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Abstract

Pollen analysis of the La Londe sequence indicates that several environmental and climatic changes occurred during
the interval between 3.3 and 2.3 Myr. The use of two pollen indices, the Climate Severity Index (CSI) and the
Continental Biomass Index (CBI) permits the characterization of these changes. They illustrate significant climatic
variations throughout the considered time interval. At the base of the record, the CSI indicates the occurrence of an
important warming associated with an increase of the plant biomass. This event might be also associated with an
important event recorded in Antarctica and in the Arctic ocean at the same time and increases in both oxygen and
carbon isotope records from DSDP 552 A cores. A general cooling trend, punctuated by cold peaks leads to a major
cooling at around 2.4 Myr, associated with low values of plant biomass.

1. Introduction

Before the build up of the major North
Hemisphere ice sheets between 2.6 and 2.4 Myr,
climatic variations were mainly driven by Antarctic
ice sheets oscillations (Raymo et al., 1987;
Ruddiman et al., 1989; Weissert et al., 1984).
Analyzing variations in §'®0 and §"*C from both
Atlantic and Pacific cores, Raymo et al. (1992)
indicate that, between 3 and 2 Myr, an increase in
the equator-to-pole temperate gradient associated
with the onset of northern hemisphere glaciation
did not intensify deep water production in the
North Atlantic but rather the opposite occurred.
So North Atlantic Deep Water (NADW) forma-
tion seems not to have been the fundamental driver
of climatic changes as the theory of the conveyor
belt of Broecker (1990) indicates for more recent
intervals. Nevertheless, interpretations of DSDP
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552 core records (Shackleton and Hall, 1985;
Shackleton et al., 1984) indicate that NADW was
also produced following the same process as today
at around 3.5 Myr. Different Atlantic circulation
could have consequently affected also NADW
production, and then, because of the ocean—atmo-
sphere heat exchanges, the surrounding continents.
Analyzing a continental sequence covering the
3.3-2.3 Myr interval can then indicate how the
continents recorded these important environmental
changes. Our purpose is to focus on a continen-
tal record, located in Europe, that provides a
continuous sequence of the late Pliocene.

2. The La Londe record

Besides the marine cores recovering the late
Pliocene (between 3.5 and 2.4 Myr B.P), few
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Fig. 1. Location of La Londe, Beaune P and C and DSDP 552A boreholes. Synthetic diagram of AP-NAP variations against
depth. Pinus is included in the AP percentages (modified from Clet, 1983).

continental records show detailed reconstruc-
tions (Adam et al., 1989; Hooghiemstra, 1989;
Horowitz, 1989). Among them, the La Londe
sequence i3 located in Normandy, France, in the
Seine valley at an elevation of 100 m (Fig. 1). The
sediments of the studied sequence were trapped in
a rift and consist mainly of silts and clays (Fig. 2).
A borehole provided a 15 m thick stratigraphical
sequence within the silt and clay sequence from
which paleomagnetism studies determined that the
top recorded the Gauss—-Matuyama boundary
(Biquand and Lautridou 1979). No other paleo-
magnetic events, such as the Kaena or Gilbert
subchrons, were registered in the lower stratigra-
phy. Pollen analysis, however, determined four
main zones (Clet, 1983; Clet and Huault, 1987).
From the clay and shale sequence, 200 pollen
samples were analyzed (Clet, 1983). A numerical

zonation made on a data set corresponding to all
the stratigraphical levels (one pollen spectrum for
one stratigraphical level ), using Goeury procedure
(De Beaulieu and Goeury, 1987) confirms this
biostratigraphy in four main pollen zones which
groups several sub-zones.

2.1. Zonel (—15t0 —11.2m)

Sub-zone la : From the base of the core up to
12.9 m, the pollen content shows few variations at
the bottom in the composition. The mean percen-
tage of trees is relatively high. Pinus sylvestris type
is the dominant species. Sequoia shows relatively
important percentages at the base of the core, and
Sciadopitys is often over 1%.

Sub-zone 1b: Between —12.9 and —11.2 m, the
percentages of Ericaceae increase. Taxodiaceae and

Fig. 2. Lithology and synthetic pollen diagram of the La Londe core (after Clet 1983 modified). Lithology: 4= sand; B= sandy
clay; C= clay. Synthetic diagram 1, Tertiary taxa disappearing at the beginning of Pretiglian: Taxodiaceae, Sequoia, Liquidambar,
2, Tertiary taxa disappearing at the lower Pleistocene: Carva, Prerocarya, Eucomia, Pinus haploxylon, Tsuga, Nyssa, Sciadopitys,
Castanea, Juglans; 3, Alnus; 4, Corylus, Quercus, Tilia, Ulmus, Carpinus, Fraxinus, Ilex, Myrica;, 5, Pinus sylvestris, Abies, Picea,
Betula, Salix, Ephedra, Cupressaceae; 6: Herbs; 7 Ericaceae; 8: curve of the sum Abies+ Picea+ Tsuga; 9: Chenopodiaceae. Four
pollen zones are recognized noted L1, L2, L3, L4. The indices a—b correspond to the different primarily determined sporopollinic
assemblages in the core. The biostratigraphy of the sequence is determined by comparison with Dutch pollen sequence of Zagwijn

and Hager (1987).
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thermophilous trees on the contrary decrease.
Between —12.4 and —12.05 m, the Taxodiaceae
and Almus show a strong decrease, as do the
Ericaceae. Between —12 and —11.2 m, an increase
in Pinus sylvestris type occurs that reaches 75%.

2.2.Zone2 (—11.2t0 —5.15m)

Sub-zone 2a (between —11.2 and ~8.1 m): This
zone is characterized by the progressive weak
increase of the percentages of Taxodiaceae,
thermophilous trees, and the decrease of Pinus. A
climatic warming is clearly indicated. The occur-
rence of halophilous plants (the Chenopodiaceae
curve becomes continuous and reaches its highest
percentages between —10.2 and —8.1 m), and the
occurrence of halophilous and euhalobous diatoms
(Clet and Huault, 1987) indicate the presence of a
high paleosalinity, and the proximity of a marine
coast or an estuary.

Sub-zone 2b: Between —8.1 and —5.15 m, the
pollen diagram still shows the persistence of
Chenopodiaceae but with lower values. Between
—6.9 and —6.3, the curves of Alnus and
Taxodiaceae show a weak negative inflexion.

During zones 2a and 2b, the vegetation does
not show major changes. The different species stay
with identical percentages.

2.3 Zone3 (—5.15and —2.7m)

During the interval between —5.15 and —4.25
m, the Tertiary species decrease in the pollen
diagram, especially the Taxodiaceae that had
important values between —5.25 and —4.8 m.
Above —4.3 m, Sequoia indicates increasing
values. Despite the decrease in the Taxodiaceae
percentages after —4.8 m, their values remain
higher than in the lower part of the record.
However, the species indicating a moist environ-
ment decrease to the profit of species that prefer
drier substratum, i.e. Sequoia, but which have their
maximum development under a very moist climate.
At —4.1 m, the Cupressaceae have a continuous
representation.

2.4. Zone 4 (—2.7 to the top of the core)

The Taxodiaceae and Sequoia disappear. The
curve of herbs increases and the percentages of
Ericaceae strongly increase. Following a drying up
of the environment, the Ericaceae increase, fol-
lowed by an important increase of pine-trees that
colonize again the environment. In this pine forest
appear cold and dry taxa as Hippophae appear.

A comparison with the classical North European
late Pliocene pollen biostratigraphy ( Zagwijn and
Hager, 1987) indicates that the La Londe sequence
shows the continuous record of Reuverian (zones
1, 2 and 3) and early Pretiglian (zone 4) pollen
stages (Clet, 1983; Clet and Huault, 1987). Taking
into account the palacomagnetic inversion on top
of the sequence, and using the age of the base of
the Reuverian pollen stage estimated at 3.3 Myr
(Zagwijn and Hager, 1987) (Fig. 1), we assume
that this continental sequence lasts the time
interval between 3.3 and 2.3 Myr (Figs. 1 and 2).

3. Palaeoenvironmental indices

Interpreting pollen data in terms of climate
reconstruction is classical for recent time intervals
because of the use of quantitative methods (Guiot,
1990). For older intervals, such as late Pliocene,
the reference to modern environments, and
then climatic quantification are more difficult.
Moreover, the percentage representation of
AP-NAP is also not satisfying, because these
groups, even if representing different types of
vegetation, are not necessarily in phase with abrupt
climatic changes (Magri, 1994, Magri and
Follieri, 1992).

The climate severity index (CSI) (Kukla et al.,
1981; Rousseau et al., 1992) is another way to
reconstruct climatic changes through pollen data.
It consists in grouping selected taxa in a simple
index (CSI) which is characteristic for the geo-
graphic domain considered. CSI calculation is the
following, CSI= T+2P+4Q, where T is % of
trees, P is the % of pine, and Q % of oak. Pinus,
Quercus, the selected taxa, show today a high
climate indicative capacity (Grandjouan et al.,
1993) in Europe implying that their use is climati-
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cally pertinent. In cold conditions CSI values are
low while high in warm ones.

The different coefficients, 4, 2, and 1, respectively
applied to these three sets, correspond to a geomet-
ric series defined to introduce a logarithmic scale,
and consequently exaggerating the differences
between boundary conditions. In cold conditions,
CSI varies between 0 and 150, and on the contrary,
during warmer conditions, the values tend to vary
between 250 and 400. While summing up these
different vegetal groups, one can at first sight be
consider these as being non-logical. However,
temperate conditions are mainly characterized by
the expansion of forest environments under the
European mid-latitudes. Taking into account
Quercus percentage and giving it 4 as a coefficient
will produce an exaggeration of its representation.
In temperate conditions, if few herbs occur in the
pollen diagram, then adding them to the tree
values in the CSI calculation, will only imply slight
difference compared to the lonely tree values. On
the contrary, during cold conditions during which
pollen diagram indicate grasslands, sometimes with
few trees or shrubs, including the tree values in
the CSI calculation will mark eventual interstadials
that could occur in the series. What is also impor-
tant to point out are the transition intervals
between interglacial and glacial conditions that
mainly are expressed by Pinus (P). This is the
reason why 2 is used as a coefficient.

Such an attempt was already made for another
European Pliocene pollen sequence (Rousseau
et al., 1992, see this paper for the discussion of the
selected taxa) that showed climatic variations over
the Pliocene, with particular emphasis for the end
of this period. We applied this index to the La
Londe pollen data. We decided also to pay par-
ticular attention to the continental phytomass,
expressed by the CBI index= AP/NAP ratio
(Magri, 1994),

The CBI index is different from the classical
AP-NAP representation of pollen data: in the
AP-NAP diagram, the percentages of AP are
considered with reference to 100%; in the CBI, the
AP percentages are divided by the NAP percent-
ages. So if AP= 60%, and consequently NAP=
40%, then CBI=1.5 (Fig. 3).

100 + IR RN T R S R d
B0 + {
60 + T; 1
% AP T T
40 F +
+ b 3
20 :
0 TE T T T T T T T T

CBI

Fig. 3. Relationship between the percentage of arboreal taxa
(AP) and the CBI (continental biomass index), corresponding
to the AP/NAP ratio. Note that small increases in the AP
percentages when these are higher than 70% imply important
changes in the CBI values.

4. Results

Plot of CSI against time (Fig. 4) shows that the
sequence recorded significant changes through
time. After a cooling trend at the base, C'SI varies
between 210 to 130, an interval with high CSI
values is centered at around 3.1 Myr (CSI= 260)
(Fig. 4). Low values (CSI= 140) occurred just
after this event, before 3 Myr. Then CSI values
oscillate between 180 and 110 until around 2.4
Myr when a major cooling is well marked (CSI=
85). The oscillating values to the major cooling do
not show any particular trend (Fig. 4). Such evolu-
tion in time differs from the oscillating trend
punctuated by cold peaks of increasing negative
magnitude described in another French polien
sequence, the Beaune P and C core, in the Bresse
Basin (Fig. 1), located Southward from La Londe
(Rousseau et al., 1992). In the Bresse record, a
cooling trend is expressed between 2.7 and 2.4
Myr, with the occurrence of three CSI minima
clearly defined at 2.7, 2. 6, 2.5 and 2.4 Myr B.P.
respectively, showing an increasing intensity at
younger ages.

The vegetation, through pollen spectra, recorded
environmental changes. Increase (decrease) in indi-
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cators such as the CBI, during a determined
interval, is supposed to represent variations in the
forest biomass. Two main changes of the CBI are
recorded in the La Londe record ( Fig. 4). The first
one occurred during the forest phase at around
3.1 Myr: CBI increases in an exponential way.
Analyzing the long term exponential growth of
plant populations in the Valle di Castiglione record
near Rome, Magri (1989) indicates that under
suitable conditions of temperature, moisture and
light for the development of a given plant popula-
tion, growth will depend on soil fertility. This, in
turn, may increase as the population grows. Such
a process thus produces in the long run an increase
of phytomass and hence of the organic carbon
stored in it. In the La Londe record, the second
main change of CBI is found at around 2.4 Myr:
in correspondence to a major cooling recorded by
the CSI, there is an appreciable drop (Fig. 4). At
the end of the record the forest biomass shows a
new increase, parallel to a change of the CSI
(Fig. 4).

According to the two indices used in this study,
the La Londe sequence recorded two particular
events, the first one, showing high values in CBI
and CSI, at around 3.1 Myr that allows an increase
in the biomass, and the second one, corresponding
to the lowest values in CBI and CSI, at around
2.4 Myr that shows the strongest values in the
biomass index and corresponds to an important
cooling. Between these two events, the CS7 shows
oscillating values while the biomass indicator
remains low, even if some small positive peaks can
be noted which however do not characterize tem-
perate conditions, but reflect better conditions after
another cooling, i.e. the interval between 2.5 and
2.6 Myr. Moreover, the base of the sequence
indicates cool conditions that deteriorated to a
cold peak, just before the occurrence of the particu-
lar interval centered at around 3.1 Myr. This
cooling trend is marked also by a decrease in the
biomass indicator (Fig. 5).

5. Discussion

Since we recognized in the La Londe sequence
records the complete north-European pollen bio-

stratigraphy, indicating that it provides a con-
tinuous record of the late Pliocene, then the
climatic variations that we observe might be
observed in other records on the globe. No doubt
should be raised about the final cooling in the La
Londe sequence as an evidence of a global event
recorded in both marine and continental environ-
ments (Adam et al, 1989; Bonnefille, 1983;
Bonnefille and Vincens, 1985; Combourieu-
Nebout, 1987, 1990; Combouriecu-Nebout and
Vergnaud Grazzini, 1991; De Menocal et al., 1991;
Hooghiemstra, 1989; Horowitz, 1989; Janecek,
1985; Kukla, 1987; Lang et al.. 1990; Li and Wang,
1983; Qian et al., 1983; Raymo et al., 1987, 1992;
Rio et al., 1990; Rousseau et al., 1992; Ruddiman
et al., 1987a—b; Ruddiman et al., 1989; Shackleton
and Hall, 1985; Shackleton et al., 1984; Thiede
et al.,, 1989; Weissert et al.,, 1984; Zimmerman
et al., 1985). However, what status can be pro-
posed to the particular interval indicating the
highest values in both CSI and CBI? Pinus shows
high percentages during this time span, i.e., around
100 kyr, while Abies, Picea, Tsuga, Alnus and
Corylus indicate no trend. However, this interval
corresponds also to a decrease in Taxodiaceae,
Sequoia and Nyssa percentages on the one hand,
and to decreasing values, or punctually a disap-
pearance, of Ericaceae on the other hand. We do
not know present analogues of such vegetal struc-
ture. We propose nevertheless such sporopollinic
assemblages to characterize an environment occu-
pied by gymnosperms and mesophilous taxa, an
impoverished replicate of the Miocene coniferous
and mesophilous-trees formations described by
Bessedik (1985). A similar trend in Pinus percent-
ages, was described in Reuverian A levels from
the Lanrinou sequence, in Brittany, about 380 km
west from La Londe (Morzadec-Kerfourn, 1982).
In the Reuverian A of this sequence, Pinus percent-
ages reach 80% of the total trees during a marine
phase.

Investigations in Antarctica (Barrett et al., 1992)
indicate evidence of warm conditions at around 3
Myr, which confirm that East Antarctica was
affected by a strong deglaciation at that time. On
the contrary, a controversial paper by Marchant
et al. (1993) suggests continuous cold and dry
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Fig. 5. Characterization of the exponential growth of the CBI at the onset of the “interglacial’-like event centered at 3.1 Myr.

climatic conditions for the last 4.3 Ma in the East-
Antarctic ice-sheet. Cronin et al. (1993) indicate
elevated water temperatures in the Arctic Ocean
between 3.5 and 3.0 Myr suggesting warm ocean
and adjacent continents at this time, associated
with increased meridional heat flow towards North
Atlantic. The Beaune P and C core records also a
strong warming at around 3.1 Myr, especially
marked by the highest values of Quercus (up to
30%) (Rousseau et al., 1992). Other European
continental records show also a significant warm-
ing occurring at around 3.1 Myr and bordered by
mild conditions (Zagwijn and Hager, 1987). Such

observations are in agreement with the La Londe
record and seem to confirm the warming event
evidenced in Antarctica. The recognition of a
similar continental signal in both the Northern
and Southern Hemispheres indicates that this
warming may have been intensive enough to have
a global significance.

Moreover, the major climatic events recognized
in the La Londe record indicating changes in
climate (CS7) and plant biomass (CBI), also occur,
for the climatic signal, in some marine records,
although less marked. DSDP core 552 A,
56°02.56'N and 23°13.38'W, (Shackleton and Hall,
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1985; Shackleton et al.,, 1984), in the North
Atlantic, is located at a latitude that is roughly
similar to that of the La Londe sequence. This
open ocean sequence shows low §'*0 and high
613C values at around 3.1 Myr (Fig. 4). This could
lead us to interpret the La Londe 100 kyr interval
at the base as a warm one despite its particular
vegetal composition. The return to cool conditions
at the end of the interval with high CS7 and CBI
values in the continental sequence is correlative to
an increase in bentic 530 values (Shackleton et al.,
1984). This cooling also corresponds to Northern
cold conditions that led to glaciation in Iceland
(McDougall and H. Wensik, 1966) at around 3
Myr. Almost stable conditions occurred between
3 and 2.4 Myr as indicated in both marine and
continental records (Fig. 4). The important cool-
ing is marked at around 2.4 Myr by a significant
increase in the 3'®0 and a decrease in 6'3C. CS7
and CBI values (Fig. 4).

6. Conclusion

The climatic interpretations of the La Londe
record are in strong agreement with different
records from marine and continental environ-
ments, from both hemispheres.

The cooling trend, indicated after an almost 100
kyr interval of high values in both CS7 and CBI,
centered at around 3.1 Myr, appears to be in
relatively good agreement with the variations in
both the bentic §'80 and 4'*C from Atlantic and
Pacific records that Raymo et al. (1992) interpreted
as indicating that the global cooling over this
interval was associated with increasing suppression
of NADW formation. We propose also to correlate
the climatic events recognized at the base of the
La Londe record with fluctuations in the expansion
of ice, in both Antarctica and the Artic ocean,
which would have influenced the NADW pro-
duction rate. During this time interval, before 2.4
Myr, only Antarctica should have showed a sig-
nificant ice body (Ruddiman et al., 1989) while
the Arctic ocean did not present any perennial sea
ice cover prior to 2.4 Myr (Raymo et al., 1992;
Cronin et al., 1993). The occurrence of warmer
sea surface temperature at around 3.1 Myr in the

Arctic ocean implies that it was seasonally ice free
at this time inducing an increase in the NADW
production rate.
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