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Abstract The Oligocene-Miocene transition period was characterized by a decrease in global CO2 levels, expansion of polar
ice sheet, fall in global sea-level, etc. However, the reasons for, and mechanisms of, this global, extreme-cold climate change
event (Mi-1) still remain controversial. Our samples from the core of the Ocean Drilling Program (ODP) Leg 154, Site 926,
located in the equatorial Atlantic, mainly consist of light-gray, nannofossil chalk with foraminifers interbedded with greenish-gray, clayey, nannofossil chalk sediments. Color variation from light-gray layers (up to 80% carbonate content) to dark
layers (~60% carbonate content) was observed to occur cyclically at the meter scale. Therefore, we chose color reflectance
lightness (L*) data as the paleoclimate proxy on which to perform cyclostratigraphic analysis because it could reflect carbonate
content changes. Based on the recognition of the 405 kyr long eccentricity and ~40 kyr obliquity cycles of the L* series, we
tuned the series to establish an absolute astronomical time scale using the published age of the Oligocene-Miocene boundary
(OMB) as the anchor for an absolute age control point. The power spectra of the tuned L* series showed that the long eccentricity signals became significantly weak, while the obliquity signals became strong, from the Late Oligocene to the Early Miocene. The 405 kyr long eccentricity minimum coincided with the 1.2 Myr obliquity node at the OMB, and similar convergences might be closely related to other extreme-cold events in Earth’s history. In addition, the sedimentation accumulation
rate, oxygen isotopes of benthonic foraminifers, and rodents’ per-taxon turnover rate from Central Spain showed the same ~2
Myr cyclicity, which indicates the significant influence of Earth-orbital forcing on the Earth system and ecological evolution
on the million-year time scale.
Keywords
Citation:

Late Oligocene-Early Miocene, ODP Site 926, Lightness, Astronomical time scale, Astronomical forcing
Zou Z Y, Huang C J, Li M S, Zhang Y. 2016. Climate change response to astronomical forcing during the Oligocene-Miocene transition in the
equatorial Atlantic (ODP Site 926). Science China Earth Sciences, doi: 10.1007/s11430-016-5311-y

1. Introduction
The Oligocene-Miocene transition is a worldwide climate
cooling period named Miocene isotope 1 event (Mi-1)
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(Miller et al., 1991; Zachos et al., 1997; Billups et al., 2002;
Tian et al., 2008). This event documents a positive excursion of benthic foraminiferal stable oxygen isotope records,
a reduction of atmospheric CO2, a dramatic fall in the global
sea level, an extension of the Antarctic ice sheet, and a
plausible growth of the Arctic ice sheet (Naish et al., 2001;
Zachos et al., 2001a; Miller et al., 2005; Pagani et al., 2005;
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Hyeong et al., 2014). Meanwhile, biological succession
changed frequently (Wade et al., 2011), accompanied by
warm water fauna being replaced by cold water fauna
(Spezzaferri, 1995) and an increase in ocean paleoproductivity (Diester-Haass et al., 2011). On the continents, the
previous forest-dominating vegetation transformed to shrubbyand-herbaceous-dominating in part of middle-high latitudes
(Akgün et al., 2007; Barreda and Palazzesi, 2007).
In respect of the different responses to the Mi-1 event
around the world (Rasmussen, 2004; Dunai et al., 2005),
various mechanisms have been put forward to explain the
driving force of the Mi-1 event, such as tectonic movement,
change in ocean currents, and astronomical forcing (Raymo
and Ruddiman, 1992; Zachos et al., 2001a, 2001b; Ruddiman,
2008). The key to solving the cause-and-effect, and better
understanding the evolution of the Earth’s climate, lies in
synthesizing all of the responses from the Earth system science perspective (Tian, 2009) by constructing a precise
reference time scale. In this study, we tuned the color reflectance lightness series based on the recognition of the
orbital cycles to construct an absolute astronomical time
scale using the anchor age of the Oligocene-Miocene boundary (OMB), which could be considered as a reference time
scale for global correlation (Huang, 2014). In addition, we
present the significant changes in orbital cycles and accumulation rates before and after the Mi-1 event, which we
deduced from the tuned time series, and then discuss the
possible causative mechanism.
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2. Materials and methods
2.1

Materials

ODP Leg 154, Site 926 (3°43.148′N, 42°54.507′W) is located at the south of Ceara Rise (Figure 1a), where three
holes were drilled (926A, B, and C). The composite depth
extends down to 606 m. In this study, we focus on the Late
Oligocene-Early Miocene interval from 350 to 604 m of
Hole 926B. The predominant sediment of Site 926 is lightgreenish-gray nannofossil chalk with foraminifers alternating with greenish-gray, clayey, nannofossil chalk. The
lithology of the Lower Miocene is similar to that of the Upper Oligocene, but is characterized by the addition of 15%
biosiliceous fragments, predominantly radiolarians (3–8%)
with minor diatoms (0–3%) and silicoflagellates (0–3%).
There is a higher percentage of foraminifers in the carbonate-rich layers. Above 415 m, the color lightness (L*) of
the sediments decreases markedly, with dark-olive-gray,
clay-rich (90%), and light colored layers. The core exhibits
1–1.3 m variations from lighter-gray to greenish-gray (Figure 1b), with carbonate content varying from 80% in the
lighter layers to 60% in the darker layers. There are more
foraminifers and nannofossil in the light layers, and more
clay in the dark layers (Curry et al., 1995). The L*, which is
the highest resolution climate proxy series from Site 926,
was measured every 5 cm with a handheld Minolta color
analyzer by the on-board scientists. According to the accumulation rate of about 20–25 m Myr1, estimated from the

Figure 1 Location of ODP Leg 154, Site 926, and part of the composite core picture with lightness (L*) data. (a) Location map of ODP Leg 154, Site 926
(modified from Curry et al., 1995). The black solid lines are isobaths (unit: m). (b) 430–455 m interval composite core picture and L* data with ~1 m (~40
kyr obliquity) cycles and ~10 m (405 kyr eccentricity) cycles.
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Site 926 report (Curry et al., 1995), the sample interval is
approximately 2–3 kyr, which is of sufficient resolution to
identify the 20 kyr precession cycles. In marine sediments,
color lightness correlates well with the carbonate content
(Balsam et al., 1998, 1999), providing documentation of
paleoclimate changes (Pusz et al., 2011; Zamelczyk et al.,
2013). The benthic foraminiferal stable carbon and oxygen
data from ODP Site 926 used in this study were measured
by Pälike et al. (2006), and ranged from 17.86 to 26.5 Ma.
Paleoproductivity data from ODP Site 926 were measured
from benthic foraminifers by Diester-Hass et al. (2011), and
ranged from 20.2 to 25.4 Ma. Rodent per-taxon turnover
rate came from the rodent fossil research in Central Spain
by van Dam et al. (2006), and ranged from 2.5 to 24.5 Ma.
The OMB is not definitely confirmed in the studied section from Site 926. Fortunately, the identification of foraminifers and nannofossil provides an initial chronological
framework for reference. There are six foraminifer and
seven nannofossil events in this study section (Curry et al.,
1995). Cande et al. (1995), Shackleton et al. (1999, 2000),
Billups et al. (2004) and Pälike et al. (2004, 2006)
progressively refined the calculation of the age of OMB,
which was astronomically calibrated at 23.03 Ma in the latest Geologic Time Scale 2012. This age is located at the
weak amplitude of the 57th 405 kyr long eccentricity cycle,
and the bottom of the C6Cn.2n paleomagnetic event
(Hinnov and Hilgen, 2012; Hilgen et al., 2012).
2.2

Methods

Quasi-periodic orbital variations influence the insolation
distribution on the Earth’s surface, causing periodic climate
change, which could be recorded in the sedimentary successions (Strasser et al., 2006; Hinnov and Hilgen, 2012). In
1941, Milanković quantitatively calculated the summer insolation on the Earth’s surface over the past 600 kyr, and
refined the insolation changes due to variation of orbital
parameters (Milanković, 1941), namely, eccentricity, obliquity,
and precession, which form the basis of the cyclostratigraphy. Laskar et al. (2011) accurately calculated the eccentricity variation curve over the past 50 Myr. The latter
authors concluded that the 405 kyr eccentricity cycle is the
most stable orbital parameter that could be used as the
primary period to calibrate the geological time scale (Hinnov
and Hilgen, 2012).
The L* series were resampled to uniform spacing using
linear interpolation. The series were then prewhitened by
subtracting a 15% weighted average using the lowess
method in the KaleidaGraph software (Cleveland, 1979) to
remove long-term trend, and thus highlight the astronomical
signals (Huang and Hesselbo, 2014). The cyclostratigraphic
analysis was performed by band-pass filtering using the
Gauss algorithm in the AnalySeries 2.0.4 software (Paillard
et al., 1996) to extract the astronomical cycles (e.g., eccentricity and obliquity cycles). Compared with the La2004
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astronomical solution of Laskar et al. (2004), we have thus
tuned the series to the dominant orbital cycle to establish a
high-resolution astronomical time scale (Hinnov, 2004; Wu
et al., 2011). In addition, the series were analyzed with the
2 Multitaper Method (MTM) using the SSA-MTM Toolkit
(Ghil et al., 2002) to obtain spectral analysis graphs with
confidence levels using the robust red noise model.

3. Results
3.1

Spectral analysis in the depth domain

A total of 5095 data points of the lightness residual series
were obtained after final resampling of the 350–604 m
depth interval to 5 cm spacing, and removing the 15%
weighted average (Figure 2d). The power spectrum of the
residual series shows significant peaks at 11.2 and 1.21 m,
as well as weak peaks at 1.38, 1.04, 0.96, 0.65, and 0.55 m
(Figure 2j). Based on the estimated accumulation rate
(20–25 m Myr1) from Site 926 reports, the 11.2 m cycles
correspond to 448–560 kyr, and 1.21 m cycles to 48.6–61
kyr. When tuning the 11.2 m cycles to 405 kyr eccentricity
and 1.21 m cycles to ~40 kyr obliquity cycles, the 0.65 and
0.55 m cycles correspond to ~20 kyr precession cycles. As
shown in the evolutive spectrum of the L* series in the
depth domain (Figure 2g), the gradually decreasing 0.8–1.1
cycles m1 frequencies above 500 m indicate an increase in
the accumulation rate. The sedimentary environment
changed across the OMB at ca. 497 m. Therefore, we separated the whole series into two parts at 497 m. The power
spectrum of the Late Oligocene part shows significant peaks
at 9.8 and ~1 m (Figure 2i), while the Early Miocene part
shows predominant peaks at 11.6 and 1.2 m (Figure 2h).
Thus, from the Late Oligocene to Early Miocene, the wavelengths of the long eccentricity cycles increased from 9.8 to
11.6 m, and the obliquity increased from ~1 to 1.21 m.
3.2

Construction of astronomical time scale

As discussed above, the ~11 m wavelength corresponds to the
405 kyr eccentricity cycles and the ~1.1 m wavelength to the
~40 kyr obliquity cycles. We thus tuned the residual series to
the most stable period of 405 kyr (Hinnov and Hilgen, 2012)
to establish an accurate astronomical time scale. The ~11 m
band-pass filtered output cycles of the 350–604 m interval
returned 23 cycles of 405 kyr long eccentricity in total (Figure 2e). We converted the series from depth to time in order
to obtain a floating astronomical time scale based on the
recognition of the 405 kyr minimal points.
There are many biostratigraphic events near the OMB,
e.g., the last occurrence (LO) of Sphenolithus delphix at the
499.66 m (below OMB) and the first occurrence (FO) of
Paragloborotalia kugleri at 495.67 m (above OMB) (Curry et
al., 1995; Raffi et al., 2006). According to the biostratigraphic
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an absolute time scale from 17.74 to 26.99 Ma.
When we tuned the series using the obliquity cycles,
however, parts of the data series would not fit the theoretical curves perfectly, due to gaps in the data records from the
cores. For example, if applying the obliquity tuning discussed above, the 362–366 m interval (no data) should correspond to four obliquity cycles in the 45th to 46th longeccentricity cycles. Similarly, the 411–414 m interval (no
data) should correspond to four obliquity cycles in the 50th
long-eccentricity cycle, but there are only three ~1.1 m filtered cycles in this series, possibly due to a hiatus causing
one obliquity cycle to be missing in the sedimentary succession. Similarly again, the 595–597 m interval (no data)
should correspond to two obliquity cycles in the 66th longeccentricity cycle, whilst one obliquity cycle also seems to
be missing at each of ca. 374, 432, 471, 490, 529, and 548
m. In addition, the number of obliquity cycles recognized in
one eccentricity cycle is not precisely equal to that of the
theoretical cycles. For example, an additional ~1.1 m cycle
is recorded in the 510–521 m interval (the 59th long-eccentricity cycle), with two relatively shorter cycles thus combined into one obliquity cycle. However, one ~1.1 m cycle
is missing in the 421–431 m interval (the 51th long-eccentricity cycle) and 443–452 m interval (the 53th long-eccentricity cycle), respectively, and two are missing in the
555–565 m interval (the 63th long-eccentricity cycle). Gaps
or hiatuses may explain the missing ~1.1 m cycles. Therefore, it could be concluded that tuning only by obliquity is
not sufficiently accurate, and that adoption of 405 kyr long
eccentricity cycles could avoid this inconsistency.
3.3
Figure 2 Cyclostratigraphic analysis of the lightness series in depth
domain of ODP Hole 926B. (a) Eccentricity of the La2004 astronomical
solution with numbered 405 kyr cycles; (b) obliquity of the La2004 astronomical solution; (c) ~1.1 m filtered cycles of L* series (Gauss filter;
band-pass of 0.88±0.2 cycles m1); (d) L* series; (e) 11 m filtered cycles
(Gauss filter; band-pass of 0.09±0.02 cycles m1); (f) core picture of studied section; (g) evolutive spectrum of L* in depth domain (sliding window
of 15 m); (h)–(i) 2 MTM power spectra of L* of 350–497 m interval (h)
and 497–604 m interval (i); and (j) 2 MTM power spectrum of L* of
350–604 m interval. Confidence levels are shown in the spectra. Significant peaks are labeled in meters.

constraints, we could thus correlate the minimal point at
499.6 m of the ~11 m filtered cycle to the minimal point at
23.09 Ma of the theoretical 405 kyr filtered curve (Laskar et
al., 2004). By analogy, the other 22 minimal points of filtered cycles are tied to the theoretical filtered curve in order
(Figures 2a and e, and the red dash lines therein), resulting in
an absolute time scale of 17.72–26.98 Ma.
Considering the dominance of the ~40 kyr obliquity cycle signal showed in the spectral analysis, we also tuned the
~1.1 m cycles to the theoretical obliquity filtered curve
(Figures 2b and c, and gray dash lines therein), and obtained

Spectral analysis in the time domain

The power spectrum of 405 kyr tuning (Figure 3p) shows
significant peaks at 405 kyr and 40 kyr, and weaker peaks at
~1500, ~750, 130, 102, 48, 33, 29, 24, and 22 kyr. The
power spectrum of 40 kyr tuning (Figure 3q) shows significant peaks at 405, 40, and 20 kyr, and weaker peaks at 781
and 124 kyr. When compared with the spectrum of ETP (the
sum of normalized eccentricity, tilt, and precession) calculated
from the La2004 solution (Laskar et al., 2004) over 17.8–27
Ma (Figure 3t), the good agreement of these two models
indicates that our astronomical time scale is reasonable.
To test the hypothesis that astronomical forcing may be
involved in climate change across the OMB, we compared
the characteristics of the orbital cycle variations of the L*
series of the Late Oligocene (19–23.03 Ma) with that of the
Early Miocene (23.03–27 Ma). Overall, a similar hierarchy
of cycles could be observed in both 405 kyr long eccentricity and ~40 kyr obliquity tuned spectra. Specifically, for
the 405 kyr tuned series, the power spectrum of the Late
Oligocene (Figure 3m) shows the most prominent 405 kyr
cycle and strong 40 kyr cycle, whilst the power spectrum of
the Early Miocene (Figure 3l) shows the most prominent 41
kyr, and weaker 405 kyr and ~1.1 Myr peaks (corresponding
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Figure 3 Comprehensive analysis and comparison among the tuned L*,  18O, and  13C series. (a) Eccentricity of the astronomical model La2004 (Laskar
et al., 2004) with 405 kyr and ~2.4 Myr filtered output; (b) 405 kyr filtered output of the ~40 kyr tuned L* series; (c) obliquity of the astronomical model
La2004 (Laskar et al., 2004) with the ~1.2 Myr long amplitude modulation curve; (d) ~40 kyr filtered output of the ~40 kyr tuned L* series; (e) the ~40 kyr
tuned L* series; (f) and (g) the  18O and  13C series, respectively, calibrated by astronomical time scale (Pälike et al., 2006); (h) the evolutive spectrum of
the 405 kyr tuned L* series; (i) the evolutive spectrum of the ~40 kyr tuned L* series; (j) and (k) the evolutive spectra of the  18O and  13C series, respectively; (l) 2 MTM power spectrum of the 405 kyr tuned L* series of 19–23.03 Ma; (m) 2 MTM power spectrum of the 405 kyr tuned L* series of 23.03–
26.98 Ma; (n) 2 MTM power spectrum of the ~40 kyr tuned L* series of 19–23.03 Ma; (o) 2 MTM power spectrum of the ~40 kyr tuned L* series of
23.03–26.99 Ma; (p) and (q) 2 MTM power spectra of the 405 and ~40 kyr, respectively, tuned whole L* series; (r) and (s) 2 MTM power spectra of the
 18O and  13C series, respectively, of 17.86–26.5 Ma; and (t) 2 MTM power spectrum of ETP series calculated from the La2004 astronomical solution over
17.8–27 Ma (Laskar et al., 2004). Significant peaks are labeled in kyr in the power spectra.

All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported license.
Downloaded to IP: 72.192.214.70 On: 2016-07-08 09:55:26 http://engine.scichina.com/doi/10.1007/s11430-016-5311-y

6

Zou Z Y, et al.

Sci China Earth Sci

to the 1.2 Myr long term obliquity modulation cycles). For
the 40 kyr tuned series, the power spectrum of the Late Oligocene (Figure 3o) shows significant peaks at 405, 40, and
20 kyr, and a weak peak at 95 kyr, whereas the power spectrum of the Early Miocene (Figure 3n) shows prominent
peaks at 40 kyr, and weaker peaks at ~1.2 Myr and at 405
and 20 kyr.
The amplitude of the filtered ~40 kyr obliquity cycles of
the L* series (Figure 3d) are also very low at the nodes of
~1.2 Myr obliquity cycles (gray and blue lines in Figure 3).
Meanwhile, the ~40 kyr obliquity signal show discontinuities in the evolutive spectrum of 405 kyr tuned L* series
(Figure 3h). The evolutive spectra of the 405 kyr tuned and
40 kyr tuned L* series (Figures 3h and i, respectively) are
different from the evolutive spectra of the benthic foraminiferal stable oxygen and carbon isotope ( 18O and  13C,
respectively) series (Figures 3j and k, respectively). The
~40 kyr cycle was prominent in the whole L* series, but the
405 kyr signal was stronger than 40 kyr signal in the  18O
and  13C series. During the 24.2–23.03 Ma interval, the ~40
kyr cycle was prominent in the L* and  18O series, but not
in the  13C series. During the 21.4–20.4 Ma interval, the ~40
kyr cycle was prominent in the L* and  13C series, but not
the  18O series. The different characteristics of each proxy
at the same time interval illustrate the varied mechanisms of
their response to the paleoclimate.
3.4

Variation of the sedimentation accumulation rates

The sedimentation accumulation rate was 20–30 m Myr1 in
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the Late Oligocene and increased to 25–35 m Myr1 in the
Early Miocene at Site 926 and adjacent pelagic area
(Weedon et al., 1997; Shackleton et al., 1999). The accumulation rates based on the 405 kyr tuning and ~40 kyr
tuning options are illustrated in Figures 4e and f, respectively, and are both characterized by the ~2.3 Myr cyclicity,
which corresponds to the ~2.36 Myr amplitude modulation
of eccentricity (Figure 4a). Moreover, the paleoproductivity
series at Site 926 (Figure 4c) (data from Diester-Haass et al.,
2011) and the rodent turnover rates from Central Spain
(Figure 4d) (data from van Dam et al., 2006) also show the
~2.3 Myr cyclicity.

4. Discussion
4.1

An astronomical time scale for the Site 926 Hole B

In this study, we calibrated the L* series of the 350–604 m
interval by tuning the ~11 m wavelengths to the 405 kyr
cycles, which generated a 9.26 Myr long time scale from
17.72 to 26.98 Ma. In addition, constrained by the 405 kyr
cycles, we then calibrated the L* series by tuning the ~1.1 m
wavelengths to the ~40 kyr cycles, generating a 9.25 Myr
long time scale from 17.74 to 26.99 Ma, which is 0.01 Myr
shorter than the 405 kyr tuned series. Without considering
the 405 kyr cycles, the 40 kyr tuned time series would be
further shortened due to gaps in data and interruptions in
sedimentation. Therefore, the 405 kyr tuned time scale for
the L* series of Hole 926B is more precise and robust.
Shackleton et al. (1999) tuned the natural gamma-ray

Figure 4 Comparison of the ~2 Myr filtered output of the paleoclimate proxies and the astronomical solution. (a) Eccentricity of the La2004 astronomical
model (Laskar et al., 2004) with the ~2.4 Myr filtered output; (b) the  18O series at Site 926 (Pälike et al., 2006) with the ~2 Myr filtered output; (c) the
paleoproductivity series at Site 926 (g C cm2 kyr1) (from Diester-Haass et al., 2011) with the ~2.3 Myr filtered output; (d) the rodent per-taxon turnover rate
from Central Spain (Myr1) (van Dam et al., 2006) with the ~2.3 Myr filtered output; (e) the accumulation rate (m Myr1) of the ~40 kyr tuned L* series at Site
926 with the ~2.3 Myr filtered output; and (f) the accumulation rate (m Myr1) of the 405 kyr tuned L* series at Site 926 with the ~2.3 Myr filtered output.
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logging and magnetic susceptibility data from ODP Hole
926B to the target curve of the La1993 astronomical model
(Laskar et al., 1993), and established an astronomical timescale of 14–28 Ma. On this basis, Zachos et al. (2001a) analyzed the benthic foraminiferal  18O series of Hole 926B
at the 411.01–551.51 m interval, generating a timescale
ranging from 20 to 25.04 Ma, which is consistent with the
19.9–24.97 Ma of the same interval in this study. The minor
difference may be due to differences between the La2004
model and the La1993 model. Pälike et al. (2006) re-tuned
the magnetic susceptibility, L*, and stable isotope data to
climatic precession cycles modulated by the ~100 kyr eccentricity cycles of the La2004 solution. The latter authors
obtained a time scale of 17.86–26.5 Ma, which corresponds
to the 17.74–26.37 Ma of the same interval in this study.
Therefore, we conclude that the time scale obtained in this
study is very accurate.
4.2 Climate and ecological change response to astronomical forcing across the OMB
From the Late Oligocene to the Early Miocene, the dominant orbital parameter recorded in the lightness series had
exhibited change. As illustrated in Figures 3l–o, the power
of the 405 kyr cycle gradually weakened after the OMB, but
the power of the ~40 kyr cycle gradually increased, and
these same characteristics can be observed in the evolutive
spectra. Therefore, our results indicate that the sedimentation process is controlled by both precession-eccentricity
and obliquity forcing before 23.03 Ma in the Late Oligocene,
with a strengthening of obliquity forcing after 23.03 Ma in
the Early Miocene.
The Mi-1 event at the OMB corresponds to a coincidence
of a long-eccentricity minima and low-frequency obliquity
amplitude modulation minima (Zachos et al., 2001a), as
documented in the mid-Miocene cooling event by Abels et
al. (2005). Therefore, we can conclude that the Mi-1 event
was probably driven by astronomical forcing (Wang,
2006b). The sedimentary succession of Hole 926B clearly
documented the Mi-1 event, which is characterized by variation in accumulation rates and changes in the depositional
environment (Figures 2g and 4f). The minimal eccentricity
indicates that the Earth’s orbit around the sun approaches a
near perfect circle, whereas the obliquity node indicates a
narrowing between the Tropics of Cancer and Capricorn,
leading to a decrease in the Earth’s seasonality. During this
condition, the equator area would receive more insolation,
while a decline of insolation in the high latitude area would
result in the growth of the ice sheets, corresponding to the
recorded high  18O and  13C values (Zachos et al, 2001b;
Wang, 2006a; Holbourn et al., 2005, 2013). The high  13C
values in 23–21.8 Ma, after the Mi-1 event, could indicate
that the climate changes affected the global carbon cycle
(Zachos et al., 1997, 2001a; Pälike et al., 2006; Raffi et al.,
2006). The increased obliquity forcing in Hole 926B may
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indicate that the sedimentary processes in low latitudes were
significantly influenced by the dominance of obliquity
forcing in high latitudes (Bosmans et al., 2014).
Van Dam et al. (2006) found that rodent per-taxon turnover rates were forced by the ~2.4 Myr eccentricity amplitude modulations, accompanied by the ~1.2 Myr obliquity
cycles. In this study, we report ~2.3 Myr cyclicity in both
accumulation rates (Figures 4e and f) and paleoproductivity
(Figure 4c). Altogether, these concurrent occurrences of
~2.3 Myr cyclicity correlating with the ~2.4 Myr eccentricity cycles demonstrate that the paleoproductivity and
accumulation rate changes were driven by long-term astronomical forcing. However, there is an obvious time lag in
the responses of the accumulation rate, paleoproductivity,
and stable oxygen isotope series to the ~2.4 Myr eccentricity cycles. This may be explained by a time lag between the
variation of astronomical cycles and the onset of the corresponding response and feedback documented in the sedimentary processes on Earth.

5. Conclusions
The paleoclimate proxies of ODP Site 926, Hole B provided
significant evidence of astronomical forcing of climate
changes across the OMB. The Mi-1 extreme-cold event
corresponds to a simultaneous occurrence of a long eccentricity minima and low-frequency obliquity nodes, on which
condition, major climate changes or extreme climate events
are likely to take place. Meanwhile, we found that the primary orbital parameters observed in the L* series have
changed across the OMB. From the Late Oligocene to the
Early Miocene, the eccentricity weakened, but the obliquity
strengthened. In addition, the accumulation rate and
paleoproductivity of Hole 926B recorded the ~2.3 Myr cyclicity of eccentricity amplitude modulation. This evidence
of ~2.3 Myr eccentricity-forced climatic and biotic changes
and a similar ~2.4 Myr cyclicity in continental rodent turnover rates from Central Spain confirm the significant influence of long-period astronomical forcing on the Earth’s
ecological evolution and ocean deposition system.
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