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Abstract The foraminiferal 680 and §*3C records for the past 5 Ma at ODP Site 1143 reveal
the linear responses of the Plio-Pleistocene climatic changes in the southern South China Sea to
orbital forcing at the obliquity and precession bands. The phase of the 520 variations with the
orbital forcing is opposite to that of the §*C, which may be caused by the frequent El Nifio events
from the equatorial Pacific. The amplification of the Northern Hemisphere Ice Sheet at ~3.3 Ma
probably affected the development of the 100-ka climatic cycles. Its further spreading may spur
the 100-ka climatic cycle to become the dominant cycle in the late Pleistocene. The “Mid-
Pleistocene Transition” event has localized influence on the isotopic variations in the southern
South China Sea. The foraminiferal 5*3C records for the past 5 Ma at Site 1143 are highly co-
herent with the orbital forcing at the long eccentricity band, and lead the §*°0 records at the
shorter eccentricity band, highlighting the importance of the carbon cycle in the global climate
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change.
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1 Astronomical theory

One of the greatest achievements of the Earth
Sciences in the 20th century is the establishment of the
Milankovitch theory or the astronomical theory'. As
Imbrie pointed out'?, the astronomical theory can be
described as a simple system model. The input to the
system can be defined as changes in the geometry of
the Earth’s orbit or the seasona and latitudinal distri-
bution of incoming solar radiation, whereas the output
to the system can be defined as one or more calculated
climatic indices, such as the total volume of ice on
land and the sea surface temperature. The entire cli-
mate system between the input and the output, with all
of its complex internal mechanisms, is represented by
a set of differential equations which describe how a

given input to the system is transformed into specific
output. For several decades, most of attempts to test
this theory have been carried out in the time domain
by comparing the geological record of climate with
predicted climate curves. For severe demands on the
adequacy of the system model, these attempts ran into
serious difficulties, particularly the inaccuracy of the
geologica time scale and the ambiguity of climatic
predictionéﬂ. An alternate approach, which demands
fewer on the system model, is to compare the geo-
logical record with the model’s input in the frequency
domain4. If the system model is linear, the spectral
characteristics of the output must match those of the
input. The input of the simple model, such as the ge-
ometry of the Earth’'s orbit, has dominant periods of
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413 ka or 404 ka (long eccentricity), 100 ka (eccen-
tricity), 41 ka (obliquity), 23 ka (precession) and 19 ka
(precession). However, in the observed records of
deep-sea sediment properties, the periods are not iden-
tical to the input periods, but vary within a small range
(table 1). For example, the model input 100 ka and
413 ka periods often behave as periods from 90 ka to
110 ka and from 350 ka to 500 ka, respectively'Z. This
theory has widely been accepted for its ability to ac-
count for two climatic cycles of 41 ka and 23 ka that
are phase locked to obliquity and precession respec-
tively.

Table1l Length of someimportant Pleistocene climate cyclesin thou-
sands of years?
Predicted by orbital theory
Linear ~ Simple nonlinear

Observed

Drivingterm  response response in deep-sea cores
models models
Eccentricity — 413 ka 350—500 ka
Eccentricity — 100 ka 90—110 ka
Obliquity 41 ka 41 ka 40—42 ka
Precession 23 ka 23 ka 22—24 ka
Precession 19ka 19ka 185—19.5ka

However, the interpretation of the 100-ka rhythm
remains controversia if taking the climate response to
orbital forcing as linear. The second controversy over
the astronomical theory is the absence of the
late-Pleistocene ice volume cycles in marine 6*°0
records to match the 404-ka cycle in the earth’s eccen-
tricity. The third controversy over the astronomical
theory is the interpretation of the so-called
“Mid-Pleistocene Revolution” or the “Mid-Pleistocene
Transition” event>2,

Two useful measurements to record marine sedi-
ment properties that could be linearly related to some
index of climate are foraminifera 60 and §°C, in
marine microfossils the former is approximately in-
versely proportional to the ice volume on land and the
latter is proportional to the ocean carbon reservoi 2,
In this study we will utilize the benthic and planktonic
foraminiferal 60 and §*°C records from ODP Site
1143 to discuss the response of the local climate
change in the southern South China Sea (SCS) to or-
bital forcing, discussing some existing problems of the
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astronomical theory and attempting to give our an-
swers.

2 Samplesand methods

A total of 1992 samples of both benthic and
planktonic foraminifers from upper 190.77 m at Site
1143 were measured for stable oxygen and carbon
isotopes. The preparation of samples and stable iso-
tope analyses were performed in the Laboratory of
Marine Geology of Tongji University, Shanghai. The
process and methods can be picked up in the refer-
ence®®. The average time resolution of the samplesis 2
—3 ka. By taking the benthic foraminifer §*%0 as the
tuning material and the obliquity and precession as the
tuning target', a 5-Ma astronomical timescale for Site
1143 was established using an automatic orbital tuning
method®?. After the astronomical tuning, the depth of
190.77 m from Site 1143 corresponds to an age of ~5
Ma.

Spectral, cross spectral and digital filtering
analyses were performed on the 6'°0 and 6°C re-
cords at Site 1143 for the past 5 Ma. One technique of
the time series analysis is the spectral analysis, which
is frequently used to extract rhythmic cycles embed-
ded within the climate records. Cross spectral analysis
is also an efficient way to measure the correlation be-
tween two time series at the frequency domain. We use
“ARAND” program from Brown University to do the
spectral and cross spectral analyses. Digital filtering is
used to extract the form of individual cycles at a spe-
cific period (or narrow range of periods) from the
complexity of the total signal. Usually, the band-pass
filtering (filtering of a narrow band or range of the
many periods actually present in a given signa) is
used in the climate records. We use “ANALY SERIES’
program from France to do the filtering analyses.

3 Results
3.1 Digital filtering of the isotopic records

The 100-ka components of the benthic 5§20 are
nearly negligible prior to 3.5 Ma, whereas in the in-
terval of 20—3.5 Ma, the 100-ka components in-
crease in the amplitude and remain relatively constant
in a moderate amplitude (fig. 1(b)). From 2.0 Mato
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1.5 Ma, the 100-ka components of the benthic 520
decrease in the amplitude and remain constant in a
lower level. Just after 1.5 Ma, the 100-ka components
of the benthic 6*%0 gradually increase in the ampli-
tude till to the present. The 100-ka components of the
benthic 6*20 dominate the last 0.6 Ma, with the larg-
est amplitude in the Plio-Pleistocene. Its average am-
plitude during this interval is approximate 0.15%o,
nearly two times the average amplitude of 41-ka or
23-ka components, indicating the dominant role of the
100 ka cycle in the past 0.6 Ma. For the planktonic
50 (fig. 1(f)), it is just after 0.6 Ma that the 100-ka
components gradually increase in the amplitude till to
the present and become the dominant cycle in the Late
Pleistocene. Before 0.6 Ma, the 100-ka components of
the planktonic 6*20 are very small in the amplitude,
similar to the benthic 620 record prior to 3.5 Ma. The
41-ka components of the benthic 6*°0 remain rela-
tively stable in the amplitude throughout the last 5 Ma,
athough there is a small increase in the amplitude af-
ter 2.5 Ma relative to those before 2.5 Ma (fig. 1(c)).
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The amplitude of the 41-ka components of the plank-
tonic 50 is smaller than those of the benthic, and
aso remain relatively stable for the past 5 Ma (fig.
1(g)). The 21-ka components of the benthic 520 re-
main relatively stable in each of the two time intervals,
0—2.5 Ma and 2.5—5.0 Ma (fig. 1(d)). Clearly from
fig. 1(d), the average amplitude of the 21-ka compo-
nents of the benthic 620 is larger in the interval 0—
2.5 Ma than in the interval 2.5—5.0 Ma. For the
planktonic 6'°0 records, the 21-ka components have
no difference in the average amplitude between the
two time intervals (fig. 1(h)). The filtering on the 620
records indicates that the 21-ka components are
stronger in the planktonic 6'°0 but weaker in the
benthic 50, whereas the 100-ka and 41-ka compo-
nents are stronger in the benthic 5*20 but weaker in
the planktonic 5*°0.

Like the 60 records, the 100-ka components of
the benthic §*°C increase in the amplitude after 0.6
Ma, and become the dominant cycle in the last 0.6 Ma
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Fig. 1. Foraminiferal %0 records and their filterings at Site 1143. (&) Benthic Cibicidoides 6*°0 (%., PDB), (b), (c) and (d) are Gaussian band-pass
filterings of () at 100 ka, 41 ka and 21 ka respectively; (), planktonic G ruber 50 (%o, PDB), (f), (g) and (h) are Gaussian band-pass filterings of
(e) at 100 ka, 41 ka and 21 ka respectively. Central frequency and bandwidth are 0.01 ka* and 0.001305 ka*, 0.02439 ka™* and 0.002654 ka*,

0.04761 ka™* and 0.01025 ka™ for 100 ka, 41 ka and 21 ka respectively.
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(fig. 2(b)). Immediately prior to 1.8 Ma, the 41-ka
components of the benthic 6*°C begin to increase in
the amplitude and become the dominant cycle in the
interval of 0.6—1.8 Ma (fig. 2(c)). The 21-ka compo-
nents of the benthic 5*°C are relatively stable in the
amplitude in the past 5 Ma (fig. 2(d)). The 100-ka
components of the planktonic 5C is very weak in the
past 5 Ma, although in some intervals the amplitude is
larger (fig. 2(f)). Just after 1.5 Ma, the 41-ka compo-
nents of the planktonic 6™°C gradually decrease till to
the present, reaching a value close to zero (fig. 2(g)).
This is in contrast to the benthic 5*3C, of which the
41-ka components remain relatively stable in the am-
plitude in the late Pleistocene. The 21-ka components
of the planktonic §*3C gradually increase in the am-
plitude in the last 400 ka, whereas those of the benthic
53C gradually decrease in the amplitude, reaching a
value close to zero at the present (fig. 2(h) and (d)).

3.2 Cross spectrum of the isotopic records with the
orbital forcing

The responses of the climate proxiesto the orbital
forcing may vary with time and space. Even on the
same location, different climate proxies may respond
differently. Are the responses of different time series
coherent with orbital forcing or with one another? Are
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these responses synchronous within a given orbital
cycle? Cross spectral analysis has the ability to meas-
ure the coherency and phase between two time series,
and therefore could answer the above questions in
part.

() Coherency. Cross spectrums between the
isotopic records of Site 1143 and the ETP are analyzed
a intervals of 0—5 Ma. ETP is the sum of the nor-
malized eccentricity, normalized obliquity and nor-
malized negative precession. Table 2 shows the values
of coherency and phase, whereas fig. 3. illustrates the
spectrum and coherency. It is clear from fig.3 that al
of the isotopic spectrums contain moderate to strong
41-ka and 23-ka peaks, and all the records are coher-
ent with the ETP at both obliquity and precession
bands. Generaly, for an individual isotopic record, the
coherency at the obliquity band is the highest among
the three coherencies at the eccentricity, obliquity and
precession bands, such as that of the benthic —5*°0.
Although all time series contain moderate to strong
100-ka cycles, only the benthic —6™0 and §°C are
coherent with the ETP at the eccentricity band (fig. 3(a)
and (c)). The planktonic —5*0 and §™°C records are
not coherent with the ETP at the eccentricity band (fig.
3(b) and (d)). The benthic 6**C contains strong 41-ka
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Fig. 2. Foraminiferal 5**C records and their filterings at Site 1143. (a) benthic Cibicidoides §*C (%o, PDB), (b), (c) and (d) are Gaussian bandpass
filterings of (a) at 100 ka, 41 ka and 21 ka respectively; (), planktonic G. ruber §°C (%o, PDB), (f), (g) and (h) are Gaussian bandpass filterings of

(e) at 100 ka, 41 ka and 21 karespectively. Filtering parametersrefer to fig. 1.
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Table2 Phase relationships and coherency between ETP (sum of normalized eccentricity, normalized obliquity and normalized negative precession)
and isotopic records of Site 1143 for the past 5 Ma

100 ka (eccentricity) 41 ka (obliquity) 23 ka (precession) 19 ka (precession)
coherency phase/(°) coherency phase/(°) coherency phase/(°) coherency phase/(°)
~-5%0(b) 0.7761 134+ 22 0.9866 113+7.9 0.8692 87+15.7 0.8778 885+ 15
-5%0(p) — — 0.8973 121+17.9 0.9367 108 + 32 0.8587 175+ 16
S=C (b) 0.7412 —-60+ 24.2 0.9231 935+11.7 0.8202 985+ 19.1 0.7211 134+ 25
SBC (p) — —62.8+29 0.9043 117 +13.2 0.8546 119+ 16.8 0.7614 162+ 23

Test statistics at 80% level for non-zero coherency = 0.707267. Coherency lower than this value is represented by dashed lines. “b” denotes

benthic foraminifers. “p” denotes planktonic foraminifers.
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Fig. 3. Cross spectrums of ETP with (&) Cibicidoides -0, (b) G. ruber —6*°0, (c) Cibicidoides 6*°C and (d) G ruber 6**C from ODP Site 1143
for the past 5 Ma. Spectral densities are normalized and plotted on alog scale. Solid lines denote the spectrum of ETP. Dashed lines denote the spec-
trum of isotopes. Dotted dashed line denote the coherency. The coherency spectra are plotted on a hyperbolic arctangent scale. The non-zero coheren-
ciesat 80% level are represented respectively by the horizontal solid lines. Grey areas denote the range of the orbital periods of 404 ka, 100 ka, 41 ka,

23 kaand 19 ka.

signals but weak 23-ka signals, whereas planktonic
5"C contains weak 41-ka signals but strong 23-ka
signals (fig. 3(c) and (d)). Both the benthic and plank-
tonic §*3C records contain strong periods near 404 ka,
and the benthic 6°C is coherent with the ETP at the
404-ka band. The 404-ka power density of benthic
53C is as high as that of ETP and the non-zero co-

herency is above 80%. Though there is also a weaker
404-ka cycle in the spectrum of benthic —5%0 relative
to that of the ETP, the coherency between them is
lower than 80% statistical level and therefore indicates
no coherent relationships between them. In general,
the responses of both benthic and planktonic isotopic
records from Site 1143 in the past 5 Ma are linearly
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coherent with the orbital forcing (ETP) at the obliquity
and precession bands, and only the benthic 6™°C re-
cords are linearly coherent with the orbital forcing at
the eccentricity band.

() Phase. As shown in table 2 and fig. 4, al of
the four isotopic series (benthic and planktonic —520
and 6°C maxima) lag the ETP (Northern Hemisphere
summer insolation maxima) at the obliquity band. The
phase of each isotopic series with the ETP varies from
93.5° to 117° (fig. 4(b)), with an average of 111°. In
view of the phase errors which change from 7.9° to
13.2°, the phase of each isotopic series with the ETP
can be taken as equal at the obliquity band. The phase
relationship at the 23-ka precession band is identical to
that at the obliquity band. All the four isotopic series
show a lag phase with the ETP, which vary from 87°
to 119° (fig. 4(c)). Considering the phase errors vary-
ing from 16.8° to 32°, the phase for each of the iso-
topic series at the 23-ka precession band can still be
regarded as equal. The phases described above indi-
cate synchronous responses of the four climatic indi-
ces to the external at the 41-ka obliquity and the 23-ka
precession bands in the past 5 Ma. However, at the
19-ka precession band, the phases of four isotopic se-
ries separate away from one another too much to be
taken as equal (fig. 4(d)). Therefore, the responses of
the four isotopic series are not synchronous at this
precession band. At the 100-ka eccentricity band, the
phase of the oxygen isotopic series is nearly opposite
to the phase of the carbon isotopic series (fig. 4(a)),
indicating contrasting responses to the orbital forcing.

Table 3 and fig. 5 further clarify the phase rela-
tionships between the benthic —5*20 and 6°C at the
three major Milankovitch cycles in two time intervals.
In the time interval 0—2.5 Ma, the benthic —§*%0
(minimum global ice volume) leads the benthic §*C
(maximum continental biomass) at the three ma-
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Max eccentricity 100 ka

Max obliquity 41 ka

23 ka
Min precession
June perihelion

. 19ka
Min precession
June perihelion

—po

Negative phase:
isotope leads
orbital forcing
—bo=benthic —=&"0:
bc =benthic 5°C;

Positive phase:
Q isotope lags
orbital forcing
—po=planktonic-5"0;
pc =planktonic 5"°C

Fig. 4. Phase wheels a Site 1143 of benthic —5"%0, benthic §™C,
planktonic —&"®0 and planktonic §**C with the ETP, at (&) 100-ka band;
(b) 41-ka band; (c) 23-ka band and (d) 19-ka band. The phase is the
averagein thelast 5 Ma.

jor Milankovitch cycles, whereas at time intervals of
2.5—5.0 Ma, the benthic —6"°0 leads the benthic
53C only at the 41-ka obliquity band and the 23-ka
precession band, but lags the benthic 5°C at the ec-
centricity band by about 20°+15°. At Site 1143, the
phase relationship at the 41-ka and 23-ka bands be-
tween the benthic 6*3C and the benthic —5*20 agrees
in most features with those of Sites 849 and 846212,
The difference is that at Site 1143 of the West Pacific,
a time intervals of 0—2.5 Ma, the benthic §°C lags
the benthic —%0 by about 4°4-13° at the eccentricity
band, whereas at Site 849 of the East Pacific, the ben-

Table3 Phase relationship and coherency between benthic —5%0 and §°C at Site 1143 in the past 5 Ma

S 100 ka (eccentricity) 41 ka (obliquity) 23 ka (precession)
Time interval S
coherency phase/(°) coherency phase/(°) coherency phase/(°)
0 2.5Ma 0.8738 -19.7+ 15 0.9776 26.2+6.1 0.7763 419+219
2.5 5Ma 0.9022 40+133 0.9392 43.2+10.3 0.6851 29.8+27.8

Test statistics for non-zero coherency at 80% level = 0.707267.
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—6"0(100 ka)
Min ice volume

-5B0(41ka)
Min ice volume

-S5B0(23 ka)
Min ice volume

Negative phase:
ice volume lags
ocean carbon

Positive phase:
ice volume leads
ocean carbon

Fig. 5. Phase wheels at Site 1143 of the benthic 6**C and the benthic —5*0 at (a) 100-ka band; (b) 41-kar band and (c) 23-ka band. Solid line with
arrow denotes the phase at intervals of 2.5—5.0 Ma. Dashed line with arrow denotes the phase at intervals of 0—2.5 Ma.

thic 6°3C leads the benthic 520 by 12°4-12° at the
sametimeinterval.

4 Discussion
4.1 Synchronous or asynchronous responses

As demonstrated by cross spectral analyses of the
four isotopic series with the ETP, the Plio-Pleistocene
climate in the southern SCS responds linearly to the
orbital forcing at the obliquity and precession bands.
The four isotopic responses at the 41-ka obliquity and
23-ka precession bands are synchronous in the south-
ern SCS, whereas at the 19-ka precession band, the
responses are asynchronous. Even more strange is that
the responses of the =50 and §°C are opposite at
the 100-ka eccentricity band. All of the above conclu-
sions are based on the analysis of a stationary 60
phase with the orbits, which is just the theoretical
premise of the astronomically tuned timescale of Site
1143, No direct evidence exists for a nonstationary
phase relationship between Plio-Pleistocene ice vol-
ume and orbital parameters®3. Taking the benthic
—5"0 as the standard, the isotopic series which lead
the benthic —5*20 can be referred to as early response
group, and those in phase with or dightly lagging the
benthic —5*%0 can be referred to as late response
group 2. The early spatial responses occur in deep

waters of the South Atlantic and Antarctic oceans, and
in surface waters of the Antarctic and tropical oceans;
whereas the late spatial responses occur on land, at a
range of depths in the open borea ocean, and in
low-latitude intermediate waters*¥. The planktonic
50 and §C at Site 1143 are from the surface wa-
ters of the tropical oceans, therefore they should be-
have as early responses according to the standard of
Imbrie et al.2%. But at both the obliquity and preces-
sions, they dlightly lag the benthic —6™0 (fig. 4(b)
and (c)), behaving as late responses, contradicting with
the former partition. The benthic 6°C at Site 1143 is
from the low-latitude intermediate waters, and should
behave as late response according to the standard of
Imbrie et al. (1992)24 Whereas at the obliquity band,
it leads the benthic —5"°0 and behave as the early re-
sponse (fig. 4(b)), aso contradicting with its previous
partition. What force shifts the phase relationships of
the climatic indices with the global ice volume change
as represented by the benthic §%0? As Clement et al.
(1999) pointed out™, changes in the ENSO behavior
can result in amean tropica climate change, and such
achangein the tropical climate can generate aglobally
synchronous climate response to orbital forcing.
Therefore the anomalous phase relationship of the
isotopic variables relative to the benthic —6%0 in the



950

southern SCS can be attributed to the ENSO events
which have been frequently occurring along the equa-
torial Pacific.

4.2 Mid-Pleistocene transition

Since Prell (1982) found the transition of the
dominant cycles from 41-kato 100-ka before and after
0.9 Main the §*0 records from DSDP Site 502B¢,
this transition has been found in many climatic vari-
ables world-wide®81228. The digital filtering of both
benthic and planktonic §*20 at the 100-ka and 41-ka
bands further demonstrate the existence of this tran-
sition in the southern SCS. Clearly from Fig. 1(b)
and (f)), the amplitude of the 41-ka 5**0 compo-
nents is larger than that of the 100-ka §*®0 compo-
nents in the early Pleistocene and the Pliocene. From
1.5 Mato 0.7 Ma, though the 100-ka components of
the benthic 5*°0 gradually increase in the amplitude,
they are still smaller than the amplitude of the 41-ka
components. Just after 0.7 Ma, the amplitude of the
100-ka components exceeds those of the 41-ka
components, indicating the transition of the domi-
nant cycle from 41-ka to 100-ka in the variations of
the deep water properties in the southern SCS. This
transition occurs later in the planktonic 60, at
about 0.5 Ma. However, this transition is not obvi-
ously recorded in the 6°C (fig. 2(b) and (f)). Be-
cause the increase of the 100-ka 60 componentsin
amplitude is gradual, the transition of the dominant
climatic cycles can then be interpreted as a stepwise
but not an abrupt process. The absence of this event
in the foraminiferal §"°C records from Site 1143
suggests the limited influence of the transition. This
transition is not obvious in al the climatic variables
even from a single place.

Although the so-called “Mid-Pleistocene Tran-
sition” is clear in many climatic variables, it still re-
mains as an enigma why the 41-ka to 100-ka climatic
transition occurred in the mid-Pleistocene but not ear-
lier or later. As the contribution of the Earth’s eccen-
tricity with a 100-ka periodicity to the total solar ra-
diation change is less than 0.1%°%%, a satisfactory
answer cannot be obtained from the changes of the
orbital parameters themselves. The shift may have
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arisen from ice sheet dynamics of high latitude when
the ice volume in the Northern Hemisphere exceeded a
certain threshold value®; or the shift was probably a
response to the global carbon cycle that generated
changes in atmospheric CO, concentration®. Evi-
dence from numerical models suggests that cycles of
about 10 ka in length may be required to explain the
high amplitude of the 100-ka cycles?®, therefore
Rutherford and Hondt (2000)[2—31 concluded that the
increased heat flow across the equator or from the
tropics to higher latitudes around 1.5 Ma ago
strengthened the semi-precession cycle in the Northern
Hemisphere, and triggered the transition from 41-ka
cycles to sustained 100-ka glacia cycles. On the
whole, there are two different viewpoints concerning
the mechanism of the “Mid-Pleistocene Transition”,
the high-latitude ice sheet forcing and the tropical
forcing. Still, a great number of studies need to be
done before this problem can be clarified.

4.3 The 100-ka and 404-ka cycles

The explanation of the observed 100-ka climate
cycle in terms of astronomical theory remains contro-
versy. One of the debating sources arises from the fact
that eccentricity affects insolation mainly by modulat-
ing the precession and its direct contribution to the
total radiation is too small to affect the climate change
directly®®®. When did the 100-ka climatic cycle
strengthen? Recent study thinks that this may happen
around 15 Ma ago®. However, fig. 1(b) clearly
shows that the 100-ka cycle of the benthic 620 from
Site 1143 dready strengthened in the amplitude at in-
tervals of 2.0—3.3 Ma. The amplitude in this time
interval has reached the level in the early Late Pleis-
tocene. The same results can be shown in the 100-ka
band-pass filtering of the 6'°0 records from the east
equatorial Pacific and the Atlantic®™2%. Combining the
filtering results, we may suggest that the amplification
of the Northern Hemisphere ice sheet around 3.3 Ma
ago probably affects the development of the 100-ka
climate cycle, and the further amplification of the
Northern Hemisphere ice sheet may make the 100-ka
cycle the dominant climate cycle in the Late Pleisto-
cene.
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Another problem of the astronomical theory is
the absence of the late-Pleistocene ice volume cycles
in marine 60 records to match the 404-ka cycle in
the Earth's eccentricity. As seen from fig. 3(a), an
unnoticeable peak of 404-ka cycle occurs in the
spectrum of the benthic 620 from Site 1143, which
just matches with the 404-ka cycle in the ETP
Unfortunately, the coherency at this period with the
ETP is too low to regard the 404-ka benthic %0
cycle as alinear response.

However, if we measure the coherency of the
benthic 6*°0 with the truncated insolation at 65°N
(value>0) in the time interval 1.2—5.0 Ma, we will
find a strong correlation between them, not only at the
404-ka cycle, but aso at the 124- and 95-ka cycles,
closely matching the three main eccentricity in terms
of periods (fig. 6). High coherencies of the 5§20 with
the truncated insolation at the eccentricity bands sug-
gest that the 520 response prefers warmer portions of
the insolation cycle to colder portions. The energy
balance model of Short et al. (1991)!%2 indicates that
the spectral variances of the modeled sea surface tem-
perature are transferred from the precession band to
the 404- and 100-ka eccentricity bands within the
maximum temperature response of the tropics. This
transfer is due to the interaction of perihelion with the
overhead passage of the Sun at either equinox, which
serves to truncate the effects of the lower portions of
the tropical insolation cycle resulting in concentrations
of power in the temperature spectrum at 404- and
100-ka periods?2. The ice-albedo feedback may be
involved in truncating the effects of high-latitude in-
solation forcing, providing a high-latitude means of
transferring variance via truncation'®. The low-fre-
guency ice volume cycles originate through an asym-
metrical response mechanism that preferentially in-
troduces variances into the climate system from the
warm portions of the eccentricity-modulated preces-
sion cyclé®!, The results from this study may suggest
that the climate responses to the warm and cold parts
of the insolation may be asynchronous before the Late
Pleistocene. This interpretation invokes a simple
nonlinear response to insolation forcing, which seems
to be appropriate to explain the pre-ice-age climate

spectrum.
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Fig. 6. Cross spectral comparison of Site 1143 benthic —5*0 and
truncated insolation (July 65°N) for the interval of 1.2—5.0 Ma. Spec-
tral densities are normalized and plotted on log scales. The coherence
spectrum is plotted on a hyperbolic arctangent scale. Horizontal solid
line denotes the 80% non-zero coherency. 1 and 2, Spectra of insolation
and -6 *80; 3, the coherency.

Cross-spectrums of the benthic 6°°C from Site
1143 and the ETP reveals high coherency at the 404-
and 100-ka eccentricity bands for the past 5 Ma (fig.
3(c)). The middie point of the ETP spectrum at this
band points to ~404 ka, whereas that of the §-C
points to ~460 ka, as well as the middle point of the
coherency spectrum. Why does the 404 ka period in
the ETP change to 460 ka in the 6**C? It remains a
question waiting for further work to answer. The nega-
tive phase of the §*C with the ETP at the 100-ka band
(table 2) indicates the maximum of the eccentricity
lagging the maximum of the §C, an impossible
forcing mechanism. Although a prominent ~460-ka
cycle also occurs in the spectrum of the planktonic
85C (fig. 3(d)), its coherency with the ETP is much
lower than the test statistics, so is the coherency with
the truncated insolation at 65°N. It seems that the cli-
mate truncating response to insolation forcing only
applies to the 50, but not to the §**C, which is re-
lated to the global carbon cycle being rather unique
among the climate variables. By using the record of
50 in atmospheric oxygen trapped in Antarctic ice
at Vostok®, Shackleton (2000) separated the §'°0
signals of ice volume, deep-water temperature, and
additional processes affecting air 6°0 (that is, a
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varying Dole effect)?. Based on the mathematical
analysis, Shackleton (2000) found! that at the 100-ka
period, atmospheric carbon dioxide, Vostok air tem-
perature, and deep-water temperature are in phase with
orbital eccentricity, whereas ice volume lags these
three variables. Combined with the phase relationship
of 60 and 6°C at Site 1143, we suggest that the
100-ka cycle did not arise directly from ice sheet dy-
namics; instead, it was probably the response of the
globa carbon cycle that generates the eccentricity
signal by causing changes in atmospheric carbon di-
oxide concentration. This inference highlights the role
of the global carbon cycle in the global climate change,
and therefore highlights the complexity and impor-
tance of the marine §**C records.

5 Conclusions

The foraminiferal stable 5*°0 and 6™C records
from Site 1143 for the past 5 Ma suggest that the
Plio-Pleistocene climate in the southern SCS responds
linearly to the orbital forcing at the obliquity and pre-
cession bands. The climate responses recorded by the
isotopic records are synchronous in the southern SCS
at the 41-ka obliquity and 23-ka precession bands,
whereas at the 19-ka precession band the responses are
asynchronous. The phase of the foraminiferal —6°0
variations with the orbital forcing is opposite to that of
the §°C variations, which may be caused by the fre-
guent El Nifio events from the equatorial Pacific. The
digital filtering reveals the existence of the
“Mid-Pleistocene Transition” event in the foraminif-
era 580 records in the southern SCS, however, this
transition happened later by ~0.2 Main the planktonic
50 than in the benthic 0. The absence of this
transition event in the §*°C records from Site 1143
may suggest the limited influence of this event. The
amplification of the Northern Hemisphere ice sheet
around 3.3 Ma ago probably affect the development of
the 100-ka climate cycle, and the further amplification
of the northern hemisphere ice sheet may make the
100-ka cycle the dominant climate cycle in the Late
Pleistocene. At the periods from 404 ka to 460 ka, the
foraminiferal 5°C records are highly coherent with
orbital forcing. At the 100-ka period, variations of fo-

Science in China Ser. D Earth Sciences

raminiferal §°C leads that of —5%0, which may in-
dicate that the 100-ka cycle did not arise directly from
ice sheet dynamics, and instead, it was probably the
response of the global carbon cycle that generates the
eccentricity signal by causing changes in atmospheric
carbon dioxide concentration.
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