of the the slope.

Component-section C (Figure 2.19)

This section can be reached from the top of component-section B
by following the map shown in Figure 2.19. An easier route is to
go by car on the Via Cutro from the center of Crotone (Figure
2.19), turning left about 1.8 km from town on a country road that
is about 300 m beyond the first leftward curve. Follow this road
for 3.8 km, as far as a gentle bend to the right some 100 m before
reaching a bridge. Immediately beyond the bend, turn left on the
road to Ca Tuvolo (Figure 2.19), a little house near the road. At
Ca Tuvolo turn again to the left and follow an uneven road for
about 300 m, to the base of an earth dam. From this point walk
along the western edge of the pond behind the dam to its
northernmost point (Figure 2.19), where a gully and a small
valley oriented northeast—southwest are found. About 300 m up
this valley from the edge of the pond, a gully in the western side
of the valley exposes component-section C (Figure 2.7).

Marker bed o, at the base of component-section C (Figure
2.3), crops out a few meters above the point where the gully joins
the main streambed. Within the gully, all the other marker beds
can be recognized, with the marker bed ¢ a few meters below the
upper end.

The topmost part of the continuous Plio—Pleistocene marine
sequence consists of about 2 m of grayish claystones, overlying
marker bed ¢. Weathered red sands (not shown in the columnar
sections of this chapter) overlie these claystones. These sands are
part of a marine terrace, a large remnant of which is preserved at
the top of the gully.
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Postscriptum

The original manuscript of this chapter was delivered in 1984,
and partly revised in 1987. The section headed “Approval of the
final proposal by the ICS and the IUGS” was added in 1991, and
in 1995 the chapter was modified in view of important new data.
A complete revision, however, was not done.
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3 The magnetostratigraphy of the Vrica section, Italy, and its
correlation with the Plio—Pleistocene of the Boso Peninsula, Japan

HISAO NAKAGAWA, NOBUAKI NIITSUMA, TOSHIAKI TAKAYAMA, YASUMOCHI MATOBA, MOTOYOSHI
ODA, SHIGEMOTO TOKUNAGA, HIROSHI KITAZATO, TOYOSABURO SAKAI, and ITARU KOIZUMI

Introduction

During the XI INQUA Congress in Moscow in 1982, the
INQUA Subcommission 1-d, “Pliocene-Pleistocene Boundary,”
and the working group of IGCP Project 41, “Neogene/
Quaternary Boundary,” jointly proposed that the section at
Vrica in Calabria, southern Italy, be adopted as the Pliocene—
Pleistocene boundary-stratotype. With the acceptance of that
proposal by the IUGS International Commission on Stratigraphy
(Nikiforova and Alekseev, Chapter 1, this volume), the type
horizon designated at Vrica has been extended to Plio-
Pleistocene sections around the world.

On the other side of the globe from Vrica, many marine
sedimentary sections that are continuous through the Pliocene—
Pleistocene transition are well exposed along the Pacific coast.
Among these the Boso Peninsula in central Japan is one of the
best places to study the Pliocene—Pleistocene transition (Itihara
et al., Chapter 24, this volume). In recent years we have worked
to correlate the Plio—Pleistocene sections of Calabria with those
of the Boso Peninsula on the basis of geomagnetic reversals and
planktonic microfossil events. We began our study of the Vrica
section in 1976, shortly after the initial reports from the Italian
team led by Raimondo Selli (1975; Selli et al., 1977). In 1977, in
meetings at Birmingham, England, and at Dushanbe, Tadjikis-
tan, USSR, we responded to the urgent request of the IGCP-41
working group and reported on a preliminary study of the
paleomagnetic polarity sequence of the Vrica section, although
the sampling interval had been inadequate to satisfactorily
resolve the magnetostratigraphy (Nakagawa et al., 1980). Subse-
quently, we reported a revised Calabrian Plio—Pleistocene
polarity sequence at a field conference on the Neogene-
Quaternary boundary held at Chandigarh, India, in 1979
(Nakagawa, 1981) and in a symposium on the lower boundary of
the Quaternary, held during the XI INQUA Congress in Moscow
in 1982 (Nakagawa, 1982).

Since that time, we have repeated our paleomagnetic analyses
with new equipment, having revisited Vrica in 1983 for further
field work and sampling. As a result we were able to improve
significantly on our preliminary reports, particularly in regard to
biostratigraphic and lithostratigraphic correlations to the paleo-
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magnetic record. The magnetostratigraphic data presented here
(Figures 3.4, 3.5, 3.7, 3.8, 3.10) are calibrated according to the
time scale of Berggren, Kent, and Van Couvering (1985); the
same data using orbitally tuned calibration (Zijderveld et al.,
1991) give ages approximately 6% older.

Vrica section

In the vicinity of the Vrica triangulation station south of
Crotone, in the type area of the classic Calabrian Stage (Figure
3.1), fossiliferous marine Plio-Pleistocene strata crop out along
the valleys cut into the “Milazzian” and younger terraces and on
the sea-cliffs (Pasini and Colalongo, Chapter 2, this volume).
Figure 3.2 shows the current status of our field observations in
this area, with the locations and horizons of samples taken for
laboratory analysis of paleomagnetism and microfossils.

The section consists mostly of clayey siltstone, but includes
many layers of sand and sapropelic clays and a few layers of
volcanic ash, which are useful marker horizons. Some of these
layers are interbedded at short intervals, forming distinctive
striped zones of which the intervals defined by markers §9-59,
S$4-88, S1-53, b—e, f'-m2, and g—t are the most prominent. The
proposed boundary-stratotype horizon is at the base of the shale
layer overlying sapropelic marker layer e, in the notation of
Pasini and Colalongo (Chapter 2, this volume). The distinctive
stratigraphy of the b—e and f'-m2 zones helps to locate the
boundary in the field. Principal distinguishing characteristics
include the fact that the distances between markers b, ¢, d, and e
are almost equal, that b and d are bluish gray and ¢ and d are
yellow from a distance, and that fand 4 are gray and thicker than
the other layers in the zone f'—m2.

The geologic structure of the Vrica section is simple (Figures
3.2 and 3.3). In general the beds dip gently, about 10° west-
southwest. A normal fault strikes N4OW near sample localities 31
and 47, with a downthrow to the west of about 10 m. The section
at Vrica lies on the eastern limb of a syncline, the western limb of
which exposes the Plio-Pleistocene section at Le Castella, about
20 km farther to the south.

Figure 3.4 shows the geomagnetic polarity sequence of the
Vrica section together with magnetic measurements of the
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samples. After initial magnetic examination, we applied thermal
demagnetization at 200°C and alternating field demagnetization
at 15 mT to all samples. Intensity and direction of the remanent
magnetization were measured with a ring-core magnetometer.
The polarity sequence is based on the six most reliable
measurements at each sampled horizon. Stable reversed polarity
is dominant in the section, but a normal-polarity zone with a
short reversed intercalation occurs in the middle part. Intermedi-
ate polarity values are found in a horizon in the lower part of the
section and in a thicker zone in the upper part. The normal-
polarity zone is correlated with the Olduvai normal-polarity
subchron by the fossil evidence described later; additional
normal polarities, observed in a thin zone just above this by
Zijderveld et al. (1991), are probably also part of the Olduvai as
observed in more condensed marine sections.

Figure 3.5 shows the stratigraphic distribution of selected
planktonic microfossils, pollen, and spore grains in the same
section. The index horizons for regional correlation are (1) the
lowest horizon of Gephyrocapsa aperta, (2) the lowest horizon of
Gephyrocapsa caribbeanica, (3) the highest horizon of Globigeri-
noides obliquus, (4) the highest horizon of Cyclococcolithus [=
Calcidiscus] macintyrei, (5) the horizon of D-S (dextral-to-
sinistral) coiling change in Neogloboquadrina pachyderma, and
(6) the highest horizon of Helicosphaera sellii.

No remarkable changes are recognized in pollen flora, but
increases in Abies, Picea, and Tsuga and simultaneous decreases
in Podocarpus and Taxodiaceae in the upper part indicate

gradual cooling, which coincides with the cooling of sea water
indicated by the coiling change in N. pachyderma.

Colalongo et al. (1981, 1982) and Pasini and Colalongo (1982)
reported the appearance of the “cold guest” Cytheropteron
testudo between the sapropelic layers e and f (8 m above € and 12
m below f, near sample localities 10—12). Pasini and Colalongo
(Chapter 2, this volume) noted that although this event is no
longer considered as a reliable index to the moment at which a
glacial climate first affected the Mediterranean, there are further
reasons to correlate this approximate level at Vrica to the
initiation of Pleistocene conditions in temperate latitudes.
Therefore, the recommendations of INQUA Subcommission 1-d
and the IGCP-41 working group that designated the Pliocene—
Pleistocene boundary at the top of the marker layer e at Vrica
(Nikiforova and Alekseev, Chapter 1, this volume; Pasini and
Colalongo, Chapter 2, this volume) remain valid.

Boso Peninsula

The Boso Peninsula is situated to the southeast of Tokyo
(Figure 3.6). A fossiliferous marine Plio-Pleistocene section is
well exposed in the river valleys cut into the uplands and on
the sea-cliffs in the central to northern part of the peninsula.
The sediments are mostly sandstone and siltstone, interbedded
with many layers of volcanic ash, which are valuable correla-
tion markers (Figure 3.7) (Itihara et al., Chapter 24, this
volume).
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In the geomagnetic polarity sequence of the Boso Peninsula,
reversed polarity is dominant in the Plio-Pleistocene section, but
there are three zones, plus several thinner horizons, of normal
polarity (Niitsuma, 1976; Nakagawa and Niitsuma, 1977). In
these same strata, planktonic microfossil index horizons remark-
able for their use in long-distance correlation include (1) the
lowest horizon of Globorotalia tosaensis, (2) the lowest horizon
of Globorotalia truncatulinoides, (3) the highest horizon of
Globigerinoides obliquus, (4) the highest horizon of Discoaster
brouweri, (5) the lowest horizon of Gephyrocapsa caribbeanica,
(6) the lowest horizon of Eucyrtidium matuyamai, (7) the
horizon of S-D (sinistral-to-dextral) coiling change of Pullenia-
tina spp., (8) the lowest horizon of Gephyrocapsa oceanica, (9)
the highest horizon of Helicosphaera sellii, and (10) the highest
horizon of Eucyrtidium matuyamai.

Benthic foraminiferan and molluscan faunas indicate changes
in sea-water temperatures. The indicated changes were moder-
ate in the transition from Pliocene to Pleistocene, although the
general trend was toward gradual cooling in the upper part of the
section.

The transitional zone from Pliocene to Pleistocene is exposed
along the upper streams of the Obitsu, Yoro, and Isumi rivers in
the southeastern part of the peninsula (Figure 3.6). The area is
near the Pacific coast, and modern geological maps have been
published (Mitsunashi et al., 1961, 1976b), as has an excursion
guidebook in English (Mitsunashi, Nakagawa, and Suzuki,
1976a).

Correlation between the Vrica area and the Boso
Peninsula

The Vrica and Boso sections have yielded only a few planktonic
microfossil species in common, but the sequence of index horizons
noted earlier has been correlated to magnetostratigraphic and
biostratigraphic sequences in many deep-sea sediment cores.
Referring to the evidence in deep-sea sections, we can correlate
the microfossil and geomagnetic horizons between Calabria and
the Boso Peninsula as indicated in Figure 3.8. In this interpreta-
tion the normal-polarity zone in the lower part of the Kiwada
Formation of the Boso Peninsula is correlated with the Olduvai
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Figure 3.8. Correlation between the Vrica and Boso sections.

normal subchron of the Matuyama reversed chron in the
standard PMTS (paleomagnetic time scale) (Berggren et al.,
1985) applied in deep-sea cores, and also with the normal-
polarity zone identified to this paleomagnetic unit in the middle
part of the Vrica section, just below the marker bed e.

The full sequence of microfossil index horizons linked with the
paleomagnetic reversal sequence in deep-sea sediments is in
rough agreement with the somewhat less complete records of the

Nakagawa et al.
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Figure 3.9. INlustration of time difference between sediment grains and
detrital remanent magnetization.

Boso and Vrica sections. The relationships of microfossil
biochronologic events to geomagnetic reversals differ in detail,
however, between the deep-sea synthesis and these two exposed
sections. Undoubtedly, geographic, oceanographic, and ecologi-
cal factors influenced local occurrences of fossils. Besides, if the
age or equivalent horizon is measured using the geomagnetic
reversal sequence as a standard, some time difference is a
physical necessity. This is because the fixation of detrital
geomagnetic orientation in marine deposits does not take place
until the material is buried to about 40 cm (Niitsuma and Ku,
1977). The time required for this depth of burial is, of course,
much longer in slowly deposited sediments. The age of a
sediment grain, or a microfossil specimen, is therefore synchro-
nous not with the age of the remanent magnetization in the
horizon in which it occurs but with that of a horizon about 40 cm
farther below it (Figure 3.9). Thus the apparent microfossil
“date” of a paleomagnetic horizon is always somewhat younger
in deep-sea sediments than in the more rapidly deposited
shallow-marine equivalents.

With these factors taken into account, we can more accurately
correlate the Plio—Pleistocene sections of Calabria to those of
the Boso Peninsula. The Pliocene-Pleistocene boundary desig-
nated in the Vrica section, at the top of the sapropelite e,
corresponds in age to a horizon between key tuffs Kd38 and
Kd20 of the Kiwada Formation in the Boso Peninsula (Figure
3.8). The fission-track age of the Kd23 tuff in this interval is 1.6
+0.2 Ma (Kasuya, 1990). Figure 3.10 shows further correlation
of the Plio—Pleistocene sections in the Japanese islands and
Taiwan. Nakagawa (1981) presented a correlation of magneto-
stratigraphic zones between Vrica and some other sections in
Italy, according to the previously published biostratigraphy of
Italian authors. Azzaroli et al. (Chapter 11, this volume) have
reinterpreted the paleomagnetic findings according to new micro-
paleontological evidence.
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4  Comparison of the laminated units at Vrica and deep-sea sapropels

from the eastern Mediterranean

ISABELLA RAFFI and ROBERT THUNELL

Introduction and background

Sapropels — highly organic, oxygen-reduced layers —in deep-
water strata are similar in origin to organic-rich laminite units in
upper-slope sediments and are clear manifestations of major
changes in the climatic-oceanographic regime of the Mediterra-
nean region. The periodic deposition of organic-rich facies at
Vrica may have been related to the intensification of climatic
oscillations in the late Pliocene, as seen in the deep-sea record.
In this chapter, we review the conditions of sapropelic deposition
and the relationship between the upper-siope and deep-sea
events in the Ionian Basin during the later Pliocene and early
Pleistocene.

Laminated sedimentary units are common features in marine
sequences from Miocene to Pleistocene age in the marginal
circum-Mediterranean region. For example, laminated sedi-
ments have been described from Algeria (Anderson, 1933),
Spain (Geel, 1978), Sicily (Ogniben, 1957; Brolsma, 1978;
Meulenkamp et al., 1978; McKenzie, Jenkyns, and Bennet,
1979; Gersonde, 1980), southern Italy (Martina et al., 1979),
northern Italy (Sturani and Sampo, 1973), Morocco (Bizon,
Muller, and Vergnaud-Grazzini, 1979), Cyprus (Bizon et al.,
1979), and the Ionian Islands of Greece (Heimann, Just, and
Muller, 1979; Thomas, 1980; Spaak, 1983). Many, but not all, of
these laminated layers are rich in biogenic silica because of high
abundances of diatoms. These diatomaceous laminites are often
collectively referred to as “tripoli.”

A number of different mechanisms have been proposed to
explain the formation of Neogene laminites in marginal settings.
The diatom-rich laminites of Morocco (Bizon et al., 1979) and
Sicily (McKenzie et al., 1979; Gersonde, 1980; Van der Zwaan,
1982) have been attributed to increased productivity brought on
by increased upwelling of nutrient-rich waters. Likewise, Van
der Zwaan (1979) also concluded that increased productivity was
responsible for the late Miocene diatomites in the Falconara
section of Sicily. However, he attributed the increased productiv-
ity to an increase in the runoff of nutrient-rich continental water.
In addition, it has generally been assumed that these laminated
units were deposited in oxygen-deficient or anoxic bottom waters
(Van der Zwaan, 1982, 1983; Spaak, 1983).

Whereas Neogene laminites have been found in marginal
basins in both the eastern Mediterranean and the western
Mediterranean, laminated deep-water sediments of equivalent
age are found only in the eastern basin of the deep Mediterra-
nean (Kidd, Cita, and Ryan, 1978; Cita and Grignani, 1982;
Thunell, Williams, and Belyea, 1984). These “deep-sea lamin-
ites” are black, organic-rich units, commonly referred to as
“sapropels.” By definition, sapropels contain more than 2%
organic carbon by weight (Olausson, 1961; Kidd et al., 1978).
Lithologically similar units containing only 0.5% to 2.0% organic
carbon are called “sapropelic layers.”

Sapropel formation in the deep eastern Mediterranean is most
commonly ascribed to the periodic development of a low-salinity
surface layer that produced a density stratification and caused
bottom waters to become oxygen-deficient (Olausson, 1961;
Ryan, 1972; Thunell, Williams, and Kennett, 1977; Stanley and
Blanpied, 1980; Rossignol-Strick et al., 1982; Thunell, Williams,
and Cita, 1983). Calvert (1983) and Sutherland, Calvert, and
Morris (1984) have argued convincingly that density stratifica-
tion alone cannot account for the high organic-carbon content of
deep-sea sapropels found in the eastern Mediterranean. Those
authors suggest that the fresh-water runoff that formed low-
salinity surface layers was also very rich in nutrients, and that
caused a significant increase in productivity coincident with, and
contributing to, oxygen minima below the euphotic zone.
Evidence for increased productivity has been found in carbon-
isotope studies of late Pleistocene sapropels (Thunell and
Williams, 1982).

The question arises as to what relationship, if any, exists
between these deep-sea sapropels and the laminites from
marginal basins of the Mediterranean. It is obvious that the real
distributions of these two facies are different, since laminites are
found in both the eastern basin and the western basin. Also, as
Spaak (1983) has pointed out, laminite deposition in marginal
areas occurred much more frequently than sapropel formation in
the deep castern basin. While there have been a number of
geochemical studies of deep-sea sapropels (Sigl et al., 1978;
Calvert, 1983; Sutherland et al., 1984), very little is known about
the organic geochemistry of laminites, making it very difficult to
compare the two. In fact, virtually no information is available on
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the organic-carbon content of Neogene laminites from around
the Mediterranean.

The objective of the study reported here was to make direct
comparisons between the laminated units found in the Vrica
section and the deep-sea sapropels recovered from DSDP site
125 on the Mediterranean Ridge. We attempted to evaluate the
stratigraphic relationship of these facies, as well as to make
preliminary comparisons of these units from the viewpoint of
their organic geochemistry. By doing so, we should be able to
determine whether or not it is appropriate to refer to the
laminites at Vrica as “sapropels” (Selli et al., 1977; Colalongo et
al., 1981, 1982).

Laminated layers in the Vrica section

In the Vrica section, 14 finely laminated layers are intercalated
in the silty and marly limestone succession (Figure 4.1). These
laminated units, together with sandy beds and volcanic ash
layers, have been used as marker horizons for reconstructing
the three component sections that make up the entire sequence
at Vrica (Pasini et al., 1975; Selli et al., 1977). Biostratigraphic
and chronostratigraphic studies indicate that there are five
Upper Pliocene laminites and nine Lower Pleistocene laminites
(Figure 4.1).

The laminated units at Vrica are considered to have been
deposited in an oxygen-deficient, stagnant environment and
have been referred to as sapropels (Pasini and Colalongo, 1982).
Unlike many of the other Neogene laminated units found
throughout the marginal Mediterranean, the laminites at Vrica
contain very few diatoms and radiolaria (Pasini and Colalongo,
1982), although they do contain dwarfed benthic foraminifera
assemblages, as compared with the abundant and diverse fauna
found in the surrounding claystone. In addition, more than 700
well-preserved specimens of fish have been identified from these
layers (Landini and Menesini, 1977, 1978). The benthic
foraminifera assemblages, and also the fossil fish, suggest a
depositional depth of more than 500 m for this sequence. The
undisturbed condition of the fish and the sedimentary laminae is
indicative of an abiotic, and thus anoxic, bottom environment.

Biostratigraphic correlation of laminites and sapropels

DSDP site 125 is the only eastern Mediterranean deep-sea
succession in which Lower Pleistocene sapropels have been
recovered within a rather complete sedimentary sequence.
Despite some anomalous sedimentation patterns above and
below these Lower Pleistocene sapropels (Raffi and Sprovieri,
1984), the nannofossil data for site 125 and the Vrica section
establish a good biostratigraphic correlation of the two se-
quences (Figure 4.2).

In the Vrica section (Rio et al., Chapter 5, this volume),
laminated layers a through f were deposited after the last
occurrence of Discoaster brouweri and before the first appear-
ance of Gephyrocapsa oceanica s.I. (i.e., the Crenalithus
doronicoides zone). In this part of the sequence, laminate e has
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Figure 4.1. Stratigraphic column for the Vrica section, showing the posi-
tions of various lithologic marker beds and the position of the Pliocene—
Pleistocene boundary (top of laminated layer ¢).

been proposed as the physical basis for the Pliocene-Pleistocene
boundary-stratotype at Vrica (Pasini and Colalongo, Chapter 2,
this volume). Unfortunately, no sapropels are present in the
equivalent stratigraphic interval at site 125 (Figure 4.2), where
the C. doronicoides zone is represented by a very condensed
section.

Laminite & at Vrica occurs within the Lower Pleistocene
Calcidiscus macintyrei zone, and again there are no stratigraphi-
cally equivalent sapropels at site 125 (Figure 4.2). The remaining
seven laminated units at Vrica (layers n-f) are dispersed
throughout the upper 73 m of the section, within the
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Figure 4.2. Biostratigraphic correlation of sapropel layers in DSDP site
125 and laminated layers in the Vrica section. The biostratigraphic data
for site 125 are from Raffi and Sprovieri (1984), and those for Vrica are
from Rio et al. (1984) and Rio et al. (Chapter 5, this volume).

Helicosphaera sellii zone (Figure 4.2). It is within this Lower
Pleistocene interval that sapropels are also found at site 125.

Geochemical comparison of laminites and sapropels

One Upper Pliocene (layer e¢) and two Pleistocene laminites
(layers f and #) were selected for geochemical study. A series of
samples was collected across each of these layers, and the total
organic-carbon and carbonate contents were measured. The
findings from the determinations of organic-carbon and carbon-
ate contents are presented in Figure 4.3. A consistent and
systematic decrease in carbonate content and an increase in
organic-carbon content were found within each of the laminites
(Figure 4.3). Both the basic patterns and the absolute values
were similar across the layers. In sediments enclosing the
laminites, carbonate values ranged from 16% to 20%, while
within the laminites those values decreased to between 12% and
14%. Within 50 cm above the top of each laminite, the carbonate
content returned to the value typically found just below the
layer.

The organic-carbon content, both above and below each of the

laminites, generally was in the range of 0.4-0.5% (Figure 4.3).
In contrast, the organic-carbon content was nearly doubled
within the laminite layers, reaching values of 0.8-1.0%. In
accordance with the current definition, the three studied
laminites cannot be considered true sapropels, because they do
not contain more than 2% organic carbon by weight. However, if
organic-carbon content is the only criterion considered, then
these three laminites can be classed as sapropelic layers.

The relationship between the organic carbon in the Vrica
sediments and the C/N (carbon/nitrogen) ratios is illustrated in
Figure 4.4. These data clearly indicate that the C/N ratios
increase with increasing organic-carbon content (i.e., that the
laminated sediments typically have higher C/N ratios). This is the
same basic trend observed by Calvert (1983) in a study of late
Pleistocene deep-sea sapropels.

The observed trends in C/N ratios may be explainable in a
number of ways. Most simply, they may be reflecting two
different sources of organic matter, since high C/N ratios are
considered to be characteristic of terrestrial, rather than marine,
organic matter (Trask, 1953; Bordovskiy, 1965). Using that
criterion, Sigl et al. (1978) concluded that there was a large
terrestrial component in the organic matter of Pliocene and
Pleistocene sapropels from the eastern Mediterranean. How-
ever, as pointed out by Calvert (1983), C/N ratios can also be
artifacts of diagenesis. As organic matter decomposes with
burial, nitrogen is preferentially lost relative to carbon, and this
process is accentuated in environments characterized by a high
accumulation rate (Muller, 1977). That may have been the
situation at Vrica, where sediments accumulated at rates of up to
44 cm/1,000 years (Rio et al., Chapter 5, this volume). Thus,
without determining the extent of alteration of the organic
matter, it is not possible to conclude unequivocally whether the
organic matter in the laminites is primarily from a marine or
terrestrial source.

Previous geochemical and sedimentological studies of deep-
sea sapropels (Kidd et al., 1978; Muller, 1978; Sigi et al., 1978;
Cita and Grignani, 1982; Calvert, 1983) provided the basis for
comparison with the laminites we examined from Vrica. The
biggest difference was in the organic-carbon content of the
laminites, which fell within the range for sapropelic sediments
(0.5-2.0% organic C), as opposed to the much higher values in
the sapropels. Despite that difference, the “sapropelic laminites”
and the deep-sea sapropels were similar in that both were
characterized by high C/N ratios (Sigl et al., 1978; Calvert,
1983).

Another similarity between the laminites and the sapropels
was that the carbonate contents in both units were significantly
lower than in the surrounding sediment (Calvert, 1983). Such a
decrease in carbonate content could be due to (1) a decrease in
the production of calcareous plankton, (2) an increase in
carbonate dissolution, and/or (3) an increase in the input of
noncalcareous sediments. With regard to the first explanation, a
decrease in productivity during the deposition of either laminites
or sapropels would be at odds with the models that have been
proposed for their formation. In particular, stable-isotope
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studies (Thunell and Williams, 1982) and geochemical studies
(Calvert, 1983) indicate a general increase in productivity during
the deposition of late Pleistocene sapropels. The second explana-
tion, that of dissolution, is inconsistent with the observation that
calcareous microfossils in both types of facies are not appreciably
less well preserved within these layers than in surrounding
sediments (Sigl et al., 1978; Thunell and Williams, 1982). We
consider, therefore, that the decrease in carbonate content
within laminites and sapropels may have been due to dilution by
noncalcareous sediments. Increased clastic input associated with
enhanced runoff from the continents could be responsiblie for the
observed decrease in carbonate, particularly in the marginal
settings where most sapropelites (= laminites) are found.
Increased runoff also would have been a source for the
additional nutrients needed to raise productivity and increase the
flux of organic carbon to the seafloor. An increase in runoff also
may have resulted in the input of higher levels of terrestrial
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organic matter, which could be at least a minor component of the
relatively high total organic carbon in the laminated layers.

Discussion

The deposition of laminites in marginal settings and of sapropels
in the deep eastern basins undoubtedly was related to major
changes in the climatic-oceanographic regime of the Mediterra-
nean region. Thunell et al. (1984) have demonstrated that the
latest Pliocene and early Pleistocene sapropels were fundamen-
tally different from earlier Miocene and Pliocene sapropels and
that the formation of the more recent sapropels was climatically
modulated. In particular, the alternating glacial-interglacial
climatic conditions that began in the late Pliocene (Thunell and
Williams, 1983; Shackleton et al., 1984, 1995) may have been the
triggering mechanism for both laminate and sapropel formation.
These glacial-interglacial climatic changes most certainly had an
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impact on the discharge of fresh water into the Mediterranean. It
has been suggested that increased discharge from the Nile, due
to increased precipitation, periodically altered the surface-water
conditions in the eastern Mediterranean (Rossignol-Strick et al.,
1982). Increased runoff would serve to establish sapropel-
producing conditions in two ways: (1) The surface-water
productivity would be increased because of increased nutrient
input from the continents, and that, in turn, would increase the
flux of organic matter to the seafloor. (2) The reduction of
surface-water salinities would inhibit vertical overturn of the
water column, resulting in oxygen depletion in the bottom waters
and an environment favorable for preservation of organic
matter.
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Introduction

Calcareous nannofossils are microscopic skeletal elements of
calcite produced by planktic unicellular algae, occurring abun-
dantly in marine sediments from the Jurassic to the present. The
rapid evolution of the nannofossils through time has been used to
establish highly resolved biostratigraphic zonations, particularly
for the Cretaceous and Cenozoic eras {e.g., Martini, 1971;
Thierstein, 1976; Roth, 1978; Bukry, 1978). The zonal bound-
aries are defined by extinctions or first appearances of individual
species, and such datum events have been found to have
occurred synchronously on a global scale, when calibrated
against oxygen-isotope stratigraphy (e.g., Thierstein et al., 1977)
or against magnetostratigraphy (e.g., Backman and Shackleton,
1983).

Nannofossils are well represented in the Pliocene and Lower
Pleistocene marine deposits in Italy, and therefore they provide a
means by which this regional geologic record can be correlated
with extra-Mediterranean areas (Figure 5.1). This possibility of
correlation is important because the type regions of the Pliocene
and the Pleistocene are located in Italy (Lyell, 1833; Berggren,
1972).

In this chapter we shall briefly review the development of
nannofossil biostratigraphy at the Pliocene—Pleistocene transi-
tion, as derived from deep-sea sediments and regions in Italy.
Second, we shall present the biochronology of critical nannofos-
sil datum events. Third, we shall insert the regional Italian
lithostratigraphic record into the established nannofossil
biostratigraphic-biochronologic framework and estimate the age
of the physical horizon that has been proposed by INQUA
Subcommission 1-d, “Pliocene/Pleistocene Boundary,” to be
used as the definition of the Pliocene—Pleistocene boundary in
the Vrica section, Calabria.

This chapter was submitted essentially in its present form
in 1985, when two of us (D.R. and I.R.) were at the Istituto di
Geologia, Universita di Parma. Although much work has
subsequently been done on Italian Plio-Pleistocene stra-
tigraphy (Nikiforova, Foreword, this volume), only a few
changes have been necessary to update the biostratigraphic data
herein.

Nannofossil biostratigraphy at the Pliocene~Pleistocene
transition

Biostratigraphic studies of calcareous nannofossils originated
from the work of Bramlette and Riedel (1954). Within a decade,
the development of Pliocene and Pleistocene nannofossil bio-
stratigraphy was widely recognized. Ericson, Ewing, and Wollin
(1963) and Riedel, Bramlette, and Parker (1963) characterized
the extinction of Discoaster brouweri as a useful datum event in
the deep-sea sediments of different oceans. Akers (1965)
observed that the evidence of that extinction event in the
northern Gulf of Mexico had been preceded by the closely
spaced extinctions of Discoaster surculus, D. pentaradiatus, and
D. variabilis. Most notably, however, Ericson et al. (1963)
correlated the extinction level of Discoaster brouweri to the
Pliocene-Pleistocene boundary. Although that correlation was
immediately questioned (Riedel et al., 1963; Akers, 1965), it has
been widely used since then to separate the Pliocene from the
Pleistocene in deep-sea sediments. A study by Mclntyre, B¢, and
Pretiskas (1967) indicated that the first appearances of species of
the genus Gephyrocapsa followed shortly after the extinction of
D. brouweri and that those gephyrocapsid events could also be
used for approximate determination of the Pliocene—Pleistocene
boundary.

The first tentative nannofossil zonations for the Upper
Pliocene and the Lower Pleistocene were proposed by Hay et al.
(1967) and Boudreaux and Hay (1967, 1969). Gartner (1969)
proposed a zonation that later was incorporated in the Cenozoic
“standard zonation” of Martini (1971). In a comprehensive zonal
scheme for the entire Cenozoic, Bukry (1973) utilized the
Gephyrocapsa group to refine biostratigraphic subdivisions in
the interval of the Pliocene—Pleistocene boundary, while also
noting that Calcidiscus macintyrei disappeared shortly after the
D. brouweri extinction. The revised Pleistocene zonation of
Gartner (1977) disregarded the Gephyrocapsa events and instead
subdivided the Lower Pleistocene interval, after the extinction of
D. brouweri, in the ascending order of (1) the extinction of C.
macintyrei, (2) the extinction of Helicosphaera sellii, and (3) the
upper limit of a short stratigraphic interval strongly dominated
by small Gephyrocapsa spp.
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Figure 5.1. Italian sections discussed in the text.

Gartner’s (1977) set of events (including the D. brouweri
extinction) can be readily identified in Mediterranean deep-sea
sediments (Raffi and Rio, 1979). In Italian land sections,
however, consistent identification of these datum events has
been difficult because of severe sediment reworking and,
particularly in northern Italian sections, because of the fact that
both C. macintyrei and D. brouweri declined to low abundances
prior to their extinctions (Rio et al., 1982). Quantitative
approaches can be used, however, to overcome most of the
reworking problem (Backman and Shackleton, 1983). On the
other hand, the use of first appearances, rather than extinctions,
minimizes the influence of reworking on the biostratigraphic
resolution. This led Haq, Berggren, and Van Couvering (1977),
Gartner (1977), and Raffi and Rio (1979) to make renewed
studies of the biostratigraphic distribution of the Gephyrocapsa
group of species, which, although beset by problems of taxon-
omy and nomenclature, are abundant in Italian land sections.
This group also underwent marked evolutionary changes in the
critical time interval, thus offering the opportunity for high-level
biostratigraphic control. Rio (1982), in summarizing the work on
Lower Pleistocene gephyrocapsids, indicated four biostrati-
graphically useful events, in ascending order: (1) the first
appearance of Gephyrocapsa oceanica s.l., (2) the first appear-
ance of Gephyrocapsa spp. larger than 5.5 um, (3) the beginning

of dominance of small Gephyrocapsa spp., and (4) the end of
dominance of small Gephyrocapsa spp.

Finally, Backman and Shackleton (1983) demonstrated that
the increase in abundance of Discoaster brouweri triradiatus
relative to D. brouweri represents a distinct biostratigraphic
signal in sediments of late Pliocene age. They also showed that
these Discoaster forms had virtually the same extinction times.
Discoaster brouweri triradiatus shows rare and scattered occur-
rences in the Pliocene, except during the last few hundred
thousand years of its range, and therefore is less likely to have
been reworked.

The zonations and the set of events discussed are summarized
in Figure 5.2.

Nannofossil biochronology

The biochronologic resolution that can be achieved by means of
calcareous nannofossils at the transition from the Pliocene to the
Pleistocene is determined by eight of nine datum events reported
in Figure 5.2. All but H. sellii provide datum events usable over
wide geographic areas, including the Mediterranean region.
Backman and Shackleton (1983) have shown that H. sellii is
virtually valueless for long-distance correlations, and this species
is therefore excluded from further biochronologic discussion.

The remaining eight datum events have been determined in
sedimentary sequences that have established magnetostratig-
raphies, allowing their ages to be derived from interpolations of
sediment accumulation rates in reference to the magnetic-
reversal boundaries. Therefore, the precision of each age
estimate depends partly on the accuracy of the time scale used
and partly on uncertainties in estimates of sediment accumula-
tion rates, which increase as a function of increasing distance
from the nearest magnetic-reversal boundary. The error in our
age estimates probably does not exceed £0.05 Ma in seven of the
eight cases.

In a series of studies, Backman and Shackleton (1983),
Backman, Shackleton, and Tauxe (1983), and Backman et al.
(1984) worked out a reliable nannofossil biochronology in which
a sequence of datum events can be shown to follow a predictable
pattern in numerous deep-sea cores for which there are
paleomagnetic controls, and which represent a wide range of
geographic locations.

The first datum event is defined as the increase in abundance of
D. brouweri triradiatus relative to D. brouweri to values in excess
of 20%. The higher proportion of the former lasted uninter-
ruptedly until the simultaneous extinctions of both forms. The
duration of this signal may range between approximately 0.1 and
0.2 m.y., since the available data do not allow a better age
determination of its beginning. The synchronous extinctions of D.
brouweri and D. brouweri triradiatus occurred immediately prior
to the Olduvai subchron. These events took place at 1.89 Ma,
according to the time scale of Berggren, Kent, and Van Couvering
(1985) used in preparing this chapter, corrected to 2.04 Ma in the
most recently revised orbitally tuned time scale (Shackleton et al.,
1995). The available data indicate that these Discoaster events
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Figure 5.2. Principal nannofossil zonation schemes proposed for the Up-
per Pliocene and Lower Pleistocene. Note that the range of Helico-
sphaera sellii is valid only for Mediterranean sections. Abbreviations in

occurred at the same time in all low-latitude and mid-latitude
oceans, and in the higher latitudes of the North Atlantic as well.
Such was also the case with the extinction of Calcidiscus
macintyrei, although that event occurred later than the Olduvai
subchron. These three datum events are easily identified from a
taxonomic point of view, adding to their value as biochronologic
indices. We have therefore used the extinction events of these
forms for deducing sediment accumulation rates in the sequence
provided by DSDP site 132 in the Tyrrhenian Sea, in which
magnetostratigraphy is lacking, in order to derive age estimates
for the Gephyrocapsa group in that sequence. The C. macintyrei
event has also been used in analyzing core V12-18 and DSDP site
502B in order to account for the accumulation rate changes
occurring between the Olduvai and Jaramillo subchrons.

The biochronology of datum events provided by the genus
Gephyrocapsa is complicated by the fact that unambiguous
identification of gephyrocapsid species is difficult because of
profound intra-species and inter-species morphologic variations.
Only by applying rigorous morphometric criteria (Rio, 1982) has
it been possible to consistently distinguish certain transition
events (as discussed earlier) in the group’s evolution using light-
microscope techniques. In order to estimate ages for the four
Gephyrocapsa events in sequences with established magne-
tostratigraphies, we have studied their stratigraphic distributions
in core V28-239 from the western equatorial Pacific (Backman
and Shackleton, 1983), in core V12-18 from the southwestern
Atlantic (Backman and Shackleton, 1983), and in DSDP site
502B in the Caribbean (Prell et al., 1982).

The findings from core V28-239 are presented in Figure 5.3.
Of all the material studied, this core provides the best sequence

Figure 5.2 refer to binomens of index taxa in right-hand column. Other
symbols are as follows: A.S.G., acme of small gephyrocapsids; *, first
appearance; +, last appearance or extinction.

as far as continuity in deposition and control of sedimentation
rates are concerned. The first appearance of G. oceanica s.l.
occurs over a 30-cm interval just above the Olduvai subchron,
and the first appearance of Gephyrocapsa spp. larger than 5.5
pum occurs at a level about halfway between the Olduvai and
Jaramillo (1.34 Ma uncorrected; 1.44 corrected). Shortly below
the base of the Jaramillo subchron, a profound change is
recorded in the Gephyrocapsa assemblage, characterized by
disappearance of large and normal-sized Gephyrocapsa spp. This
event marks the beginning of an interval in which, virtually, only
Gephyrocapsa spp. smaller than 3.5 um are present. This
dominance of small Gephyrocapsa spp. comes to an end close to
the top of the Jaramillo subchron, being just within it at low
latitudes, and just above it at middle and higher latitudes in the
Atlantic, as well as in the Mediterranean (Castradori, 1993).
Gartner (1977) first observed this interval and introduced a
“small Gephyrocapsa Zone,” which he defined as “the interval
from the highest occurrence of Helicosphaera sellii to the highest
level of dominantly small Gephyrocapsa.” Gartner considered
that the uppper limit of the stratigraphic interval characterized
by the acme of small Gephyrocapsa spp. was “very sharp,” and
its lower limit less sharp “but still readily identifiable.” Rio’s
(1982) results indicate, however, that the lower limit of the small
Gephyrocapsa spp. acme is no less distinct than its upper limit.
The data sets obtained from core V12-18 and from DSDP site
502B (Figure 5.4) provide age estimates for the gephyrocapsid
datum events that are, without exception, in good agreement
with those obtained from V28-239, indicating synchronous
occurrences in the western equatorial Pacific, the southwestern
Atlantic, and the Caribbean Sea.
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Figure 5.3. Sediment accumulation rate for core 20 4
V28-239, plotted against nannofossil-datum
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Age estimates for Gephyrocapsa events were derived also
from DSDP site 132 by linear interpolation among the extinction
events for Pseudoemiliana lacunosa (Thierstein et al., 1977
Raffi and Rio, 1979), C. macintyrei, and D. brouweri/D.
brouweri triradiatus (depth positions used for the three latter
events are those reported by this study). At DSDP site 132, the
end of dominance of small Gephyrocapsa spp. could not be
determined, because it occurs in an unrecovered interval (Raffi
and Rio, 1979). Recently, it has been widely observed in piston
cores from the Ionian Sea and Levantine Basin (Castradori,
1993). The ages obtained for the remaining Gephyrocapsa events
are in agreement with those obtained from the extra-
Mediterranean sequences (Table 5.1).

Nannofossil biostratigraphy of the Italian surface
exposures

A correlation chart for classical Italian land sections (including
stratotypes) and DSDP site 132 is presented in Figure 5.5. This
figure shows the critical biostratigraphic and lithostratigraphic
characters on which the chronostratigraphy of the Pliocene and
the Pleistocene is based. Two topics that deserve attention are,
first, the timing of the appearance of the “northern guests” in the
Mediterranean and, second, the prior lithostratigraphic defini-
tions of the Pliocene—Pleistocene boundary.

The “northern guests” and the definition of the
Pliocene—Pleistocene boundary

The definition of the Pliocene—Pleistocene boundary (its assign-
ment to a physical horizon) in the stratotype section had to be
such that, besides being amenable to long-distance correlation, it
would respect the historical concepts of the Pliocene and the
Pleistocene in order to maintain stratigraphic stability. As
discussed by Pelosio, Raffi, and Rio (1980), the Pliocene—
Pleistocene boundary traditionally had been placed at a level at
which marine faunal elements that at present are restricted to the
boreal bioprovince began to occur as “northern guests” in the
Mediterranean (specifically the Italian) geologic record. Indeed,
that concept was the main reason for a concentration of studies
of the Calabrian Stage (the traditionally accepted first stage of
the Pleistocene) at Santa Maria di Catanzaro (Gignoux, 1913;
Selli, 1971), of the top of the Piacenzian (the generally accepted
stage for the Upper Pliocene) at Castell’Arquato (Barbieri,
1971; Colalongo, Elmi, and Sartoni, 1974), of the proposed
Pliocene~Pleistocene boundary-stratotype at Le Castella (Pelo-
sio et al., 1980), and of the subsequently proposed boundary-
stratotype in the Vrica section (Colalongo et al., 1982; Pasini and
Colalongo, Chapter 2, this volume). It is important to note that
Lyell’s (1833) original concept of the Pleistocene, based on fossil
molluscan faunas in Italian strata with no less than 70% of
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species living in the region to this day, actually corresponds fairly
well to the situation at the time of arrival of the “northern
guests” in the Mediterranean (Pelosio et al., 1980).

The first faunal element that was proposed as a “northern
guest,” and indeed the most “popular” one, was the shallow-
water pelecypod Arctica islandica. That form today has specific
ecologic demands in that it thrives only in water depths less than

Figure 5.4. Sediment accumulation rate for
DSDP site 502B plotted against nannofossil-
datum chronology (uncorrected time scale).

50-60 m, and consequently its fossils have only a limited
stratigraphic applicability. For that reason stratigraphers were
forced to use other criteria in order to recognize the base of the
Pleistocene in sections where A. islandica was missing. As a
substitute, they used benthic forms like the foraminifer Hyalinea
baltica (Trevisan and Di Napoli, 1938) and the ostracode
Cytheropteron testudo (Ruggieri, 1950, 1973), which retained the
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Table 5.1. Locations and previous studies of sections utilized for Gephyrocapsa spp. biochronology

Water
depth
Section Location Lat. Long. (m) Main studies
V28-239 Equatorial 3°15'N 159°11'E 3,490 Shackleton and Opdyke
Pacific (1977), Backman and Shack-
leton (1983)
DSDP hole 502B Colombia Basin, 11°29'N 79°23'W 3,051 Prell et al. (1982)
Caribbean Sea ,
V12-18 Southwestern 28°42'S 34°34'W 4,021 Backman and Shackleton
Atlantic (1983)
DSDP site 132 Mediterranean, 40°15'N 11°25'E 2,813 Ryan and Hsu (1973), Raffi

Tyrrhenian Sea

and Rio (1979)

“northern immigrant” concept. Evidence of climatic deteriora-
tion, such as the coiling change of Neogloboquadrina pachy-
derma (Dondi and Papetti, 1968) and the extinction of
Taxodiaceae (Lona, 1962), also have been used as substitutes for
the recognition of the Pliocene—Pleistocene boundary. The
rationale underlying those choices was based on the misconcept
that the earth passed from ice-free to glaciated conditions at the
Pliocene—Pleistocene boundary. Such a threshold in the earth’s
history ought to have been detectable in every environment and
therefore should have been correlatable as a time horizon.
However, recent work has shown that the climatic history is
much more complicated, and glacial conditions probably were
brought on through a series of climatic steps (e.g., Shackleton
and Kennett, 1975; Thunell and Williams, 1983). The appear-
ance of the “northern guests” in the Mediterranean during the
Pleistocene was gradual and discontinuous, occurring at different
times for different taxa. In particular, the appearances of A.
islandica and H. baltica did not represent a single event, and
since both were environmentally controlled, these forms do not
allow reliable correlations even within a small region. The
correlations that are based on planktic forms (Figure 5.5)
illustrate this point. Note the scattering of the appearances of A.
islandica and H. baltica relative to the proposed correlations. It
also appears from Figure 5.5 that the first appearance of H.
baltica was clearly later than that of A. islandica. H. baltica
occurs close to the appearance of large Gephyrocapsa spp.
(larger than 5.5 um), whereas A. islandica occurs below the first
appearance of G. oceanica s.1.

If we want to adhere to the original concept that the base of the
Pleistocene is to be tied to the first appearance of A. islandica in
Italian sections, we need to locate, in a deeper-water boundary-
stratotype section, a physical horizon that is time-equivalent with
the first appearance of A. islandica in a shallow-water section. The
stratigraphically lowest level where A. islandica is present seems
to be represented in the Castell’ Arquato and the Stirone sections.
No reliable nannofossil data are available from the former section.
In the Stirone section, we have observed that the appearance of A.
islandica slightly predated the first occurrence of G. oceanica s.lI.
Below the levels containing the first A. islandica, abundant

Gephyrocapsa spp. are present, including transitional forms
indicating the first appearance of G. oceanica s.I. This suggests
that the appearance of A. islandica is close to the top of the
Olduvai subchron in this section. It is noteworthy that in both the
Stirone and the Castell’ Arquato sections the first appearance of
A. islandica postdates the first occurrence of Globorotalia inflata.
In Mediterranean sections the latter event occurs close to the first
appearance of Globorotalia truncatulinoides truncatulinoides,
which has been determined to have occurred just below the
Olduvai subchron both in the Mediterranean (Rio et al., 1984a,b)
and in the equatorial oceans (Rio, Fornaciari, and Raffi, 1990;
Shackleton et al., 1995).

The INQUA Subcommission 1-d, “Pliocene/Pleistocene
Boundary,” adopted the proposal that the base of the shale bed
overlying sapropelic layer e in the Vrica section should be used
for definition of the Pliocene—~Pleistocene boundary. This level
is close to the top of the Olduvai subchron, according to
magnetostratigraphy and biostratigraphy (as discussed later),
suggesting that the boundary-definition proposal is appropriate
in historical terms.

Prior to the introduction of the Vrica section as the location of
the Pliocene—Pleistocene boundary-stratotype, two other defini-
tions were in use: the base of the Calabrian Stage, provisionally
defined in the Santa Maria di Catanzaro section (Selli, 1971),
and the so-called marker bed in the Le Castella section
(Berggren and Van Couvering, 1974; Haq et al., 1977).

The Santa Maria di Catanzaro section

Although there is a general agreement that the Santa Maria di
Catanzaro section is unsuitable for definition of the base of the
Pleistocene (Hagq et al., 1977; Pelosio et al., 1980; Colalongo et
al., 1982), this section needs some discussion because the
Calabrian Stage was first introduced (Gignoux, 1913) with
reference to this section, among many others. It was this section,
however, and in particular the G-G’ bed shown in a diagram by
Gignoux (1913), that had been provisionally designated to
represent the stratotype base of the Calabrian Stage (Selli, 1971;
cf. Berggren and Van Couvering, 1979). However, the G-G’ bed
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is well above the first Mediterranean occurrence of Globorotalia
truncatulinoides excelsa (Colalongo, Pasini, and Sartoni, 1981),
an event which occurred close to the beginning of dominance of
small Gephyrocapsa spp. and which also marks the base of the
Sicilian Stage (Di Stefano and Rio, 1981) or, preferably, substage
(Ruggieri, Rio, and Sprovieri, 1984). The Calabrian, as exempli-
fied at Santa Maria di Catanzaro, is thus completely overstepped
by the Sicilian (Figure 5.5). Because the Sicilian was introduced
earlier (Doederlein, 1872), it follows that the Calabrian is a
junior synonym of the Sicilian and, as such, is an invalid stage
(Ruggieri and Sprovieri, 1977). Note also in Figure 5.5 how the
G-G’ bed represents a chronohorizon well above the base of the
Pleistocene.

The Le Castella section

Many authors, according to the review by Rio et al. (1974), have
used a sandy level, named “marker bed” by Emiliani, Mayeda,
and Selli (1961), in the Le Castella section as defining the
Pliocene—Pleistocene boundary. This level is unsuitable as a
boundary definition because there is a hiatus immediately below
it. The “marker bed” level is a key horizon associated with the
first local occurrence of H. baltica, an event of somewhat
uncertain value for recognizing the base of the Pleistocene (as
discussed earlier). On biostratigraphic grounds, Haq et al. (1977)
considered that the “marker bed” level in the Le Castella section
is associated with the top of the Olduvai subchron and therefore
proposed that this geomagnetic reversal should be considered as
an index for the Pliocene—Pleistocene boundary. While this
association has since been confirmed at Vrica (as discussed
later), the data presented in Figure 5.5 and Table 5.3, together
with the nannofossil biochronology previously discussed (Table
5.2), indicate that the age of the Le Castella “marker bed” is
younger than 1.48-1.44 Ma, because of the presence of
Gephyrocapsa spp. larger than 5.5 um.

The Vrica section

Calcareous nannofossils have been studied in the Vrica section
by Nakagawa (1977, 1981), Nakagawa et al. (1980), Cati and
Borsetti (1980), Raffi and Rio (in Pasini and Calalongo, 1982),
and Backman et al. (1983). The sample levels studied and the
main findings reported by those authors are shown in Figure 5.6.
Although the nannofossil assemblages in the Vrica section are
variable in terms of abundance and preservation state, many
samples contain abundant nannofossils showing good or excel-
lent preservation. Reworked input appears to have been
relatively stable (Backman and Shackleton, 1983), and the
extinction levels of Pleistocene species can be accurately
identified through the use of quantitative data and by taking into
account the backgound “noise” of reworking.

The most abundant elements of the assemblages are repre-
senied by Gephyrocapsa spp., Pseudoemiliana lacunosa (with
both circular and elliptical morphotypes), Calcidiscus spp.,
Syracosphaera spp., Helicosphaera spp., and Coccolithus pelagi-

cus. Secondary elements are represented by Cyclolithella annula,
Rhabdosphaera spp., Umbilicosphaera spp., Pontosphaera spp.,
and Scyphosphaera spp. The genus Discoaster is represented by
rare reworked Tertiary specimens, and by rare D. brouweri and
D. brouweri triradiatus in the lower part of the section. The
genus Ceratolithus is practically absent from the section, as is the
case in most Upper Pliocene and Lower Pleistocene sediments
within the Mediterranean area.

Of the previously discussed nannofossil biochronologic indica-
tions, all except the interval of dominantly small Gephyrocapsa
spp. are present in the Vrica section (Figure 5.6). Each of these
is briefly discussed here.

Last occurrence of Discoaster brouweri. Except for Nakagawa
and co-workers, all authors have considered the extinction of
D. brouweri in their range charts. No discrepancy is noted in
the positions of this datum event when the different sampling
intervals are taken into account. Combining the Raffi and Rio
data with those of Backman et al. (1983) results in a location
between 101 and 105 m for this datum event in the Vrica
section.

Discoaster brouweri triradiatus abundance interval. Backman et
al. (1983) provided counts of the abundance of this form in the
Vrica section and showed that its last occurrence coincides with
that of D. brouweri, in agreement with the findings of Backman
and Shackleton (1983) from extra-Mediterranean areas and the
findings from other Mediterranean sections (Rio, 1982). The
increase in abundance of D. brouweri triradiatus relative to D.
brouweri in the Vrica section begins between 20 and 35 m,
according to Raffi and Rio’s sampling.

Last occurrence of Calcidiscus macintyrei. The findings of Raffi
and Rio, on one hand, and Backman and co-workers, on the
other, are in full agreement regarding the extinction level of C.
macintyrei (considering the different sampling intervals). Cati
and Borsetti suggest a slightly higher extinction level, and
Nakagawa and co-workers report C. macintyrei throughout the
Vrica section. These different ranges are best explained by
reworking, as demonstrated by Backman et al. (1983). By
combining the sampling levels of Backman and colleagues and
those of Raffi and Rio, the last occurrence of C. macintyrei in the
Vrica section can be located to 216 m.

Range of Helicosphaera sellii. All nannofossil biostratigraphers
except Cati and Borsetti consider H. sellii to be present
thoughout the Vrica section. Cati and Borsetti have suggested
that this species is absent from the lowermost and uppermost
parts of the section. The reason for this discrepancy in
observation is unknown. Neverthless, we consider that the top of
the Vrica section is below the regional last occurrence of H.
sellii. In other Mediterranean sections the disappearance of H.
sellii occurs together with the temporary disappearance of
normal-sized Gephyrocapsa spp. (which is the beginning of the



72

Domenico Rio, Isabella Raffi, and Jan Backman

Table 5.2. Sections studied in this chapter

Section

Field
stratigraphic
information

Nannofossil
data

Other
information

Castell’Arquato
(Piacenza)

Stirone
(Parma)

Crostolo
(Reggio Emilia)
Tiepido
(Modena)

Santerno
{Bologna)

Monte San Nicola
(southern Sicily)

Capo Rossello
(southern Sicily)

Ficarazzi
(Palermo, Sicily)

Vrica
(Calabria)

Le Castella
(Calabria)

Santa Maria di Catanzaro
(Calabria)

Pelosio et al. (1980)

Bertolani Marchetti et al.

(1979)

Barbieri and Petrucci
(1967)

Annovi et al. (1979)

Colalongo et al. (1974)

Rio et al. (1984a)

Rio et al. (1984b)

Di Stefano and Rio
(1981)

Selli et al. (1977)

Raffi and Rio (1980d),
Colalongo et al. (1981)

Colalongo et al. (1981)

Pelosio et al. (1980),
Rio et al. (this chapter)

Raffi and Rio (1980a)

Raffi and
Rio (1980b), Rio et al.
(this chapter)

Raffi and Rio (1980c),
Rio et al. (this chapter)

Rio et al. (1984a)

Rio et al. (1984b)

Di Stefano and Rio
(1981)

Raffi and Rio (in Pasini
and Colalongo, 1982},
Backman and Shackleton
(1983)

Raffi and Rio (1980d)

Piacenzian stratotype section (Barbieri, 1971)

Santernian and Emilian stratotype sections
(Ruggieri and Sprovieri, 1977)

Rossellian superstage stratotype section (Cita
and Decima, 1975)

Sicilian stratotype section (Ruggieri and
Sprovieri, 1977), proposed Lower—-Middle
Pleistocene boundary-stratotype section
(Ruggieri et al., 1984)

Pliocene—Pleistocene (P/P) boundary-
stratotype section

Proposed P/P boundary-stratotype section
(Pelosio et al., 1980)

Calabrian stratotype section

interval of dominantly small Gephyrocapsa spp.) and the
appearance of Globorotalia truncatulinoides excelsa (Raffi and
Rio, 1979; Di Stefano and Rio, 1981). Neither of these two
events is recorded in the Vrica section.

Gephyrocapsa group. Range charts for the Gephyrocapsa group
have been used by all authors who have studied the Vrica section
except Backman et al. (1983). Identifications in this group have
been unstable because of taxonomy and nomenclature problems,
and thus it is not surprising that conflicting findings have been
reported by different authors. In order to apply consistent
taxonomic concepts, we have adopted the informal (morphomet-

ric) taxonomy of Rio (1982). It should be emphasized that we
have applied this informal taxonomy on all material studied, thus
avoiding taxonomy and nomenclature problems when evaluating
the biochronology of the datum events provided by the
Gephyrocapsa group.

Nannofossil biochronology of the Vrica section and
the age of the proposed Pliocene—Pleistocene
boundary-stratotype

The INQUA Subcommission 1-d, “Pliocene/Pleistocene Bound-
ary,” meeting in Madrid in 1983, proposed that the base of the
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Table 5.3. Summary of field stratigraphic and biostratigraphic studies used in the compilation of Figure 5.5

Age estimates (Ma) for nannofossil datum events around the Plio~Pleistocene boundary

V12-18 DSDP 132
V28-239 (western DSDP 502B (southwestern (Mediterranean

Datum event eq. Pacific) (Caribbean Sea) Atlantic) Sea)

End of acme of small 0.93-0.95 0.90-0.94 - -
Gephyrocapsa spp.

Beginning of acme of small 1.13-1.15 1.10-1.11 - 1.08-1.14
Gephyrocapsa spp.

First appearance of 1.31-1.32 1.32-1.34 1.29-1.31 1.32-1.36
Gephyrocapsa spp. > 5.5 pm

First appearance of 1.57-1.61 1.55-1.56 1.55-1.59 1.56-1.62

Gephyrocapsa oceanica s.1.

Last occurrence of
Calcidius macintyrei
Last occurrence of
Discoaster brouweri
Last occurrence of
D. brouweri var. triradiatus
Increase in proportion of
D. brouweri var. triradiatus

Synchronous worldwide: 1.45-1.46 Ma*

Synchronous in low-latitude and midlatitude oceans, and high latitudes in North Atlantic:
1.89 Ma (Backman and Shackleton, 1983)

Synchronous in low-latitude and midlatitude oceans, and high latitudes in North Atlantic:
189 Ma (Backman and Shackleton, 1983)

Occurs in all Discoaster-bearing sediments: 2.0-2.1 Ma (Backman and Shackleton, 1983)

stratum overlying layer e in the Vrica section should be used for
definition of the Pliocene—Pleistocene boundary. As noted by
Nikiforova and Alekseev (Chapter 1, this volume), that
proposal has now been adopted by the IUGS authorities. This
level is only 8 m below the level where the cold-water ostracode
Cytheropteron testudo is first recorded, which previously was
proposed as a boundary definition (Colalongo et al., 1982; cf.
Pasini and Colalongo, Chapter 2, this volume). Considering
the high rates of sediment accumulation in the Vrica section,
the two biochronohorizons are virtually indistinguishable (Fig-
ure 5.7).

The last occurrence of D. brouweri (and D. brouweri
triradiatus) is associated with the bottom of the Olduvai
subchron, as in all low-latitude and mid-latitude deep-sea cores.
The first appearance of G. oceanica s.l. occurs immediately
above the Olduvai subchron, which is closely followed by the
extinction of C. macintyrei and the first appearance of
Gephyrocapsa spp. larger than 5.5 um. The sequencing of these
datum events and their estimated ages, in terms of sedimenta-
tion rates relative to the magnetostratigraphy at Vrica, corre-
spond precisely with the findings from the Pacific, the Carib-
bean, and the Atlantic (Shipboard Scientific Party, 1992), giving
the marker bed e an unarguable biostratigraphic, biochrono-
logic, and magnetostratigraphic context. From this context, the
proposed Pliocene—Pleistocene boundary can be accurately
identified in both marine and continental geologic records,
within the Mediterranean as well as in extra-Mediterranean
areas.

Conclusions

Several calcareous nannofossil datum events in Upper Pliocene
and Lower Pleistocene marine sediments are well documented
with regard to the magneostratigraphic time scale, from which
their ages are estimated. All datum events observed in the
investigated material occur without notable diachronism from
the global standard.

A cursory investigation of the biostratigraphy and lithostratig-
raphy of the proposed Pliocene—Pleistocene boundary in the
Vrica section affirms that it is historically appropriate in that it
respects the concepts of the Pliocene and the Pleistocene as
originally conceived by Lyell (1833).

As presently defined, the Calabrian Stage is a junior synonym
for the Sicilian, and furthermore its base is unsuitable for
definition of the base of the Pleistocene, according to the
paleoclimatic concept that has guided the international effort
begun at the London (1948) International Geological Congress.

The “marker bed” in the Le Castella section that had been
proposed previously to be the definition of the Pliocene—
Pleistocene boundary (Haq et al., 1977; Pelosio et al., 1980)
cannot be used for this purpose because there is a hiatus
immediately below it. Moreover, the only key event associated
with the “marker bed” is the first (apparent) local occurrence of
Hpyalinea baltica, which is an unreliable and biostratigraphically
variable event. Calcareous nannofossils occur abundantly in the
proposed Vrica stratotype section, and all critical Upper
Pliocene and Lower Pleistocene nannofossil datum events that
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Figure 5.6. Summary of nannofossil biostratigraphy in the

Vrica section.
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can be used as biochronologic indications are present. By
combining these with the established magnetostratigraphy of
the section, the Pliocene—Pleistocene boundary in the Vrica stra-
totype can be correlated to most other marine sections by
means of biostratigraphy, biochronology, and magnetostratig-
raphy. Magnetostratigraphy also allows correlation to continen-
tal biochronology.
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6 Diatom microfossils from the Vrica section
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Introduction

The marine strata exposed at Vrica, in Calabria, were proposed
by Selli et al. (1977) as the Pliocene—Pleistocene boundary-
stratotype section because those strata, originally deposited at
depths between 500 and 800 m, offered the potential for
correlation of oceanic microfossils with established datum levels.
Backman, Shackleton, and Tauxe (1983) and Rio, Raffi, and
Backman (Chapter 5, this volume) correlated the calcareous
nannofossils from Vrica to those recovered from deep-sea piston
core V28-239, taken at a depth of 3,490 m on the Solomon Rise
in the western equatorial Pacific. In that biostratigraphy,
supported by observations from other cores, the first appearance
of Gephyrocapsa s.I. just above the Olduvai subchronozone and
the global extinction of Calcidiscus macintyrei at a slightly higher
level are the closest available approximations of the boundary,
which is located within the uppermost part of the Olduvai at
approximately 1.8 Ma (Pasini and Colalongo, Chapter 2, this
volume), and not above the subchron, according to the data of
Tauxe et al. (1983) (Figure 6.1).

Diatom assemblages of Plio—Pleistocene age have been
reported from deep-sea sites around the globe, with emphasis on
the Pacific Ocean (Burckle and Todd, 1976; Barron, 1980a,b;
Koizumi, 1985). More detailed studies in the northwest Pacific
(Koizumi, 1985, 1992), Kamchatka (Gladenkov, 1994), north-
east and southern Pacific (Schrader, 1973, 1976), and the
Southern Ocean (McCollum, 1975; Gombos, 1976) support the
regional analysis. Research by Burckle and co-workers (e.g.,
Saito, Burckle, and Hays, 1975; Burckle and Opdyke, 1977;
Burckle and Trainer, 1979) was based on integration of diatom
datum levels and magnetostratigraphy. Burckle and Trainer
(1979) noted four features in central Pacific diatom assemblages
(Figure 6.2) which have proved to be of widespread significance
(Shackleton et al., 1995a,b). These are as follows:

1. the marked decline of Coscinodiscus nodulifer var.
cyclopus starting below the Olduvai subchronozone

2. the consistent abundance of Rhizosolenia praebergonii
var. robusta beginning just below the base of the
Olduvai subchronozone

3. within the Olduvai, the last appearance of Rhizosolenia

praebergonii and the first appearance of Pseudoeunotia
doliolus

4. the last appearance of Rhizosolenia praebergonii var.
robusta just above the Olduvai subchronozone

In the study reported here, I examined sediment samples from
the Vrica section for diatom assemblages that might be useful in
correlating onshore (marine) sediments with the plankton
stratigraphy established in offshore (marine) sediments, follow-
ing the example set by Koizumi, Barron, and Harper (1980).

Sample material

Twenty-four sediment samples from three laminated sapropelic
units (e, f, and A) (Raffi and Thunell, Chapter 4, this volume) of
the Vrica section (Figure 6.3) were prepared for diatom analysis.
The material was dispersed in hydrogen peroxide and dilute
hydrochloric acid, washed by a simple settling technique to
minimize loss of any opal, and subsequently examined in a high-
refractive-index mounting medium under oil immersion at
1,000%. Two samples were found to be diatomaceous, both from
level e. The lower level was distinguished here as €S, and the
upper as e6. Fecal pellets were not common, and the samples
were not difficult to disaggregate. Backman et al. (1983) refer to
evidence that “the whole section is marked by very exten-
sive . . . influx of [reworked] Palacogene and Cretaceous nanno-
fossils.” Diatoms are subject to the same general taphonomic
constraints as calcareous nannofossils, and the possibility of
redeposited specimens was kept in mind during this study.

Observations of assemblage composition

Two sets of observations were made: a quantitative count of 186
specimens from sample e6 in a larger population randomly
mounted upon a microscope slide, and a qualitative examination
of correlative samples mounted on SEM (scanning electron
microscope) stubs. Under light microscopy, fourteen taxa plus
undifferentiated spores and “unknowns” collectively constituted
more than 95% of the siliceous microfossil sample, as indicated
in Table 6.1. All of the fossil diatoms belonged to species living in
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modern marine environments, as noted in the table (Schrader
and Matherne, 1981). Specimens of the colonial forms Fragilaria
and Melosira probably originated in coastal environments and
were transported offshore; their recovery in samples dominated
by planktonic diatoms was not surprising (Hendey, 1964). The
recovery of the colonial diatoms was remarkable, however, in
that they were observed as intact chains, whereas adjacent
samples were barren of any diatoms. Furthermore, there was no

evidence of reworked pre-late Cenozoic diatoms in the prepared
sample. Unfortunately, however, none of the taxa that have been
considered here as key, magnetostratigraphically correlated
markers were found. Several palynomorphs (including Pinus
spp.) were observed, consistent with the details discussed by Selli
et al. (1977).

SEM micrographs revealed that some specimens had suffered
solution along exposed edges, particularly Coscinodiscus. While




Rhizosolenia

Diatoms of the Vrica section

Rhizosolenia praebergonit

Coscmoaiscus nodulfer

Nitzscha jouseae

81

Pateomagnetic 8% %. POB praebergonii var robusta Pseudoevnona doholus var cyciopus
Stratigrophy +40 .35 30 10% 10% 20% o% ‘0% 20% 0% 20%
s A
9 4
<
5| e-o----- R LR
< [ < -
> = o - '
; B
> ; e
- e A
«
124 x i B ?
eSS
»n {/ gy
5 B o
by
W
-3
-n | IR ™ —_—
. =
2 ‘\/
)
= o
a ——
W
o (\,D
.
//>
?
. =

-
-
-
-
-
(-]
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rine diatom stratigraphy from the equatorial Pacific. Note the level of

Table 6.1. Major and minor components of a diatom assemblage (n = 186) from Vrica level e6

Taxon Trophic Group Count Percentage®
Coscinodiscus obscurus ocean plankton 62 33.3 £ 6.8%
Coscinodiscus radiatus ocean plankton 23 12.4 + 4.8%
(spores, undifferentiated) plankton 18 9.7 +4.3%
Rhizosolenia hebetata f. temperate plankton 15 8.1 +3.9%
semispina
Thalassiosira eccentrica neritic plankton 12 6.5+ 3.5%
Coscinodiscus oculus-iridis ocean plankton 6 32+2.5%
Coscinodiscus normani plankton 6 32%2.5%
Melosira sp. (chains in girdle sessile? 6 32x225%
view)
Fragilaria sp. neritic plankton 5 2.7+23%
Thalassiothrix mediterraneana neritic plankton 5 27 +x23%
Nitzschia sp. ocean plankton 5 2.7 +23%
Coscinodiscus stellaris ocean plankton 4 22+21%
Actinoptychus senarius neritic plankton 4 22x21%
(unknowns) 4 22*21%
Thalassiosira lineata plankton 3 1.6 + 1.8%
Hemidiscus cuneiformis ocean plankton 3 1.6 = 1.8%

“The calculated percentage is indicated at the 95% level of confidence.
bMelosira chains also found in plankton.
Source: Adapted from Galehouse (1971).

the Olduvai normal polarities, marked with the letter O on the depth
scale. (From Burckle and Trainer, 1979, with permission.)
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the overall dissolution was not severe, most of the sieve plates on
the Coscinodiscus specimens were heavily eroded.

The diatom assemblage from sample e6 at Vrica is overwhelm-
ingly dominated by oceanic and/or neritic plankton, with a minor
contribution from coastal benthic diatoms. On the basis of these
limited observations, it is not possible to reach conclusions about
preferential dissolution. However, it can be assumed that the
dissolution occurred either within the water column or at the
sediment—water interface during sediment accumulation, rather
than as a diagenetic change after burial. The generally good
condition of the specimens, however, and the intact “chains” of
colonial forms suggest that environmental conditions during
accumulation of the e6 laminates were anomalous, in that the
diatoms were relatively undisturbed before fossilization.

The diatom assemblage in sample e6 is dominated by
Coscinodiscus obscurus (cf. Hustedt, 1971, figure 224), Coscino-
discus radiatus (cf. Hustedt, 1971, figure 225; Hendey, 1964, pl.

22), undifferentiated spores, Rhizosolenia hebetata forma semi-
spina, and Thalassiosira eccentrica. Other diatoms noted are
Coscinodiscus asteromphalus (cf. Hustedt, 1971, figure 250;
Hendey, 1964, pl. 24) and Coscinodiscus normani (cf. Hendey,
1964, p. 80; Hustedt, 1971, as C. rothi var. normani, figure 213;
Schmidt et al., 1972, as Coscinodiscus fasciatus). The assemblage
does not appear to contain any of the equatorial Pacific taxa
discussed by Burckle and Trainer {1979), such as Coscinodiscus
nodulifer var. cyclopus, Rhizosolenia praebergonii (with the
variety robusta), and Pseudoeunotia doliolus. Correlation be-
tween the diatom biostratigraphy associated with the Olduvai
subchron in Pacific Ocean cores and that of the Vrica sample €6
is therefore impossible. The diatom assemblages in the deep-sea
sapropels of the eastern Mediterranean examined by Schrader
and Matherne (1981) were dominated by such taxa as Rhizoso-
lenia calcaravis, Thalassionema nitzschioides, and Thalassiosira
oestrupii. Again, there was a poor match between those
elaborately quantified diatom assemblages and the diatoms
recovered from the laminates of the Vrica section.

Conclusions

Although diatom biostratigraphic correlation of the Vrica
section with other Plio-Pleistocene deep-sea sequences is
severely limited by the absence of key taxa, some paleoenviron-
mental inferences are possible. At modern rates of surface
production, diatoms are rarely preserved in the bottom sedi-
ments of the Mediterranean (Schrader and Matherne, 1981),
apparently because the water is not sufficiently close to
saturation with respect to opaline silica. It can be inferred that
similar conditions prevailed during much of the time represented
in the Vrica sediments. The anomalous recovery of diatom
microfossils in Vrica samples e6 and e5 suggests two possible
explanations: either an increase in surface productivity or a
major change in the water chemistry of the Crotone Basin, either
of which would have led to a transient saturation with dissolved
silica. The first explanation is favored by a considerable body of
information suggesting that surface production in the Mediterra-
nean was sharply increased during deposition of the laminated
sediments (Raffi and Thunell, Chapter 4, this volume), whereas
there is no good evidence in favor of transient major changes in
the giobal deep-sea silica budget during that interval.

The low diversity (not more than 15 distinct taxa in my count)
indicates, however, that conditions apparently did not support
very complex original populations. Thalassionema nitzschioides
is a dissolution-resistant diatom (Schrader and Matherne, 1981)
sometimes used informally as an indicator of upwelling (L. H.
Burckle, personal communication, 1982). Its absence from Vrica
sample e6 suggests, but of course does not prove, that an eptsode
of upwelling was not the direct cause of the increased production
indicated for this sample.

The interpretation of diatom microfossils from Vrica sample
e6 is incomplete and probably will remain so until correlative
recoveries are made. Nonetheless, it is fair to state that (1) there
is no apparent component of redeposited Paleogene diatoms, (2)
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the dominance of marine plankton is consistent with a 500-800-
m water column as inferred by Selli et al. (1977), (3) there is no
immediate correlation with deep-sea diatom biostratigraphy, and
(4) the assemblage represents a substantial short-term increase in
latest Pliocene sea-surface productivity.
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7  The Pliocene—Pleistocene boundary in deep-sea sediments

WILLIAM A. BERGGREN and LLOYD H. BURCKLE, JR.

Introduction

This chapter is a summary of the major micropaleontological
events that are represented in the stratigraphic record of deep-
sea sediments over the past 2.5 m.y. The main focus is on those
events associated with the Olduvai subchron, inasmuch as this is
the time interval in which the Pliocene—Pleistocene boundary
has now been located by formal action of the IUGS. Our
discussion concentrates on three areas of particular interest:
biostratigraphy, the history of oxygen-isotope variations, and
carbonate stratigraphy.

Biostratigraphy

Boundary-stratotype section

Current studies on the proposed Vrica boundary-stratotype
(Pasini and Colalongo, Chapter 2, this volume; Nakagawa et al.,
Chapter 3, this volume; Rio, Raffi, and Backman, Chapter 5,
this volume; Palmer, Chapter 6, this volume) indicate that this
definition places the Pliocene—Pleistocene boundary just above
(or just within) the top of the Olduvai subchron of the Matuyama
chron, with an estimated age of 1.81 Ma (Zijderveld et al., 1991;
Pasini and Colalongo, Chapter 2, this volume), and that this level
is bracketed below by the extinction, or LAD (last-appearance
datum), of Discoaster brouweri and its triradiate variety, and
above by the FAD (first-appearance datum) of Gephyrocapsa
oceanica s.l. and the LAD of Calcidiscus macintyrei. The same
relationships are seen in deep-sea cores (Figure 7.1). In
foraminifera biostratigraphy, the boundary-stratotype is almost
exactly coincident with the FAD of Globigerina cariacoensis.
Other correlated events are the shift from dextral to sinistral
coiling in most Neogloboquadrina pachyderma, the FAD of
Globorotalia umbilicata, and (at a slightly earlier age) the last
occurrence of Neogloboquadrina atlantica and first occurrence of
Globigerina digitata digitata.

The deep sea

A number of biostratigraphic events have now been reliably
correlated to the Cenozoic paleomagnetic stratigraphy in deep-

sea cores over large latitudinal spans of the world’s oceans. In
Figure 7.2, we have plotted the better-documented datum levels
that reflect changes in calcareous and siliceous plankton over the
past 2.5 m.y. Owing to the sequential and relatively rapid
changes that occurred in Pliocene paleogeography and climatol-
ogy and, concomitantly, biogeography, some of these datum
events are geographically restricted, whereas others are mondial
in nature (Figure 7.2). It will be seen that the Olduvai subchron
is bracketed by a number of biostratigraphic events in both
calcareous and siliceous plankton.

In terms of planktonic foraminifera, the Olduvai subchron is
bracketed by the LADs of Globorotalia miocenica and
Globorotalia exilis (tropical Atlantic region only) in the late
Pliocene, the FAD of Globorotalia truncatulinoides and the
LAD of Globorotalia limbata just below the base of the
Olduvai, the LAD of Globigerinoides obliquus extremus near
the top of the Olduvai, and the LAD of Globigerinoides
fistulosus coincident with or a short distance above the Olduvai
(Figure 7.2). In North Atlantic sediments, the Pliocene—
Pleistocene boundary, as recognized here, would appear to be
within Ericson’s Zone Q, which is characterized by the absence
or low values of the Globorotalia menardii—G. tumida complex
(Figure 7.3).

Coiling patterns in the genus Pulleniatina have been found
useful in determining the biostratigraphy of Plio—Pleistocene
deep-sea sequences (Saito, 1976). A continuous sequence can be
followed from the late Miocene to the present day in the
equatorial Pacific, whereas in the equatorial Atlantic the genus
Pulleniatina was absent from about 3.8 Ma to 2.6 Ma, owing, no
doubt, to the closure of the Panama seaway in mid-Pliocene
time. In late Pliocene time there was general synchrony in coiling
patterns between the Atlantic and Pacific forms (Figure 7.4),
which is useful in interoceanic correlation. The Olduvai
subchronozone (a time-rock unit, as distinct from the time terms
“chron” and “subchron”) is essentially bracketed by two peaks of
sinistral coiling (LS at the base and L4 at the top in the Pacific,
and AL2 at the base and ALL1 at the top in the Atlantic). The
Pliocene—Pleistocene boundary, recognized here at the top of the
Olduvai subchron, corresponds to a pronounced peak in dextral
coiling (L4 and L3) in the equatorial Pacific and to the beginning
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Figure 7.1. Quantitative nannofossil stratigraphy for the Vrica section and piston core
V28-239 (western equatorial Pacific). On the left are data from the Vrica section, start-
ing with the lithologic section of Selli et al. (1977) and the magnetostratigraphy of Tauxe
et al. (1983). The abundances of Discoaster brouweri, D. brouweri var. triradiatus rela-

tive to all forms of D. brouweri, and Calcidiscus macintyrei each show a clear upper

limit. Pre-Pliocene discoasters maintain a uniform reworked

thr

section, and the proportion of Helicosphaera sellii relative to all helicosphaerids also
does not show any drop in abundance in the upper part of the section. The filled circles
between 270 and 345 m indicate samples that were prepared and counted in duplicate.
On the right side, the sequence in piston core V28-239 is from Backman and Shackle-

ton (1983), with magnetostratigraphy from Shackleton and Opdyke (1976). (From
et al., 1983, with permission of the editors of Nature.)
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of what was to remain a dextral coiling pattern in the equatorial
Atlantic (Figure 7.5).

Quantitative studies on the calcareous nannoplankton (Back-
man and Shackleton, 1983) have refined the application of the
datum levels in this group to biostratigraphic problems. The
extinction of the Discoaster brouweri group, just slightly below
the Olduvai subchronozone, has essentially verified and given
greater precision to previous studies (Haq et al., 1977) that had
suggested an association of these two events. The LAD of
Calcidiscus macintyrei is also seen to be stratigraphically above

the Pliocene—Pleistocene boundary in the Vrica section as well as
in deep-sea cores (Backman, Shackleton, and Tauxe, 1983,
figure 1; Shackleton et al., 1995).

Quantitative data on the LADs for several late Pliocene
calcareous nannoplankton have been delineated by Backman
and Shackleton (1983) and are shown here (Figures 7.6 and 7.7)
by way of reinforcing this approach as a powerful tool in
magnetobiochronologic research.

In diatom-bearing sediments of the deep sea, the Olduvai
subchronozone has been identified in the Pacific, equatorial
Atlantic, and Southern oceans. In the equatorial Pacific, the
Olduvai subchronozone is characterized by a number of first and
last appearances of diatoms (Burckle, 1972, 1977). The LAD of
Thalassiosira convexa occurs in the lower Matuyama, about one-
third of the way from the top of the Gauss to the base of the
Olduvai, whereas the first specimens of Pseudoeunotia doliolus
in most deep-sea cores are usually found in the lower part of the
Olduvai subchronozone. The actual FAD for this species appears
to be just below the Olduvai (Shackleton et al., 1995), but it
tends to be very rare in the lowest part of its range. The LAD of
Rhizosolenia praebergonii var. praebergonii is just above the
base of the Olduvai, while very slightly above its top is the LAD
of R. praebergonii var. robusta; for a summary of these data, see
Figures 7.2 and 7.8. In the equatorial Atlantic, Plio—Pleistocene
diatom data from DSDP site 397 were reported by Burckle
(1979), who found the LAD of Thalassiosira convexa just above
the Gauss chronozone, but found no other datum levels nearer
to the boundary (Figure 7.9).

Few quantitative data of that age are available for diatoms
across this boundary in the equatorial Pacific. Burckle (1971)
noted some evidence for a slight cooling trend throughout the
Olduvai, a point that was also made by Mclntyre, Bé, and
Pretiskas (1967). Burckle and Trainer (1979) concluded that
climatic fluctuations played an important role in the equatorial
Pacific in dictating diatom first and last appearances during the
late Pliocene-early Pleistocene.

Paleomagnetically dated deep-sea cores of that age are not
available from high northern latitudes in the Pacific, but rich
assemblages of boreal and cold-temperate marine diatoms occur
in the Olkhov Formation of eastern Kamchatka, dated to
Matuyama age. According to Gladenkov (1994), the Olkhov
beds represent subarctic shelf environments, with winter ice
cover, in which the level of the Vrica boundary in the upper
Olduvai subchronozone is associated with the LADs for
Thalassiosira antiqua and Neodenticula koizumii, above the FAD
of Pyxidicula californica, and just below the FADs for Si-
monseniella curvirostris and Thalassiosira pacifica. This relation-
ship correlates to the uppermost part of the Neodenticula
koizumii zone, just below the boundary with the zone of
Actinocyclus oculatus, as defined in deep-sea cores from the
northwestern Pacific and the Sea of Japan (Koizumi, 1985, 1992).
In some parts of the northwestern Pacific, the last occurrence of
Rhizosolenia praebergonii var. robusta is available to help
identify the immediate post-Olduvai levels, but this datum tends
to be diachronous in the higher latitudes.
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Figure 7.6. D. brouweri abundances in four mid- and low-latitude Pa-
cific cores. For each core, the abundance of D. brouweri is shown on
the left, and the relative abundance of triradiate forms on the right.

In the Southern Ocean, the Olduvai subchronozone has been
identified in a number of piston cores and DSDP sites, in which it
is characterized by the LAD of Cosmiodiscus insignis just above
the top of the Gauss chronozone, the LAD of Coscinodiscus
vulnificus midway between the top of the Gauss chronozone and
the base of the Olduvai subchronozone, the LAD of Coscinodis-
cus kolbei just below the Olduvai, and the LAD of Rhizosolenia
barboi just above the Olduvai (Donahue, 1970; McCollum,
1975; Cieselski, 1983). One of the major problems in detailing
diatom datum events through the Plio—Pleistocene interval in the
Southern Ocean is the uncertainty concerning the effects of the
different water masses on these datum events. Most of the same
biostratigraphic criteria apply to the sub-Antarctic region, but
we know less about the region south of the polar front.

Our knowledge of radiolarian datum levels in the Pliocene—
Pleistocene boundary interval of paleomagnetically dated cores
is largely derived from the classical studies of Hays and co-
workers (Hays, 1965, 1970; Opdyke et al., 1966; Hays and

Open circles indicate the abundance of reworked Pliocene discoasters.
(From Backman and Shackleton, 1983, fig. 4, with permission of
Elsevier Publishing Co.)

Opdyke, 1967; Hays et al., 1969; Saito, Burckle, and Hays,
1975). The most significant datum in the equatorial Pacific is the
widely recorded extinction of Pterocanium prismatium near the
Pliocene—Pleistocene boundary. Hays et al. (1969) and Saito et
al. (1975) reported that it was absent from the upper part of the
Olduvai subchron (Figure 7.2), while Shackleton et al. (1995)
placed this datum just above its top. The latter authors also
noted the FAD of Anthocyrtidium angulare coincident with the
LAD of Globigerinoides fistulosus at the upper boundary of the
Olduvai subchronozone, and the LAD of Anthocyrtidium
jenghisi coincident with the FAD of Globorotalia truncatu-
linoides at about 0.5 m.y. earlier than its base. The other
significant radiolarian biostratigraphic events in the vicinity of
the boundary are the last appearance of Stichcorys peregrina in
the upper part of the Gauss chron and the successive last
appearances of Lamprocyrtis heteroporos, Pterocorys mini-
thorax, and Theocorythium vetulum in the interval between the
Olduvai and Jaramillo subchrons, the last through evolutionary
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Figure 7.7. Abundances of Discoaster species in V28-179, central equa-
torial Pacific, in the interval from the top of the Olduvai to the base of
the Gauss (see Preface, this volume, for modern time scale values): A,
abundance of D. brouweri; B, abundance of D. triradiatus; C, abun-
dance of D. tamalis; D, relative abundance of D. tamalis; E, abundance
of the D. variabilis group (including D. challengeri and D. decorus); F,

replacement by Theocorythium trachelium (Nigrini, 1970; John-
son and Knoll, 1975; Shackleton et al., 1995).

In the northern Pacific, three radiolarian datum levels are
recognized in the Pliocene—Pleistocene boundary interval (Hays,
1970) (Figure 7.2). The first, the LAD of Eucyrtidium elongatum
peregrinum, occurs in the middle of the Gauss chronozone, as it
does in the central Pacific. The second is the LAD of
Lamprocyrtis  heteroporos near the base of the Olduvai
subchronozone, although, as discussed earlier, the southern
population of this species in the equatorial Pacific became extinct
at a later date, as was also the case in the high latitudes of the
Southern Ocean (Hays, 1970). Third, Eucyrtidium matuyamai
evolved from E. calvertense near the base of the Olduvai
subchron. Hays (1970) notes that in the Southern Ocean, E.
calvertense disappears in the lower part of the Olduvai subchron
at approximately the same level where it gives rise to E.
matuyamai in the northern Pacific.

In the Southern Ocean, Hays (1965), Opdyke et al. (1966),
and Hays and Opdyke (1967) reported a number of radiolarian
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abundance of D. surculus; G, abundance of D. pentaradiatus. The sam-
pling interval is 5 cm, but the data are presented on a time-scale based
on paleomagnetic data. Note scale difference between D. brouweri and
the other discoasters. (From Backman and Shackleton, 1983, fig. 6,
with permission of Elsevier Publishing Co.)

events near the Pliocene—Pleistocene boundary interval. Desmos-
pyris spongiosa and Helotholus vema disappear just above the
Gauss chronozone, and Clathrocyclas bicornis disappears near
the top of the Olduvai subchronozone. In terms of assemblage
zones, the Pliocene—Pleistocene boundary would fall within the
X Zone of Hays (1965). Hays and Opdyke (1967) also reported a
sharp decrease in the abundances of the more widely ranging,
presumably less cold-tolerant radiolarians in the Southern Ocean
just above the Olduvai.

Stable-isotope record

It is well known that in the Southern Hemisphere, Antarctica has
had a continental-ice record extending as far back as the middle
Miocene, probably into the late Oligocene, and, according to
some interpretations of the stable-isotope record, as far back as
the Eocene-Oligocene transition. In contrast, the biostrati-
graphic studies of North Atlantic deep-sea cores suggest that the
initiation of ice rafting and thus Northern Hemisphere glaciation
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occurred at about 3 Ma (Berggren, 1972). That remained the
orthodox opinion for nearly a decade. A biostratigraphic restudy
of North Atlantic core material (Backman, 1979) has more
recently suggested that the initiation of glaciation may have
occurred closer to 2.5 Ma than 3.0 Ma, corroborated by oxygen-
isotope records in the equatorial Pacific (Shackleton and
Opdyke, 1977; Shackleton et al., 1995) and the North Atlantic
(Shackleton et al., 1984, 1990).

It is now apparent that although there was marked climatic
variability on a global scale in the early-middle Pliocene, global
climate cycles did not induce sea-level glaciation until about 2.5
Ma. That conspicuous climatic threshold corresponds temporally
to the Pretiglian cool-climate interval in Europe, which saw
significant vegetational changes just after the Gauss/Matuyama
polarity reversal, and that change has been interpreted by some
(e.g., Zagwijn, 1974) as indicative of the Pliocene—Pleistocene
boundary. In fact, the Pretiglian cold-climate peak seems to have
been a stepping-stone midway on the descent from preglacial
conditions in the mid-Pliocene (3.0 Ma) to fully glacial condi-
tions in the mid-Pleistocene (0.9 Ma). As discussed elsewhere
(Hays and Berggren, 1971; Berggren and Van Couvering, 1979;
Aguirre and Pasini, 1985; Shackleton et al., 1990), that climatic
event was not of the same age as the Lyellian boundary
recognized by the International Geological Congress in 1948
(King and Oakley, 1950) and formally adopted at Vrica (Selli,
1977; Cowie and Bassett, 1989).
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The main features of the late Pliocene-Pleistocene oxygen-
isotope record include:

1. minor fluctuations prior to 2.4 Ma

2. arelatively major (approximately 1%) increase in 180
of ocean waters at about 2.5 Ma, corresponding to a
major expansion of glacial (year-round) ice in the
Northern Hemisphere and an expansion to the limits of
drifting ice in the northern oceans

3. stronger cycles since that time, with fluctuations in
oxygen-isotope ratios on the order of 1% and peri-
odicities that, at least over the past million years, have
been correlated to periodic variabilities in the rotation
and orbital path of the earth (Milankovitch cycles)
(Shackleton et al., 1990, 1995).

An inspection of late Pliocene—Pleistocene oxygen-isotope
records (Figures 7.10 and 7.11) shows two climatic regimes
characterized by average glacial-interglacial variations in
oxygen-isotope ratios, the first (between 2.5 and 0.9 Ma) varying
by about 1%, and the second (0.9 Ma to present day) by more
than 1%. The change to more strongly contrasting values in the
middle and late Pleistocene (i.e., after the Jaramillo subchron)
indicates a change to more severe glacial conditions during
climatic lows. In terms of the Pliocene—Pleistocene boundary,
oxygen-isotope variations during the approximately 220-k.y.-
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the Pacific (cores V28-238 and V28-239). Interglacial isotope stage
numbers are circled. Where present, magnetostratigraphic boundaries

long Olduvai subchron correspond to approximately three
stadial-interstadial cycles. According to previous interpretations
of the Vrica section (Aguirre and Pasini, 1985), the Pliocene—
Pleistocene boundary placed just above the top of the Olduvai
interval would fall within an interstadial period (Shackleton et
al., 1984, 1995) (Figure 7.12), equivalent to oxygen-isotope stage
63 (Shackleton et al., 1990, figure 4). If the boundary is placed
within the uppermost part of the Olduvai subchronozone,
however, according to revised magnetostratigraphy at Vrica
(Zijderveld et al., 1991), it will fall instead in the cold-climate
maximum of oxygen-isotope stage 64 (Shackleton et al., 1990,
figure 4).
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are shown. Cores P6304-9 and P6408-9 are from Emiliani (1966,
1978), and cores V28-238 and V28-239 are from Shackleton and
Opdyke (1976, 1977). Site 502B is from Prell (1982, fig. 2).

Carbonate stratigraphy

Cyclic fluctuations in the carbonate contents of deep-sea
sediment cores have long been known to correlate with, and
reflect, climatic oscillations on a global scale. In general, high
carbonate values correspond to glacial intervais, and low
carbonate values correspond to relatively warm interglacial
intervals. When correlated by means of biostratigraphy and
calibrated to a geochronologic system by means of paleomag-
netic stratigraphy, carbonate stratigraphy has become a powerful
tool for late Neogene global correlations, as summarized by
Vincent (1981).
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data from Bode and Cronin (1973). Isotope data from Keigwin (1979)

A sequence of eight carbonate cycles (corresponding to
glacial-interglacial episodes) was identified in the equatorial
Pacific (Hays et al., 1969) throughout the Brunhes magnetic-
polarity chronozone. Periodicities ranged from about 75,000
years in the late Brunhes to over 100,000 years in the early
Brunhes. In the Matuyama chron (down to the top of the
Olduvai subchron) seven more cycles were identified, with
average, but more irregular, periodicities of 100,000 years. A

on Uvigerina. Note the coincidence, as at site 310, of low-carbonate
event M21 with the enrichment in 130 just above the Matuyama—Gauss
boundary. (From Vincent, 1981, fig. 4, courtesy of the Offshore Drill-
ing Program.)

numerical system was established, with odd and even numbers
denoting low (interstadial warm climate) and high (stadial cold
climate) carbonate intervals, respectively. Carbonate cycles were
recognized down to the Gilbert C event in the early Pliocene.
That sequence was subsequently extended down into the late
Miocene by Saito et al. (1975). Kaneps (1973) extended the
nomenclature system below the mid-Pliocene (GU3) to the early
Gilbert and informally numbered 25 carbonate peaks and valleys
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Figure 7.13. Correlations between the carbonate stratigraphy in site
502 and the oxygen-isotope stratigraphy in core V28-239, and between
the carbonate stratigraphies in site 503 and core RC11-209 and the
oxygen-isotope stratigraphy in core V28-239. The oxygen-isotope stages

with lowercase-letter designations. That informal system was
replaced by a formal nomenclature in which carbonate events
were designated according to their association within a particular
magnetic-polarity chron (Dunn and Moore, 1981). Dunn and
Moore extended their carbonate stratigraphy down to magnetic
chron 9 and gave alternating lowercase notations to carbonate
minima (a, c, e, etc.) and maxima (b, d, {, etc.).

In the western Caribbean (DSDP site 502) and eastern
equatorial Pacific (DSDP site 503), a high-resolution carbonate
stratigraphy has been established for the late Pliocene and
Pleistocene (Gardner, 1982) (Figure 7.13) in which carbonate
variations are linked with the oxygen-isotope stages of Shackle-

are modified from Shackleton and Opdyke (1976), and the carbonate
cycles are from Hays et al. (1969). (From Gardner, 1982, fig. 10, cour-
tesy of the Offshore Drilling Program.)

ton and Opdyke (1976), and their system of informal designation
has been extended into the early Pleistocene. In this scheme,
lowercase letters are used, each preceded by the uppercase
abbreviation for the associated magnetic-polarity chron (i.e., Mb
= Matuyama b). Similar high-resolution carbonate stratigraphies
have been developed for the Pacific Ocean (Figure 7.14).

In terms of the Pliocene—Pleistocene boundary, it can be seen
from the data summarized by Vincent (1981) and Gardner (1982)
that the Olduvai subchronozone is bracketed by a carbonate low
(M17) at the top and a carbonate peak (M18) at the base, in the
terminology of Hays et al. (1969). The Pliocene~Pleistocene
boundary, if located just above the top of the Olduvai subchron,
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would correspond to the carbonate minimum M15, but if located
within the latest part of the Olduvai subchron it would correlate
with the more pronounced minimum M17; both are within the
interval of low carbonate values corresponding to oxygen stage
Mb of Gardner (1982).
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8  Late Cenozoic changes of flora in extra-tropical Eurasia in the light of

paleomagnetic stratigraphy

VLADIMIR P. GRICHUK

Introduction

Most studies of the problem of stratigraphic resolution in the
transition zone between the Pliocene and the Pleistocene have
been based on geology, mammals, malacofauna, or marine
microfauna. Paleobotany has been used to a much lesser extent,
and mainly for interpretation of the vegetational changes
resulting from continental glaciations. Good examples of this
approach are the studies of Suc and Zagwijn (1983) and Lona
and Bertoldi (1973). Both in those studies and in the majority of
others, evolution of flora has been considered on a quite limited
scale and as a rule has concerned only evolutionary sequences in
the development of individual species (mainly of water plants
and bog plants). Such studies seldom have been concerned with
overall changes in regional floras.

The paleobotanic data on the deposits of the late Cenozoic
period show, quite reliably, that the flora of the Neogene system,
which was of a subtropical character, was considerably richer
than that of the Quaternary. The latter, in the whole extra-
tropical space of the Northern Hemisphere, had the properties of
a temperate-type flora. That gives us grounds to believe that
studies of the processes by which floristic types change may yield
quite important insights into stratigraphic problems at the border
between the Neogene and the Quaternary.

Unfortunately, a detailed characterization of the successive
paleofloras of the late Cenozoic period is possible, at present, in
only a few well-studied regions. There is, however, one circum-
stance that can greatly help in obtaining the data necessary for
such an investigation. During the late Cenozoic period, the
vegetation cover over the greater part of extra-tropical Eurasia
was clearly of forest character. In botanic studies, all of the main
types of extra-tropical forests (boreal, nemoral, subtropical
shrub—arboreous) usually are described according to tree species.
According to data reported by Sokolov and Svyazeva (1965),
however, the characteristic differences, in terms of both system-
atics and diversity, are already accounted for when dendroflora
are classified at the genus level. Genera are also more certainly
identifiable, and more widespread, than any of the species of
which they are composed. The genus is therefore the most
appropriate basis for a reliable and regionally applicable charac-
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terization of the late Cenozoic forest floras. Furthermore, studies
of fossil dendroflora at the genus level can considerably broaden
the usefulness of paleobotanic materials, in which palynology
based on the determination of tree pollen at the genus level rather
than the species level occupies the central place.

Paleofloral associations and climate change

In this review we shall consider data from a few regions within
the extra-tropical part of Eurasia. These regions have been
chosen according to the following two criteria: (1) adequate
sample availability across the Pliocene—Pleistocene boundary
interval and (2) the availability, in the given region, of
paleomagnetic definitions, which make it possible to establish
reliable correlations between the characterized horizons and the
general paleomagnetic scale. The latter requirement, being
absolutely necessary, has limited this study to the six regions
described herein (Figure 8.1).

The genera of dendroflora in the Upper Cenozoic deposits of
these regions have been compared with the present distributions
of all the species in each genus. In this way it is possible to group
the genera according to the modern areas in which they are most
abundant and most diversified, which for the most part reflects
their basic adaptive characteristics. The use of this system allows
us to follow the process of change in the compositions of dendro-
floras and to interpret the differentiation of floristic adaptations
during the late Cenozoic period in terms of climatic change.

The geographic associations of genera (Grichuk, 1959) accord-
ing to this method of organization are as follows:

Panholarctic

Anmerican—Eurasiatic
American—Mediterranean—Asiatic
American—Eastasiatic

Eastasiatic

North American (abbreviated as N.A. or A. in some
tables)

Tropical, including subgroups of pluricontinental and
South Asiatic—-American (abbreviated as Tr. in some
tables)

S e

~



>

Conapmens ronmpvesi npyr

Macuwrag
s 1000 xx

Figure 8.1. Map of regions for which the changes in the genus diversity of Upper
Cenozoic dendroflora were analyzed (see Tables 8.1-8.6): 1, The Netherlands; 2, the
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Bashkirian foreland of the Urals; 3, Primoriye; 4, nortnern Italy; 5, the Kura lowland
and the southeastern foothills of the High Caucasus; 6, the Pamirs.
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The Netherlands

Table 8.1 shows data on changes in the regional dendroflora in
the period from the middle Pliocene (Brunssumian) to the
Holocene. In this table, as in the others in this chapter, only
horizons with thermophilic flora are shown. These horizons
correspond to the subdivisions of the Pliocene and interglacial
epochs distinguished in the stratigraphic scheme of Holland
(Zagwijn, 1963). Data on the flora of glacial horizons are not
shown, because those floras are not important in showing the
evolution of forest floras.

South Ural forelands and Bashkiria

Changes at the genus level in the late Cenozoic dendroflora in
this region are shown in Table 8.2. In this region, all the Pliocene
horizons, as well as those corresponding to the interglacial
epochs distinguished in the stratigraphic scheme of Yakhimovich
(1970; Yakhimovich and Suleimanov, 1981), are present. De-
tailed paleomagnetic studies have been undertaken within the
Bashkirian foreland, making possible comparison of the strati-
graphic horizons with the paleomagnetic scale (Yakhimovich and
Suleimanov, 1981). Long-term paleocarpological and palynologi-
cal studies have provided materials that fully highlight the
changes in composition of the dendroflora through the late
Cenozoic deposits.

Primoriye

The materials from the Primoriye territory are relatively limited.
The most diverse and consistent are those for the late Cenozoic
in the south of the region, as published in two generalized
monographs (Korotkiy, Karaulova, and Troitskaya, 1980;
Golubeva and Karaulova, 1983). Table 8.3 shows Upper
Cenozoic horizons in the stratigraphic scheme of Korotkiy
(Korotkiy et al., 1980). Unfortunately, there have been no
systematic paleomagnetic studies within Primoriye, but the
studies by Alekseev (1978) and Korotkiy et al. (1980) make it
possible to establish a definite link between the stratigraphic
scheme in this region and the paleomagnetic scale.

Northern Italy

The paleofloristic history in this region is presented in Table 8.4,
based on the stratigraphic scale of Selli (1967). The paleomag-
netic investigations undertaken in Italy have pertained mainly to
its southern part, with only a few for northern Italy. Neverthe-
less, biostratigraphic analysis makes it possible to compare the
stratigraphic horizons with the paleomagnetic scale (Ryan,
1973). In this region, the paleobotanical material consists mainly
of fossil pollen, and we have detailed descriptions of macrofloral
remains (leaves, seeds, etc.) only for the Astian Stage (i.e.,
continental Upper Pliocene) and certain parts of the Calabrian
Stage.
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Kura lowland and southeastern Greater Caucasus
foothills

Data on this area are given in Table 8.5, based on the
stratigraphic scale of Isaeva-Petrova (1972). Paleomagnetic
research here has been extensive, and there are no doubts as to
the comparison of the stratigraphic sequence with the paleomag-
netic scale (Grishanov et al., 1983). The abundant paleobotanic
material has allowed us to document the late Cenozoic
dendrofloral history in detail.

We cannot dwell on the voluminous body of information
concerning the western Caucasus region in this chapter. In
particular, the situation in the Kolkhida, or Chalcedonia, with its
enormously rich relict flora, makes it hardly comparable with
other territories. However, similar general tendencies are quite
clearly reflected here as well.

The Pamirs

Generalizations about the paleobotany of the Pamirs are difficult
because of many controversies about Upper Cenozoic strati-
graphy (Pakhomov, 1980). The compilation in Table 8.6, which
reflects the changes of the fossil dendroflora in the Pamir
deposits, is based on the stratigraphic scheme of Chediya (1971).
The great volume of paleomagnetic data from this region makes
it possible to link this succession quite definitively to the
paleomagnetic scale (Dodonov, 1980). At the generic level, the
late Cenozoic history of the continental dendroflora is fairly well
known (although with a certain degree of fragmentation), mainty
through the palynological studies of Pakhomov (1980, 1983).

Summary

The data given in Tables 8.1-8.6 show that one clear and sharp
change was associated with or was quite close to the
paleomagnetic reversal at the Gauss—Matuyama boundary,
coeval with the transition from Reuverian to Tiglian paleofloras
in Holland. Another sharp change between “Astian” (i.e.,
Piacenzian) and Calabrian paleofloras in Italy is close to the
Olduvai subchronozone. In eastern Europe, the most important
reorganization was associated with the middle horizons of the
Akchagylian. Research on the history of the flora of the southern
European part of the former USSR has shown that this
phenomenon was associated with the establishment there of a
climate with winter periods characterized by temperatures below
freezing (Grichuk, 1959). In that period, representatives of
tropical and North American genera completely disappeared
except for certain species of North American origin that were
preserved in the southern and western Caucasus.

In the Lower Pleistocene stratigraphic horizons that overlie
beds with lower Matuyama paleomagnetic polarity there is only a
gradual reduction in the other groups that are now extinct in the
respective regions. The final disappearances of genera belonging
to presently “alien” groups (now occurring in restricted or
displaced ranges, as compared with their Pliocene distributions)
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Table 8.1. Dendroflora of Upper Cenozoic warm-climate horizons of The Netherlands

GENERA

sdnosb
feoiydesboan)

GAUSS

MATUYAMA
{Olduvai

BRUNHES

Bruns-
sum

Reuver

Tegel Waal

Prastiglian

Eburon

Menap

Cromer

Eister

Holstein-

Treene l Eem

Holo-
cene

Saale Warthe Weichsel

Pinus
Salix
Myrica
Alnus
Rhamnus
Cornus
Sambucus
Viburnum
Picea
Abies

onosejOyURY

Carpinus
Corylus
Fagus
Quercus
Ulmus
Hex
Acer
Tilia
Fraxinus

JneIseIns-ueduswy

Pyrus

Vitis
Staphylea
Celtis
Juglans
Castanea
Ostrya
Pterocarya
Rhus
Zelcova
Liquidambar
Aesculus
Stirax
Diospyrus
Elaeagnus

OljISE-UBBUR.IS)IPOW-UBLBWY

Parthenocissus
Tsuga
Carya
Magnolia
Liriodendron
Pyrularia
Nyssa
Stewartia
Fothergillia
Meliosma
Barchemia

JeISe)SEa-URIUIBWIY

Torreya
Eucommia
Sciadopitys
Phyllodendron
Actinidia
Halesia
Pseudolarix
Corylopsis
Cunninghamia
Cyclocaria
Glyptostrobus
Schizandra

dleiseisey

Taxodium
Sequoia

Simplocos
Alangium

UL |'Y'N

Number of genera

37 33

25

23 20

18

Floral groups

Note: Cold-climate intervals are indicated in italics. Correlation of the paleofloral units of The

Netherlands with the paleomagnetic scale is according to Zagwijn (Chapter 16, this volume).
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Table 8.2. Dendroflora of Upper Cenozoic warm-climate horizons of the Bashkirian piedmont of the Urals

GAUSS MATUYAMA BRUNHES
1Olduvai
o [ - |y (=
‘g ) = Pe| of .g ~% 2 & 3 8
B oewema | 23 |38 E22| B3 | 22 | of | 2E | Iz
d 55 | 885|258 | 58 | 52 | s2 | z& | &
H 2z | <55 | #35| g8 | 53 | &8 | 38 | &8
g % =23 | BE? 53 -3 <3 <3 53
8 FFO[g%F | TR S o | o o | £
e S B S 2 s s | <
» = = = =
1,2 3,4 56 7.8 9,10 11,12, 13 11,14, 15 16
Pinus
Abies
Picea
Salix
& | Populus
3 | Betula
% Alnus
& | Prunus
o | Sambucus
Viburnum
Larix
Swida 00 |--eee-
Myrica = |-
Corylus
:5 Quercus
& | Uimus
_g; § Acer
3 3 -
8—; 8 ;’rlginus
89 .
oB Carpinus
x| llex
@ | Fagus
Taxus | memeeeeeeeee
> Celtis
3 | Pterocarya
se Juglans
g S- Zeicova
23
8 3 | Elaeagnus
& & | Cerasus
o g | Vitis
3 | Paliurus
© Tsuga
2 5 Chamaecypris
§ ® | Carya
& & | Abelia
& 2 | Aralia
Liriodendron
o Actinidia
g- & Ealauterococcus
& - | Phyllodendron
Weigelia
Number of genera 41 25 23 23 19 18 15 15
Floral groups L. . .

Note: Correlation of the stratigraphic sequence ( Yakhimovich, 1970) to the paleomagnetic scale is according
to the data of Yakhimovich and Suleimanov (1981). The main fossiliferous sections are as follows: 1,
Simbugino; 2, Belekes, Kumurly, Khabarovka; 3, Voevodskoye (lower flora); 4, Nagayevo, Tukayevo; 5,
Akkulayevo; 6, Chiki-Anachevo; 7, Chui-Atasevo; 8, Tirlan’; 9, Baisakal; 10, Afonasovo; 11, Voevodskoye
(upper flora); 12, alluvium of Terrace IV, Belaya River basin; 13, Gremyachy Creek; 14, Minueshty Creek;
15, alluvium of Terrace II, Belaya River basin; 16, floodplain alluvium of Belaya River basin.
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Table 8.3. Dendroflora of Upper Cenozoic warm-climate horizons of the Primoriye region, eastern Siberia

GENERA

sdnoib [eoydesfoan

GAUSS

MAT.
lOlduv.

BRUNHES

Lower
Suifun
Suite

Ny/2

Upper
Suifun
Suite

Ny;2

Upper
Krasno-
zvetna

Noj2

Ussur-
lya
Qq)

Khan-
kay
Qum

Sun-
gach

Q3

Nak-
hodkin

Qe

Chemo-
ruch'y
Q3/m

Holo-
cene

Qv

1,2

34

56

7,8

59

5,10, 11

5 12

13, 14

Pinus
Abies
Picea
Larix
Betula
Alnus
Myrica

anosejoyuey

Carpinus
Corylus
Quercus
Uimus
Tilia
Fraxinus
Acer
Fagus
Castanea
Hlex

JMRISBING-UBDLSWY

Juglans
Syringa
Pterocarya
Zelcova
Rhus
Ostrya
Liquidambar
Celtis
Morus

JeISe-UBOUE
-L18YpoWw-URIIBWY

Aralia
Tsuga
Carya
Torreya
Nyssa

onerselses
-uBdLIBWY

Phyllodendron
Kalopanax
Weigelia
Cryptomeria
Sciadopitys
Glyptostrobus
Engelhardtia
Ginkgo

dneiseiseq

Taxodium
Sequoia
Planera

‘Jowe

-UUON

Number of genera

19

17

17

16

Floral groups

Note: Correlation of the stratigraphic sequence of Korotkiy et al. (1980) to the paleomagnetic scale is according to the
data of Alekseev (1978) and Korotkiy et al. (1980). The main fossiliferous sections are as follows: 1, Perevoznaya Bay;
2, Povorotny Cape; 3, Krasnozvetna Series of Tokhtin depression; 4, Spassk-Dalny; 5, Ussuri-Khankai depression; 6,
Bolshaya Ussurska River; 7, Melgunovka River mouth; 8, interfluve of Sungach and Ussuri rivers; 9, Terney village;
10, Vostok Bay; 11, Tumangan River; 12, Belaya Scala Bay; 13, Tal’'ma Lake; 14, Amur Bay.
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Table 8.4. Dendroflora of Upper Cenozoic warm-climate horizons of northern

Italy
o GAUSS MATUYAMA BRUNHES
o8 1Otduvai
§ £ GENERA Astian Calabr. | Donau- Ginz- Mindel- Riss- Holo-
° 5 (Lower) | Ginz Mindel Riss wirm cene
= 1.2 3.4 5 5 6,7 8.9 10
Pinus
Abies
Populus
s | [
3 Betula | semeeeeeee e ciin e
[ Alnus
2 | Rhamnus
© Viburnum
Picea
| Jtaix | e || e
Taxus
> | Carpinus
cau Corylus
§ Fagus
2 Quercus
2 Ulmus
B | tex
o | Acer
o | Tilia
Fraxinus
> Ostrya
?,, Castanea
3 Vitis
8 Diospyrus
3 Cedrus
® | Pterocarya
8 | Zeicova
2 Juglans
é Aegscuius
=] Laurus --
& | Liquidambar
8 | Pratanus .-
| © | Amygdalus
> Tsuga
g Carya
& | Pseudotsuga
% Magnolia | —eeeeeeeee | eeeeeeees
o Nyssa - S | [p—
% Benzoin
@ | Sophora
% Sapindus
I Borchemia
® Eucommia
@ M| Keteleeria | --eeee [} oo
% 2 | Cephalotaxus [RSDU | —
Ginkgo
Planera
S % Taxodium ) e | e
R 5 | Asimina
Ptelea
Geonoma
Ficus
Pheobe
o — | Litsea
e é Cassia
;3: g Machaerium
g = | Celastrus
= 2 | Sterculia
> g» Terminalia )
33 Leuconthoé
2 (5"‘ Porana
L S | Persea
& 81 Fugena
Appolonias
Boscia
Pittosporum --
Combretum --
Number of genera 65 41 1 33 ‘ 30 28 24 1 23
Floral suites I I. .

Note: Correlation of the stratigraphic sequence of Selli (1967) to the
paleomagnetic scale is according to the data of Ryan (1973). The main sections
are as follows: 1, Asti; 2, Mongardino; 3, Principe; 4, Stirone; 5, Leffe; 6,
Pianura Padana; 7, Ca Marcozzi; 8, Padova; 9, Pianico-Selleri; 10, Polgaria.
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Table 8.5. Dendroflora of Upper Cenozoic warm-climate horizons of the Kura depression and the southesat
piedmont of the Urals

GAUSS MATUYAMA BRUNHES
{Olduvai
Prm:ct- Akchagy! | Apsheron | Baku Khazar | Khvalyn | Holocene

1 2,3 45 67 68 9,10, 11

GENERA

sdno.b
[eaiydesboan)

Pinus
Salix
Populus
Betula
Alnus
Rhamnus
Lonicera
Picea
Abijes
Myrica
Carpinus
Corylus
Fagus
Quercus
Ulmus
Acer

Tilia
Fraxinus
Hex

Celtis
Pyrus
Rhus

Vitis
Punica
Elaeagnus
Pterocarya
Ostrya
Parrotia
Castanea
Juglans
Buxus

Vitis
Morus
Zelcova
Cedrus
Carya
Tsuga
Nyssa |-
Libocedrus | eeeemeeeee-
V-V 2 R [——
Paulovnia
Thuyia | s
Platicarya = | --eeeeeeeee-
Taxodium
Sequoia
Cinnamomum | eeeeeemeeees
Persea | -meeememee

Number of genera 46 " 38 35 28 25 21 20

onosejoyuRd

JneISRINS-URdLIBWY

OIBISE-UBBUBLIS)POU -UBDLBWY

-uBdUBWY

oneise | oneisejses

-iseq

UL |'Y'N

Floral suites I 1. .

Note: Correlation of the 1963 MSC (Modern Stratigraphic Code) standard sequence of the USSR to the
paleomagnetic scale is according to data of Grishanov et al. (1983). The main sections are as follows: 1, Baku or
Bakinsky Archipelago, western Caspian; 2, Shirak steppe; 3, Kvabebi; 4, Lengibiz Ridge; S, Oblivnoi Island; 6,
Tagirkent; 7, Divichi; 8, Kysyl-Burun; 9, Kudialchai; 10, Shura-Ozen; 11, Binagady.
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Table 8.6 Dendroflora of Upper Cenozoic warm-climate or interglacial sequences of the Pamir Range,

Tadjikistan

GENERA

sdno.b reoyydeiboesn

GAUSS

MATUYAMA

Oiduvaid

BRUNHES

Polizak

Kuruksay

"Gan”
subtillite

Nizhne-
kilimbin

Kokbai
intergl.

seqnikey

3,45

UswieA

Hyak

Dushanbe

Amudar

Akdzhar
intergl.

Early
Altyndar

Late
Altyndar

Holocene

6,7

8

9 10

Juniperus
Ephedra
Salix
Betula
Pinus
Picea
Alnus
Rosa
Cornus
Abies
Rhododendron
Populus

J1joJeoyued

Hippophaé
Corylus
Quercus
Ulmus
Acer

Tilia
Fraxinus
Carpinus
Fagus

llex

oneISBINS-UeOLIBWY

Pistacia
Rhus
Elaeagnus
Cedrus
Juglans
Celtis
Berberis
Platanus
Tamarix
Pterocarya
Zelcova
Ostrya
Morus

Vitis
Zygophylum
Liquidambar

SfjeISe-URaUR.LIS)PSW-UBdIBWY

Tsuga

Carya
Menispermum
Fothergillia

‘Sejsea
- 18wy

Platycaria
Engelhardtia
Cerdidiphyllum
Glyptostrobus
Corylopsis

Taxodium

Altingia
Sabal

41 1V [ onesseseq

No. of genera

26

25

Floral groups

Note: Correlation of the stratigraphic sequence of Chediya (1971) to the paleomagnetic scale is
according to data of Dodonov (1980). The main sections are as follows: 1, Orta-Uchkul’ (lower
levels); 2, Khyrga-Dara; 3, Orta-Uchkul’ (upper levels); 4, Kokdzhar-Uchkul’; 5, Khiriak-Dara; 6,
Akdzhar; 7, Karatau-1; 8, Lakhuti; 9, Ogzikichik; 10, Khudzhi; 11, Shugnou.
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are observed somewhat above levels containing the Brunhes—
Matuyama boundary.

At the stratigraphic level corresponding to the Olduvai event,
sharp changes in dendroflora at the specific level have not been
recorded. On the other hand, at the genus level all Eastasiatic
genera, with the exception of Eucommia, disappeared from
northern Italy and Holland at that time, including such cosmo-
politan American—Eastasiatic genera as Taxodium, Torrea,
Magnolia, and Nyssa. On the whole, those changes were similar
in scale to the later major floristic changes seen during the
Pleistocene.
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Introduction

The evidence from mammalian biostratigraphy with regard to
the boundary between the Neogene and the Quaternary, or,
more precisely, the base of the Pleistocene, can be analyzed in
various ways. Long-established regional biostratigraphic scales
are still widely used, although for the most part they are based on
uneven, inadequate evidence and thus are subject to differing
and unreliable interpretations. In seeking for greater reliability,
vertebrate paleontologists in the past few decades have at-
tempted to subdivide the geological time scale into probabilistic
mammal ages and mammal zones, such as the MN (Mammal
Neogene) zones of Mein. That approach is equally subject to
imprecision and subjective bias (De Bruijn et al., 1992;
Fahlbusch, 1991), and scholars may, consciously or uncon-
sciously, constrain the paleofaunal changes to coincide with a
particular magnetic reversal, a climate event, or any other
significant, even preselected, level.

The objective approach is to begin with the ages of local faunal
horizons that are directly based on radiometric dates or
paleomagnetic analysis and build a biochronologic framework on
this ground (e.g., Lindsay et al., 1987). Interpolations are
legitimate, as are correlations based on faunal similarities, when
the limits of probable error are realistically included. In cases
where a local fauna presents many first appearances or last
appearances, it is reasonable to suspect a lack of information in
the preceding or following time interval, respectively. When the
sampling factor is corrected, if unusual numbers of earliest and
latest occurrences are still seen at one level, a genuine faunal
overturn can be