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Long eccentricity (400-kyr) cycles in carbon isotope records from the Pacific and Atlantic oceans and the
Mediterranean sea of the past 5.0 Ma are compared. All records show maximum 85'C values (6'3Cmax) at
eccentricity minima during the Pliocene, but this relationship obscured in the Pleistocene after ~1.6 Ma in
particular for the open ocean deep-water 6'>C records. Since a clear anti-phase relationship was set up
between oceanic §'%0 and 6'>C in the 100-kyr band from this time, we attribute the obscured 400-kyr signal
to a major change in the oceanic carbon reservoir probably associated with restructure of the Southern
Ocean. A similar change occurred in the Miocene at 13.9 Ma when the 400-kyr cyclicity in 6'3C records
flattened out together with a drastic cooling and Antarctic ice-sheet expansion. A remarkable exception is
the Mediterranean surface water 6'>C record, which remained paced by the long-term eccentricity cycle
throughout the Pliocene and Pleistocene, suggesting a low-latitude climatic origin of the 400-kyr signal that
is independent of glacial-interglacial forcing. Since the Earth is currently passing through an eccentricity
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minimum, it is crucial to understand the nature of the 6'>Cmax events.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

With the quantitative paleoclimate records extending back from
Pleistocene to Paleogene, the signal of 400-kyr cycles of long eccentricity
becomes increasingly prominent in carbon and oxygen isotope time
series. In particular, the long eccentricity cycles in 6'>C and 6'0 was
likened to be the Earth's “heartbeat” during the Oligocene (23 Ma-
33.9 Ma) (Pilike et al., 2006). Clear 400-kyr periodicity in 6>C and 6'20
records has also been found in the Oligocene/Miocene (20.5-25.4 Ma)
sections from Ceara Rise (Paul et al., 2000; Zachos et al., 2001) and sub-
Antarctic South Atlantic (16-24 Ma) (Billups et al., 2004), as well as
in two Middle Miocene (13.9-17 Ma) northwest and southeast sub-
tropical Pacific records (Holbourn et al., 2005, 2007). The 400-kyr cycle
is considered as “the tuning fork of geological time” (Matthews and
Froelich, 2002) and used in cyclostratigraphic studies down to the early
Mesozoic (e.g., Kent and Olsen, 1999) in the capacity of the most stable
orbital parameter in the geological history (Laskar, 1990).

In a sharp contrast, the conspicuous absence of the long
eccentricity signal in the Pleistocene ice-age records has raised the
so-called “400-kyr problem” (Imbrie and Imbrie, 1980). Instead, a
500-kyr periodicity was detected first in foraminiferal (Briskin and
Berggren, 1975) and later on in tropical carbonate records (Droxler
et al., 1990; Bassinot et al., 1994a). Recently, oceanic 6'3C records
revealed with a similar periodicity over the last 1 Myr and have been
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labeled as “super-cycles” (Wang et al, 2003, 2004), “long-term
fluctuations” (Hoogakker et al., 2006), or “long-term changes in the
global carbon reservoir” (Mohtadi et al., 2006). This has enhanced the
enigma why the 400-kyr signal is not a main component of
Pleistocene 6'3C and 6'80 records.

The recent increase of continuous, high-resolution deep-sea
records over the last 5.3 Ma (e.g., Tian et al., 2002; Lourens et al.,
2004) enabled us to follow the evolution track of the long eccentricity
components in the paleoceanographic records through the Pliocene
and Pleistocene. Since the 400-kyr cycles are much more pronounced
in 6'3C than in 6'%0 (Pilike et al., 2006; Holbourn et al., 2007), the
present paper focuses particularly on 6!3C records. On the basis of this
data comparison, we will argue that a major reorganization of the
global oceanic circulation at around 1.6 Ma obscured the long
eccentricity signal in open ocean §'3C records.

2. Data and methods

Only a limited number of Ocean Drilling Program (ODP) sites
have produced high-resolution 6'3C and §'30 records of the entire
Pliocene and Pleistocene. Even less sites are useful for our com-
parative study, because the §'3C data is not always available; this
explains the absence of high-latitude sites. The six time series used
here (Fig. 1; Table 1), however, are quite representative as it
includes both benthic and planktonic records, and covers open and
marginal basins from the Atlantic and Pacific. The Mediterranean
613Crecord is presented here for the first time and reflects the coun-
terpart of the Mediterranean stacked oxygen isotopic chronology
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Fig. 1. Foraminiferal isotopic series for the past 5 Myr. Pacific region: (A), stacked benthic §'80 and &'C of ODP Sites 846 and 849; (B), benthic 6'%0 and &'C of ODP Site 1143;
(C), planktonic 6'®0 and 6'>C of ODP Site 1143; Atlantic region: (D), stacked benthic 6'%0 and 6'>C of ODP Leg 154 (Site 926-929); (E), benthic 6'0 and 6'C of ODP Site 659;
Mediterranean sea: (F), stacked planktonic 6'0 and 6'>C (MD84641, KCO1B, ODP Site 967 and the land-based marine successions of Vrica, Singa and Rossello). Note that blue lines
denote §'C and black lines denote 6'#0.

(Lourens et al., 2004). We included the Mediterranean records into From the Pacific, we selected ODP Sites 846 and 849 on its eastern
our comparative study due to their sensitivity to orbital forcing side (Shackleton et al., 1995; Mix et al., 1995a,b), and ODP 1143 from
(Lourens et al., 2004). the South China Sea on its western side (Tian et al., 2002). ODP 1143 is
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Table 1
Location of studied sites.
Ocean Site Location Water depth Resolution References
(m) (kyr)
West Pacific 1143 9°22'N 2772 2.6(P) This paper
113°17'E 2.8(B)
1146 19°27.40'N 2092 (4-5) Holbourn et al. (2005)
116°16.37'E
East Pacific 846 3°06'S 3296 2.5 Shackleton et al. (1995)
90°49'W
849 0°11'N 3851 4 Mix et al. (1995a,b)
110°31'W
1218 8°53.378'N 4826 6 Wade and Pilike (2004)
135°22.00W
Indian Ocean 721 16°40.6'N 1945 (1.2-3.5) DeMenocal (1995)
59°51.9'E
722 16°37.3'N 2028 (1.2-3.5)
59°47.8'E
758 5°23'N 2925 7 Chen et al. (1995); Farrell and Janecek (1991)
90°21'E
Atlantic Ocean 926 3°43.1'N 3598 3 Bickert et al. (1997); Tiedemann and Franz (1997);
42°54.5'W Franz and Tiedemann (1997); Shackleton and Hall (1997);
927 5°27.7'N 3313 3 Billups et al. (1997); DeMenocal et al. (1997)
44°28.8'W
928 5°27.3'N 4010 3
43°44.9'W
929 5°58.6'N 4357 3
43°44.4'W
607 41°00'N 3427 4 Raymo et al. (1989)
32°58'W
659 18°05'N 3070 4 Tiedemann et al. (1994)
21°02'W
Mediterranean Sea MD84641 33°02'N 1375 2 Fontugne and Calvert (1992)
32°38'E
KCO1B 36°15.25'N 3643 3 Rossignol-Strick and Paterne (1999)
17°44.34'E
967 34°04'N 2553 3 Lourens et al. (1996a, 2004); Kroon et al. (1998)
32°43.5'E
Vrica/Singa Calabria, Italy Land based 5 Lourens (2004)
Rossello Sicily, Italy Land based 5 Kroon et al. (1998)

the only site where both benthic and planktonic isotopic records
were generated for the last 5 Myr. We have averaged the 6'80 and
613C datasets of Sites 849 and 846. To correct for the mean dif-
ference between the 6'3C records, we added —0.219%. to that of
Site 849. The isotope chronology of Mix et al. (1995a) was followed
for the last 1.812 Ma (Pleistocene). For the interval between 1.812
and 5.0 Ma, the initial SPB90-SCHPS95 timescale of (Shackleton
et al., 1990, 1995) - which was based on tuning to the Ber90 astro-
nomical solution (Laskar, 1988; Berger and Loutre, 1991) - was
converted to the LRO4 timescale (Lisiecki and Raymo, 2005) based
on retuning (see also Lourens et al., 1996a) to the La04 solution
(Laskar et al., 2004). Finally, a 3 kyr moving average was applied to
smooth the 6'%0 and §'3C records.

Carbon and oxygen isotopic stacked records were constructed
from the western equatorial Atlantic ODP Sites 926-929 (Franz and
Tiedemann, 1997; Shackleton and Hall, 1997; Tiedemann and Franz,
1997, Bickert et al., 1997; Billups et al., 1997; DeMenocal et al., 1997).
Both the eastern Pacific and the western equatorial Atlantic records
were based on a variety of species, which were corrected for species
offsets and equilibrated to seawater. The stacked records were linearly
interpolated at 1 kyr steps and smoothed by a 3 kyr moving average.

From the eastern equatorial Atlantic we used ODP Site 659
(Tiedemann et al., 1994; Clemens and Tiedemann, 1997). The TSS94
timescale of ODP Site 659 was based 1) on tuning to the SPB90-
SCHPS95 isotope chronology for the last 2.6 Myr and 2) on the
correlation between maximum dust flux occurrences to minima in the
Ber90 July summer insolation curve at 65°N between 2.6 and 5.2 Ma.
We adopted the TSS94 timescale for the last 2.6 Myr, but retuned the
dust flux maxima between 2.6 and 5.2 Ma to minima in the La04 65°N
summer insolation curve.

The stacked Mediterranean dataset is represented by the stable
isotopic records of the planktonic foraminiferal species Globigeri-
noides ruber from cores MD84641 (Fontugne and Calvert, 1992),
KC01B (Rossignol-Strick and Paterne, 1999), ODP Site 967 (Lourens
et al.,, 1996a, 2004; Kroon et al., 1998) and the land-based marine
successions of Vrica, Singa and Rossello (Lourens et al., 1996b) (the
stacked records are shown on the latest age model given by Lourens
et al.,, 2004).

We applied cross-spectral analyses using the AnalySeries Program
(Paillard et al., 1996) between the 5'80 and 6'20 records of each site
and an astronomical target curve (ETP*) which was based on the sum
of the normalized eccentricity, obliquity and climatic precession time
series of the La04 solution in the ratio —1:—1:4-0.5. Datasets were
equally spaced and prepared by removing linear trends. Blackman-
Tukey spectral analysis was carried out on 30% of the series between 0
and 5 Ma and 0 and 1.6 Ma using a Bartlett window and a Band Width
of 0.001 and 0.0018, respectively. All spectra were normalized to unit
variance. Gaussian filtering of each normalized and detrended series
was carried out at frequency 0.002500 + 0.000200.

3. Results

Cross-spectral analyses between the isotopic records and ETP* for
the past 5.0 Myr revealed that most 6'80 spectra mark strong peaks in
the obliquity (41-kyr) frequency band and to a lesser extent in that of
precession (23.6-kyr, 22.4-kyr and 19-kyr) and short-term eccentric-
ity (125-kyr, 95-kyr) (Fig. 2A and B). The obliquity-pacing of the deep
ocean 6'°C and §'®0 records are generally attributed to glacial-
interglacial variability throughout the Pliocene and Pleistocene (e.g.
Imbrie et al., 1992; Shackleton et al., 1995). Phase estimates indicate
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that maximum &'®0pe, values and minimum 6'3Che, values lag
obliquity minima with 3-7 kyr (Table 2). A similar almost anti-
phase relationship between 6'®0pe, and 6'>Cpe, is found for the

~100-kyr glacial-interglacial rhythm of the late Pleistocene (Table 3).

With the exception of the Mediterranean no peak in the long-term
eccentricity (400-kyr) band was found in any of the evaluated 6'%0
records over the past 5.0 Ma (Fig. 2). This is in contrast to the 6'3C
records, which clearly mark the imprint of the 400-kyr cycle in their
individual spectra. In particular, high coherence (99% significance)
occurs between ETP* and the 6'3C records of Leg 138, the
Mediterranean and Site 659 with 6'3C values lagging long eccentricity
minima by 6 to 40 kyr (Table 2). The coherences for the past 1.6 Ma
are much lower for all sites, indicating that the 400-kyr component in
the open ocean 6'3C became less prominent during this interval. Only
the Mediterranean record yielded significant values for both 6'3C and
680 records (Table 3).

To further investigate the imprint of the 400-kyr cycle on the 6'3C
record a comparison is made between the band-pass filters of the
different sites and ETP* (Fig. 3A and B). Among the 6 sites studied, the
late Pleistocene 6'3C curves of Site 1143 and Leg 154 are less
amplified, and the 6!3C curves at site ODP 1143 are out of phase with
eccentricity in the interval between 4 and 5 Ma. The Mediterranean
8'3Cpian reflects by far best the imprint of an almost in-phase long
eccentricity cycle throughout the Pliocene and Pleistocene (Fig. 3B).
Excluding the planktonic record of Site 1143, all 6'3C time series
display clear 400-kyr cycles in the Pliocene part, which become less
amplified, partly resulting from the edge effect of the band-pass
filtering approach, and in a few cases somehow irregular during the
middle to late Pleistocene (Fig. 3A and B). For instance, in the deep
ocean records of Ceara Rise and the South China Sea two ~500-kyr
cycles appear during the last million years. Consistent with the cross-
spectral results (Table 2), Fig. 3 clearly shows that the filtered 400-kyr
cycles of the §'3Cpe, records, with the exception of the stacked record
of Leg 154, follow the long eccentricity component of the ETP* record
with 30-50 kyr. A total of 13 long-term eccentricity-related 6'>C
maximum events could be recognized in the Mediterranean 613Cplan
record within the last 5Ma, corresponding to long eccentricity
minima and are numbered in a descending order (1-13 in Fig. 3).
This picture is more complicated in the Pleistocene part in most of the
other curves. A visual inspection shows, for example, that the
6'3Cmax event at 0.5Ma (Wang et al., 2004) surpasses that at
0.4 Ma, the last eccentricity minimum at all sites. In addition, '3Cmax
event No III (Wang et al., 2004) falls in between the eccentricity
minima Nos. 3 and 4 and is associated with MIS 25-27. In result, only
12 8'3Cmax are observed at other sites (I-XII in Fig. 3; Table 4), with
one 6'3Cmax less in the Pleistocene. A tuning point in the long-term
613C cycles occurs at ~1.6 Ma, when the 400-kyr periodicity become
blurry obscured. The last 1.6 Myr can be divided into three intervals
that are separated by the 6'>Cmax events at 1.0 Ma and 0.5 Ma (Wang
etal., 2004; Hoogakker et al., 2006; Mohtadi et al., 2006) (Fig. 4B, D, F).

4. Discussion
4.1. Eccentricity pacing of 6'C records

Eccentricity pacing of sedimentary sequences is known from
deposits at least since the early Mesozoic (e.g., Olsen, 1986), but only
limited isotope records are available beyond the Oligocene. High-
resolution 8'3C records from the Paleocene-Eocene boundary sections
in the Pacific, Atlantic and Southern Oceans yielded clear long-term
eccentricity cycles in bulk-samples, and were used for orbital tuning

(Cramer et al., 2003). A similar imprint of the 400-kyr and 100-kyr
cycles on 6'3C and 680 records have been found in the Oligocene to
Middle Miocene time interval (e.g. Wade and Palike, 2004). A general
feature in all these records is that 6'3C heavy values occur at long and
short eccentricity minimum values, as illustrated by three time
intervals in Fig. 5: the middle Oligocene from 26 to 30 Ma (Wade and
Palike, 2004), the Oligocene/Miocene transition from 21 to 24 Ma
(Zachos et al.,, 2001) and the Middle Miocene from 13 to 17 Ma
(Holbourn et al., 2004).

Zachos et al. (2001) argued that in an ice-free world eccentricity
power appeared to be much more amplified in paleoclimate records,
such as 6'3C, than in the current Icehouse world. It has been proposed
that in the ice-free early Paleogene, the ocean is much more
homogeneous, and that the oceanic carbon reservoir responds directly
to orbital forcing, mainly to the precession modulated by the
eccentricity (Cramer et al., 2003; Lourens et al., 2005). In result, the
hydrological and biogeochemical cycles respond to eccentricity in a
correlated way. Because the residence time of carbon in the ocean-
atmosphere-biosphere reservoir is ~10°yr, 63C changes in the
global oceanic reservoir occur only on time scale >10° yr with a
smoothing effect in lower frequencies (Cramer et al., 2003; Katz et al.,
2005; Pilike et al., 2006). With the transfer from the Greenhouse to
the Icehouse world, the insolation control of the global ice volume
becomes the main driving force for 6'30 variations, but the basic
pattern of the 6'3C variations on the long eccentricity time scale
maintained at least until the Middle Miocene.

The significant 400-kyr pacing of Pliocene and Pleistocene deep
ocean 8'3C records has previously been notified (e.g., Mix et al,
1995b). The observed time lag of 30-50 kyr with respect to long-term
eccentricity is comparable to that observed for Miocene records
(Holbourn et al., 2004). Among the Pliocene and Pleistocene 6'>C time
series, highest coherence and an almost in-phase relationship
between isotope records and long eccentricity cycles is found for
the Mediterranean planktonic record (Fig. 3B). The 400-kyr 6'3Cmax
values in the Mediterranean record coincides with the periodically
deposited thick homogeneous marl intervals between large sapropel
groups during the Late Pliocene and Pleistocene or to the thick
homogeneous CaCOs-rich intervals in the Early Pliocene which were
both linked to periods of minimum eccentricity values (Hilgen, 1991;
Lourens et al.,, 1996a, 2004). Intervals of sapropel deposition have
been associated with relatively humid circum-Mediterranean climate
conditions and extensive Nile flooding related to an intensified
African monsoon (e.g. Rossignol-Strick, 1983; Rohling and Hilgen,
1991). Depleted 6'3C values in planktonic foraminifers during
sapropel formation have often been observed, and are generally
linked to a combination of processes such as a shift in the isotopic
composition of the dissolved inorganic carbon (DIC) due to mixing
with the fresh water input (Gudjonsson and van der Zwaan, 1985;
Fontugne and Calvert, 1992).

The strong influence of the 400-kyr cyclicity is not only restricted
to the carbon isotope record of the Mediterranean, but seems evident
in a number of low-latitude environmental records before 1.6 Ma such
as aeolian detritus % in the Arabian Sea (Fig. 4H) (DeMenocal, 1995),
dust flux in the Atlantic (Fig. 4I) (Tiedemann et al, 1994), and
coccolithophore productivity (C3; alkenones concentration) in equa-
torial Pacific (Fig. 4]) (Lawrence et al., 2006). From the above listed
proxies, the dust records are related to the African and Indian
monsoons, and the productivity records to nutrient supply.

The strong imprint of the 400-kyr cyclicity in the low-latitude
climate proxy records is interpreted in terms of a direct response to
the low-latitude insolation changes and hence monsoon variability.

Fig. 2. Power spectra and cross-spectral results of the examined §'®0 and §'3C records against ETP* for the past 5.0 Ma using the Analyseries software package (Paillard et al., 1996).
(A) Data from Leg 138 and 154 and Site 659; (B) data from the Mediterranean and Site 1143. ETP* refers to the sum of the normalized eccentricity (multiplied by — 1), obliquity
(multiplied by — 1) and climatic precession (multiplied by 0.5) time series derived from the La2004 solution (Laskar et al., 2004). All series were interpolated at 1-kyr and detrended.
A parzen window was applied with 800 lags, which coincides with a bandwidth of 0.001875.
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Fig. 2 (continued).
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Table 2
Cross-spectral results between ETP* and stable isotope records (0-5.0 Ma).

Eccentricity Obliquity Climatic precession

400 kyr 125 kyr 95 kyr 41 kyr 23.6 kyr 22.4 kyr 19 kyr

coh pha coh pha coh pha coh pha coh pha coh pha coh pha
Leg 154
6'%0pen 0.75 —654+15  0.66 —10+£19  0.68 19417  0.92 21+7 0.77 15+14  0.86 —124+10 084 —36+11
63Chen 0.57 —1+£24 0.69 130£17 027 — 173461 0.94 —1474+6 0.71 —1334+16 0.20 76+89  0.59 —180422
Leg 138
5'%0pen 0.73 —44415  0.83 10+11 0.69 25417 094 49+6 0.79 53+13 081 74+12 071 63+ 16
6"3Chen 0.74 36+15 0.77 125+14 048 —1674+£30 094 = 1121 2@ 0.63 —44420 0.70 —48+17  0.51 — 9328
Mediterranean
6'%0pn 089 —11+£8 0.78 0+13 0.84 27410  0.92 4847 0.97 58 +4 0.98 60+3 0.98 69+3
" Ciem 091 548 0.73 4415 059 —58+22 0.8 —594+12 094 83+6 0.86 57410 091 77+7
ODP Site 1143
5'%0pen 0.38 —62+41 0.64 13+19 075 31+15 094 3946 0.83 47+ 11 0.90 71+8 0.90 78+8
63Chen 0.62 47420 0.68 93+18  0.50 1734+£29  0.95 —1134+6 0.43 —121+£34 0.78 —82413 0.60 —704+22
6'%0pan  0.19 —13+£94 032 44450 050 92428  0.79 40+12 0.78 224+13  0.62 76 £21 0.33 22448
" Ceam 0.38 —1314+£40 0.52 88+27  0.50 —171+£28 0.89 —80+8 0.37 —254+42 0.52 —564+27  0.61 —70+21
Site 659
6'%0pen 0.77 —25+13 063 —144+20 0.77 11+£13  0.86 35410 0.84 44+ 11 0.63 46420 0.77 70+£13
6"Cpen 0.77 26+14 077 123+13 043 176 £35  0.88 —13249 0.76 —93+14 030 —66+54 075 —55+14

Coherence indicated in bold means at 99% significance level; phase (pha) in degrees; error bars estimated at 90% confidence limits.

This may also explain the almost in-phase relationship between the
400-kyr components of the isotope records in the Mediterranean
planktonic record and long eccentricity cycles (Tables 2 and 3). This
interpretation is in agreement with simple energy balance model
simulations that show that the largest thermal response to the
precession cycles is seen over Africa (Short and Mengel, 1986), and
that the interaction between the twice-yearly passage of the sun
across the equator and the seasonal timing of perihelion increase the
tropical climate response to the eccentricity cycles, implying a strong
response of the African monsoon to the 400, 125 and 95-kyr cycles
(Short et al., 1991; Crowley et al., 1992).

4.2. Pleistocene obscuring of long eccentricity cyclicity in 6'>C records

The frequency change in the deep marine 6'C records from
regular 400-kyr cyclicity in the Pliocene to an approximately 500-kyr
beat during the last million years has previously been notified (Wang
et al., 2003, 2004). It appeared that middle and late Pleistocene long-
term 6'>Cmax events do not correspond unequivocally to eccentricity
minima as for the Pliocene, but occur at high eccentricity values;
6'3Cmax-1I at 0.5 Ma and 6'3Cmax-IIl at 1.0 Ma (Fig. 4B; Wang et al,,
2004). It was argued that the obscured 400-kyr 6'>C signal during the
Pleistocene is mainly driven by the global climate deterioration and

Table 3
Cross-spectral results between ETP* and stable isotope records (0-1.6 Ma).

Eccentricity

400 kyr 125 kyr 95 kyr

coh pha Time lag coh pha Time lag coh pha Time lag
Leg 154
6'%0pen 0.69 =3ae2il =33e23) 0.84 2413 1+4 0.71 11+19 345
63Chen 0.49 — 166436 — 185439 0.79 159 £ 15 5545 0.47 165437 43410
Leg 138
6"%0pen 0.23 53+091 59+101 0.89 20+10 7+4 0.69 15420 445
6"3Chen 0.32 —77£59 —86 466 0.81 157+ 14 5445 0.67 160+ 22 4246
Mediterranean
& i 0.82 1+14 1+15 0.80 4415 1+5 0.75 9+17 2+5
" Ciem 0.82 —46+13 —51+15 0.69 —29420 —10+7 0.76 —118+17 —31+4
ODP Site 1143
6'%0pen 0.76 36+17 40418 0.84 119=E13 7+4 0.74 15+18 4+5
6"Cpen 031 168+ 62 187 +69 0.74 106+ 18 3746 0.76 164+17 4344
5'%0pan 0.56 40429 44 432 0.60 28426 10+9 0.45 62439 16+10
" Cam 0.50 —135+34 —1504+38 0.60 120+ 26 4249 0.87 147 £11 39+3
Site 659
6"%0pen 0.34 49455 54461 0.77 8+16 3+6 0.72 —-2419 —145
6"Cpen 0.22 —66+97 —74+108 0.64 137+24 4848 0.65 136+£23 36+6

Coherence indicated in bold means at 99% significance level; phase (pha) in degrees; error bars estimated at 90% confidence limits.
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Fig. 3. Comparison between the normalized §'C time series of the past 5.0 Ma, ETP*
and their filtered 400-kyr (long eccentricity) components: (A) data from Leg 138 and
154 and Site 659; (B) data from the Mediterranean and Site 1143. See text for further
explanations. Numbers 1-13 denote long eccentricity minima, I-XII mark 6'>Cmax.

the overriding influence of the 41-kyr and 100-kyr glacial cycles on
the open ocean §'3C records (Wang et al., 2004). There is for instance
no astronomical reason for the absence of a 6'>C maximum at the long
eccentricity minimum at 0.8 Ma. Probably this discrepancy is related
to the sharp ~0.3%. decrease in mean ocean 6'>C around 0.9-1.0 Ma
(Raymo et al., 1997), which may have led to the Mid-Pleistocene
Revolution (MPR) around 0.9 Ma (Wang et al., 2004). Presumably, a
drastic change took place in the oceanic carbon reservoir related to
the onset of the 100-kyr dominated glacial world that perturbed the
6'3C response to the long eccentricity cycle.

Similarly, the failure of isotopic response to the eccentricity
minimum at 0.4 Ma originated from the 6'°Cmax-Il event at
~0.5 Ma. Again, the 6'>Cmax-II was followed by a significant negative
813C shift, preceding a major expansion of ice-sheet size at the
beginning of the “Mid-Brunhes Event” (Wang et al., 2003). Both
6'3Cmax-1I and 6'3*Cmax-IIl events were accompanied by extremely
enhanced monsoon and humidity conditions in the low latitudes: The
8'3Cmax-II event (MIS 13) was accompanied by unusual freshwater
discharge to the Indian Ocean (event Y; Bassinot et al., 1994b),
extraordinarily high terrigenous flux in the Amazon Basin (Harris
et al., 1997), and the strongest chemical weathering of paleosol S5-1
in the Chinese Loess Plateau (Guo et al., 1998) (Fig. 9 in Wang et al.,
2004). Similarly, the 6'*Cmax-III event (MIS 27-29) coevaled with a
sudden decrease of Spimiferites in dinoflagellate assemblages off
Congo estuary (Dupont et al., 2001), a major change in CaCOs% off the
Amazon estuary (Bassinot et al., 1997) and in aragonite % at the
Maldivas (Droxler et al., 1990), probably related to enhanced
precipitation in the tropics (Fig. 10 in Wang et al., 2004). However,
high-latitude processes must have played a crucial role in the carbon
shift following these §'>Cmax events. An example is the strong ~1.0%.
negative excursion during MIS 12, which is only observed in benthic
(Fig. 1F, H, and ]) but not in planktonic 6'C records (Fig. 1B and D).
This excursion represents a drastic change in deep-water circulation
preceding the ice-sheet expansion (Wang et al., 2003). Obviously, the
series of climate events, from carbon reservoir changes to ice-sheet
expansion, perturbed normal pace of the eccentricity forcing of cli-
mate as recorded before the Pleistocene.

4.3. Instability of long eccentricity imprint on climate changes

Since the “400-kyr problem” was raised more than two decades
ago, paleoclimate scientists have adopted various approaches to find
out the 400-kyr signal in the isotope records. For example, Rial (2004)
showed that the 400-kyr signal is deeply buried in the 6'0 time
series, but can be concealed by frequency modulation. However, it just
reformulated but not answered the question, because it remains
mysterious why the long eccentricity signal becomes “deeply buried”
in the Pleistocene.

If we look at low-latitude records, the direct 400-kyr imprint on
climate changes is maintained in some proxies in the Pleistocene.
Heavy peak values are traceable for instance at 1.2 Ma and 0.8 Ma in
some of 6'3C series, especially in the Mediterranean (Figs. 1B and 3).
In addition, the equatorial Atlantic reveals a dust flux minimum value
at ~0.4, along with another minimum at 0.5 Ma (Fig. 4I; Tiedemann
et al., 1994). In the equatorial Indian Ocean, the 400-kyr cycles are
observed in primary productivity (Beaufort et al., 1997) whereas the
6'3C and carbonate records from the same site display 500-kyr cycles
(Bassinot et al., 1994a). Obviously, the productivity is a local signal,
while the carbonate reservoir change is global or regional in nature. In
other words, the 400-kyr long eccentricity is still regulating the
intensity of low-latitude processes in the climate system such as
monsoons or, in this case, the ENSO-related Indian Ocean equatorial
westerlies (Beaufort et al., 1997), when the 400-kyr cycles in the
oceanic carbon reservoir were already dampened. Therefore, the
Pleistocene obscuring of 8'2C records at the long eccentricity band
resulted from internal feedback mechanisms inside the ocean-
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Fig. 4. Long eccentricity cycles in carbon isotope and paleoenvironmental records over the past 3 Ma. (A) benthic 6'%0, (B) benthic 6'>C and (C) coarse fraction (%) at ODP 1143,
South China Sea (Wang et al., 2003, 2004); (D) planktonic 6'>C and (E) coarse fraction % at ODP 758, Indian Ocean (Schmidt et al., 1993; Bassinot et al., 1994a); (F) benthic 6'>C and
(G) carbonate % at ODP 607, North Atlantic (Ruddiman et al., 1989; Raymo et al., 1989); (H) aeolian detritus % at ODP 721/722, Arabian Sea (DeMenocal, 1995); (I) dust flux (g/m?/
yr) at ODP 659, eastern equatorial Atlantic (Tiedemann et al., 1994); (J) concentration of C3; alkenones (nmol/g) at ODP 846, equatorial Pacific (Lawrence et al., 2006). Grey bars and

Roman numbers indicate 6>Cmax (I-1IV).

atmosphere-biosphere system, whereas the eccentricity forcing of
the tropical processes remains stable.

The 1.6 Ma transition affects not only the long, 400-kyr, but also
the short, 100-kyr, eccentricity-related signal. Before the Pleistocene,
during the Oligocene-Miocene for example, 6'>C and 6'%0 are more
or less in phase with eccentricity in both the 400 and 100 kyr bands,
with only 18-60 degree lag (Table 1 in Zachos et al., 2001), whereas
during the Pleistocene, the phase relations for the benthic isotope
records became clearly in anti-phase for the 100 kyr band (Table 3). In
other words, the phase relations for the 100-kyr band are starting to
show a similar anti-phase behavior as found for the 41-kyr (obliquity)
component. The anti-phase relationship for the obliquity cycle is
clearly detected in the benthic records of the past 5 Myr (Table 2) and
can be explained by the large imprint of glacial cyclicity, as during full
glacial conditions benthic 6'%0 increases due to temperature and ice
volume, while §'3C decreases due to less continental vegetation,
sluggish THC and so on. When the glacials start to follow a 100-kyr
rhythm, the benthic isotope records show exactly a similar phase
behavior as for the 41-kyr cycle. Thus, when the in-phase 100-kyr
relationship between 680 and 6'3C shifts to an anti-phase relation-
ship we see a decoupling of the 400-kyr eccentricity component.

4.4. Two response models of oceanic carbon reservoir to eccentricity
forcing

Intriguingly, the obscuring of long eccentricity signal in isotopic
records is not restricted to the Pleistocene, and the 400-kyr cycles in
8'3C have been interrupted earlier in the Cenozoic. An example is the
Middle Miocene cooling event associated with expansion of the
Antarctic ice sheet. At the end of Middle Miocene deposition of the
Monterey Formation, an abrupt cooling event at 13.9 Ma is accom-
panied by a sudden disappearance of 400-kyr cycles in 6'3C records
(Fig. 4A) (Holbourn et al., 2005, 2007; Tian et al., 2009). This implies
that the eccentricity cycle is constantly affecting the oceanic carbon
reservoir but not always prominent in deep ocean 6'C records.

The obscuring of long eccentricity signal in 6'3C records at
~1.6 Ma is not accidental, but resulted from a reorganization of the

ocean structure. About 1.6 Ma, glacial 6'3C values in the Southern
Ocean became significantly lower than those in the deep Pacific (Venz
and Hodell, 2002), and the difference between intermediate and
deep-water 6'3C increased between 2.75 and 1.55 Ma, suggesting
enhancement of the chemical divide separating the intermediate and
deep waters in the southern Ocean (Hodell and Venz-Curtis, 2006).
Since the modern Southern Ocean is the most important region in
controlling atmospheric CO, and serves as “a lid to a larger volume of
the deep ocean” (Marinov et al., 2006), the final formation of the
chemical divide 1.6 Myr ago has greatly enhanced the role of the
Southern Ocean in global carbon cycling. Indeed, the occurrences of
6'3Cmax after 1.6 Ma are tightly related to significant changes in
the Southern Ocean. For example, the 6'3Cmax-II about 0.5 Ma was
preceded by deposition of thick monospecific diatom layers 0.544-
0.534 Ma (Gingele and Schmieder, 2001) suggesting seepage of the
Si-rich water from the Southern Ocean. Similarly, the occurrence
of 8'*Cmax-III at about 1.0 Ma followed the Super-Interglacial MIS 31
at1.06 Ma when the Western Antarctic ice sheet collapsed (Pollard
and DeConto, 2009).

The restructure of ocean water in the high-latitude ocean has also
led to a new pattern of upper structure in the equatorial ocean
(Fedorov et al., 2006). Recent studies found that east-west asymme-
try of the modern tropical Pacific Ocean SST and thermocline depth
was established about 1.6 Ma, finally terminating the permanent El
Nifio-like conditions of the Pliocene (Wara et al., 2005; Lawrence
et al,, 2006; Ravelo et al., 2006). Moreover, the ocean water re-
structure at 1.6 Ma also exerted an impact on the climate response to
orbital forcing (Lisiecki and Raymo, 2005).

Although the mechanism behind all the above described chain of
changes at 1.6 Ma remains elusive and much more work is needed for
its exploration, it is clear that the Southern Ocean played a critical role,
and the oceanic carbon reservoir responds to eccentricity forcing
differently with or without large polar ice sheets. Hypothetically, we
can distinguish two models of response: In an ice-free or one-pole ice-
caped Earth, both the oceanic benthic §'0 and 6'C are responding to
eccentricity cycles through modulation of the precession-driven low-
latitude processes (Wang et al, 2004; Wang, 2009). With the
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Fig. 5. Examples of 400-kyr cycles of long eccentricity in benthic foraminifer 5'%0
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(Wade and Pdlike, 2004).

development of large bi-polar ice sheets, the 6'>C response to eccen-
tricity is obscured by the major reorganizations of the ocean circu-
lation, whereas the eccentricity modulation of the precession-driven
low-latitude processes maintains as seen in 613Cplan record of the
Mediterranean basin because of its isolation from the deep-water
circulation of the global ocean.

The key to the long eccentricity question lies in the §'>Cmax
events. We have to find out what happened in the Earth system at
6'3Cmax, and by what mechanism the long eccentricity minimum
leads to 6'3Cmax in the oceanic carbon reservoir. Of particular
importance is to understand the 6'>Cmax in the Pleistocene. Unlike
the 6'3Cmax before 1.6 Ma directly driven by astronomical forcing,
the late Quaternary 8'>Cmax events were obviously related to internal
feedback of the ocean and climate system. This is revealed by the fact
that the Atlantic (Fig. 4G) and Indo-Pacific Oceans (Fig. 4C, E)
displayed opposite trends in carbonate preservation between the
6'3Cmax events. Nonetheless, the 6'>Cmax of different origin share
similar features in the long-term cycles of the oceanic carbon
reservoir. If the past two Pleistocene 6'°Cmax at 0.5 and 1.0 Ma
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Table 4
Comparison between carbon isotope maximum events in the open ocean and
eccentricity minima over the last 5 Myr.

Eccentricity ~ Age 6"°Cmax No. Age 6'80 MIS Reference

minimum No. (Ma) (Ma)

1 Present | 0-0.05 1-3 Wang et al. (2004)
2 0395 1 0.47-0.53 13

3 0.802

" 1.209 111 0.95-1.00 25-27

5 1615 IV 1.55-1.65 53-57

6 2021 V 2.00-2.06 75-77 Wang et al. (2003)
7 2427 VI 2.38-2.44 93-95

8 2.832 VI 2.73-2.80 G7-G9

9 3237 VI 3.20-3.29 KM5-M1

10 3640 IX 3.56-3.61 Gil

11 4042 X 3.97-4.01 Gi20 This paper

12 4444 X1 4.39-442 CN6

13 4846  XII 4.75-4.82 NS6-Si2

were out of phase with long eccentricity minimum, but followed by
rigorous ice-sheet expansion, what does the current 6'>Cmax mean
for the Earth system? This new 6'3Cmax corresponds to eccentricity
minimum, our scientific concern should be not limited to the reduced
amplitude of climate precession, an urgent task is to decipher the long
eccentricity cycle in oceanic carbon reservoir.

5. Conclusions

1. The 400-kyr cycles of long eccentricity are observed in Pliocene
8'3C records from open and marginal settings, with 6'>Cmax
occurring at eccentricity minimum.

2. Since ~1.6 Ma the long eccentricity is obscured in the deep ocean
613C records, suggesting a major change in the oceanic carbon
reservoir probably associated with a glacial-induced restructure of
the Southern Ocean.

3. As the Earth is now passing through another 6'>Cmax and
eccentricity minimum stage, it is crucial to reveal the nature of
6'3Cmax events and its impact on ice-sheet changes. It is impossi-
ble to scientifically predict the future long-term trend of the
climate without understanding the impact of long eccentricity
cycle on the Earth system.
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