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Abstract. Stable isotope records of benthic foraminifera 1 Introduction

from ODP Site 1264 in the southeastern Atlantic Ocean

are presented which resolve the latest Oligocene to earljFarth’s climate has gradually cooled during the past
Miocene (24-19 Ma) climate changes at high temporal res-50 million years in conjunction with declining atmospheric
olution (<3kyr). Using an inverse modelling technique, pCO2 conditions (Zachos et al., 2008). Following the cool-
we decomposed the oxygen isotope record into temperaturtd and rapid expansion of Antarctic continental ice-sheets
and ice volume and found that the Antarctic ice sheet ex-n the earliest Oligocene, deep-sea oxygen isot@péQ)
panded episodically during the declining phase of the long-values remained relatively heavy (2.5 %), indicating perma-
term (~400 kyr) eccentricity cycle and subsequent low short-nent ice cover with a mass as large as 50 % of that of the
term (~100 kyr) eccentricity cycle. The largest glaciations Present-day and bottom-water temperatures-4fC (Lear

are Separated by mu|tip|e |0ng-term eccentricity cyc|esi in-et al., 2004) The Antarctic ice sheets reduced in size dur-
dicating the involvement of a non-linear response mechaing the course of the Oligocene and early Miocene except-
nism. Our modelling results suggest that during the largesing several brief periods of glaciation. One such glaciation
(Mi-1) event, Antarctic ice sheet volume expanded up tois the Mi-1 episode/zone (Miller et al., 1991), which en-
its present-day configuration. In addition, we found that compasses the Oligocene-Miocene transition. Initially, only
distinct ~100 kyr variability occurs during the termination two Oligocene and six Miocene oxygen isotope zones (Oi-
phases of the major Antarctic glaciations, suggesting that clil, Oi-2, Mi-1 — Mi-6) were described (Miller et al., 1991).
mate and ice-sheet response was more susceptible to Shoﬁ.ﬁVGl’&' smaller glaciations were later identified in isotope
term eccentricity forcing at these times. During two of theserécords spanning the latest Oligocene and early Miocene
termination-phases}80 bottom water gradients in the At- and were labeled Mi-1a, Mi-1b, Mi-7, Mi-1aa (Wright and
lantic ceased to exist, indicating a direct link between globalMiller, 1992), Oi-2b.1, Mi-1.1 (Billups et al., 2002) and one
climate, enhanced ice-sheet instability and major oceanostill unnamed zone (Paul et al., 2000). It has long been
graphic reorganisations. suspected that the large-scale changes in Antarctic ice vol-
ume are coupled to long-term eccentricity (2.0-2.6 Myr) and
obliquity (~1.2 Myr) modulations of the Earth’s orbit and ax-
ial tilt (Miller et al., 1991; Wright and Miller, 1992; Beau-
fort, 1994; Lourens and Hilgen, 1997). But, this theory
could only recently be tested through the generation of high-
resolution £10kyr) oxygen isotope records (Zachos et al.,

- (diederik.liebrand@noc.soton.ac.uk) ~ etal., 2002).
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In 2003, the Ocean Drilling Program (ODP) revisited R
Walvis Ridge (29 S) in the southeastern Atlantic Ocean dur- 20Ny T
ing Leg 208 (Zachos et al., 2004). Six sites were drilled along . Site 929 05

Site 926

a depth-transect of which two sites, Site 1264 (2505 m) and
Site 1265 (3083 m), are used in this study to assess the long
term orbital pacing theory of the early Miocene time inter- \
val. Both sites are situated above the level of the present day & 20°s !
lysocline and CCD (Fig. 1). This offers the unique opportu- \
nity to record major changes in regional and/or global ocean
carbon chemistry, ocean circulation and intermediate bot-
tom water chemistry and circulation during key paleoceano-
graphic events (Zachos et al., 2004). Site 1264 was drilled
as the shallow water depth end-member of the Walvis Ridge a
transect and is characterized by an expanded Oligocene an
Neogene sediment sequence (Zachos et al., 2004). Fron
this site, we have generated a high-resoluties3 kyr) and
continuous stable isotope record of the benthic foraminiferal
specieCibicidoides mundulubetween~24-19 Ma. In this
paper, we will compare our new isotope results with those

itude (°)

S w N
Water depth (km)

o

of ODP Site 926 Hole B (3N) at 3598 m water depth and ' B Basi ol
ODP Site 929 Hole A (6N) at 4358 m water depth, both '« s S s pr o ey
from Ceara Rise in the Equatorial Western Atlantic (Flower Latitude (°)

et al., 1997a, Zachos et al., 1997, 2001b; Paul et al., 2000;
Palike et al., 2006a; Shackleton et al., 2000), and the comFig. 1. Site locations and Atlantic Ocean transe(e) Present day
posite record of ODP Site 1090, based on Holes D and E, alfnap of the drill locations of ODP Sites 929, 926, 1264 and 1090.

3699 m water depth from the Agulhas Ridge (&3 in the The white line through the drill locations represents the approxi-

Atlantic section of the Southern Ocean (Billups et al., 2002, Mate transect shown in panel (i) Transect through the current
: 'Equatorial and Southern Atlantic Ocean. Black stars represent drill

2004). In addition, we decompose the marine berghf© : .

. . L locations. Black lines represent present-day water temperatures.
reCF’rd into tempelfature anq ice volume contributions thr()l'!ghSoth graphs were constructed using Ocean Data View (Schlitzer,
an inverse modeling technique (De Boer et al., 2010; B|n-2010) and were then graphically edited.
tanja and Van de Wal, 2008), in order to shed new light upon
the orbital pacing theory of the Antarctic ice sheets during
the Oligocene/Miocene transition. with a Finnigan MAT 253 mass spectrometer and com-

pared to an internal gas standard. The remaining part

was measured at the Department of Geological Sciences
2 Analytical methods of the University of Florida (UF) on two intercalibrated

devices. Of the samples with sufficient specimens, sub-
Samples of approximately 10 g of sediment were taken evergamples of crushed, washed (in hydrogen peroxide) and
2-2.5cm from the latest Oligocene and early Miocene parfyjtra-sonically cleaned (in methanol) foraminiferal calcite
of the Site 1264. The samples were freeze dried, washed (Ilﬂ'om several tests (3—6 on average) was reacted using a com-
tap water), sieved to obtain the larger than 37, 65 and 150 Hnfnon acid bath of orthophosphoric acid at°@using a Mi-
fractions for foraminiferal accumulation rates (not presentedcromass Isocarb preparation system. Isotope ratios of puri_
in this study) and foraminiferal analysis, and dried in evapo-fied CQ, gas were measured online using a Micromass Prism
ration basins. Primarily single specimen samples of the benmass spectrometer. Of the samples with f@ibicidoides
thic foraminifer SpecieQibicidoides mundulusvere plcked mundulusspecimens, whole, washed (in hydrogen perox-
from the >150 um fraction and subsequently analysed. Forige) and ultra-sonically cleaned (in methanol) foraminiferal
every sample, stable oxygen and carbon isotope ratf8®(  test(s) (1-2 specimen) were dissolved using a Finnigan MAT
ands*3C, respectively) were measured and #80 values  Kiel |1l automated preparation system coupled to a Finnigan
were corrected for disequilibrium with seawater by adding MAT 252 mass spectrometer to measure the isotopic ratios
0.64 %o (Shackleton, 1974; Zachos et al., 2001a). of purified CQ gas. The standard NBS-19 and the in-house

Approximately 80 % of the samples were measured at thgat UU) standard “Naxos” were used to calibrate to Vienna

Faculty of Geosciences of Utrecht University (UU) where pee Dee Belemnite (VPDB). Reproducibility (same sample
(uncleaned) foraminiferal tests were dissolved in a Finni-on the same device) is 0.19 %o 620 and 0.13 %o fos13C
gan MAT Kiel Ill automated preparation system. Iso- (Supplement Fig. 1).
topic ratios of purified C@gas were then measured on-line
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Fig. 2. Age model.(a) Transfer of the magnetostratigraphy (Bowles, 2006) from Site 1265 to Site 1264 by means of magnetic susceptibility
(MS) and 600/450 nm colour reflectance (CR) pattern matching. Depth scale is in meters composite depth (mcd). Please note: by trans-
ferring the magnetostratigraphic mid-points from Site 1265 mcd to Site 1264 mcd, they may not look like “mid-points” on Site 1264 mcd.
(b) 3rd order polynomial fit of depthd” through ATNTS2004 (Lourens et al., 2004) chron age’s “

An average offset 0f0.30 %o in 5180 is found between 3 Age model

the analyses of foraminifera from the same samples by the

two labs (Supplement Fig. 1). No correction has been applied®€ecause Site 1264 lacks a good magnetostratigraphy, we
for this offset because a lower resolution record (step sizdransferred the magnetostratigraphic data (Bowles, 2006)
~100kyr), spanning the interval of this study and measuredrom the nearby ODP Site 1265 by pattern matching the
entirely at UF, shows no offset with the UU measurementsmagnetic susceptibility (MS) and colour reflectance (CR,
(B. D. A. Naafs, unpublished data). Furthermore, the rela-600/450 nm) records (Fig. 2, Table 1). Subsequently, we as-
tively small set of samples used to compare the isotope signasigned the Astronomically Tuned Neogene Time Scale 2004
tures between laboratories might not be representative. OnlfATNTS2004) ages of Lourens et al. (2004) to the magnetic
20 outliers were defined by an upper and lower boundary ofeversals and applied a third order polynomial to inter- and
2 standard deviations (of the entire time series) added or subextrapolate the age model. This resulted in an orbital-based
tracted from a 13-point moving average. Because the stabl@ge model without tuning individual peaks to the astronom-
isotope analysis is paired, outliers defined}AC or in 5180 ical solution. We chose to present our data on an un-tuned,
were removed from both records (Supplement Fig. 2). Whereut loosely astronomy-based, timescale to re-examine pre-
possible, outliers were re-measured. After outlier-removal,vious interpretations about the Oligocene and Miocene cli-

the stable isotope records of Site 1264 contain 1754 dat&nate dynamics. Finally, the “Match” algorithm (Lisiecki and
points. Lisiecki, 2002) was applied to correlate the stable isotope

records of Ceara Rise and the Agulhas Ridge to Site 1264.
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with the onset of the Oligocene-Miocene Carbon Maximum,

Table 1. Chron ages.
CM-OM (Hodell and Woodruff, 1994), and corresponds (Za-

Chron Site 1265 Site 1264 ATNTS.  3rdorder  ChOs etal., 1997) with the maximu#i®O values during the
Mid-point  Mid-point 2004 age  polynomial O/M climate transition. The sudden declinef¥C values of
depth (mcd} depth (mcd)  (Ma)*  age (Maf ~0.4 %o, marking the end of the CM-OM aroune21.8 Ma,
C5En ¢) 89.745  214.408 18.524 18.564 coincides with a significant change in the deep-sea carbon
Cén () 90.395 214.878 18.748 18.644 reservoir within the entire Atlantic Ocean (Figs. 3 and 4).
ggzn@m 122-9133 3324528 ;g-gig ;g-igg Power spectral analyses indicate the dominance of the
CoAN () 105,505 231,792 20.709 20.826 Iolrgg-term (400 k_yr) eccentr|_c_|ty cycle in both th#é3C and
C6Bn () 112.720 239.685 21.767 21.662 8+°0 records (Fig. 5). Additional smaller peaks are found
C6Bn () 118.595 245.615 22.268 22.261 at the short (95 and 125kyr) eccentricity periods and to
ggg:i: 8 g;-ggg ;gg-gg; g?gj ggggg a lesser degree at the obliquity (41kyr) period. No clear
c60n.2n 0 124110 252 323 92 902 22934 precession-related peak_s are detected in the power spectra
C6Cn.2n 6) 124.815 253.342 23.030 23.037 even though the resolution of the record3kyr) is well
C6CN.3n §) 126.145  255.298 23.230 23.237 above the Nyquist limit for this cycle. The weak imprint of
C6Cn.3n ¢) 126.740  256.070 23.340 23.317 obliquity at Site 1264 is remarkable, since Sites 926 and 929

2 Midpoints between the top and bottom uncertainties in magnetic reversals (Bowles,revealed a dominant oblqu|ty Slgnal at these times (e'g' Paul

et al., 2000; Flower et al., 1997b). The stronger obliquity

2006). Depth scale is in meters composite depth (mcd).

b Based on calibration shown in Fig. 2. signal at the tropical deep-water Sites 929 and 926, and the
¢ Astronomically Tuned Neogene Time Scale (Lourens et al., 2004). weaker imprint recorded at the high(er) latitude intermediate-
d 3rd order polynomial based on the ATNTS2004 (Lourens et al., 2004) t0 deep-water Sites 1264 and 1090 is still open for specula-
graphed in Fig. 2. tion about possible deep-water sources and teleconnections

between the poles and the equator.
Wavelet analysis confirms the dominance of the 400 kyr

4 Stable isotope results eccentricity-related variability in th&*3C ands*80 records

throughout the time interval studied (Fig. 5, Supplement
The 5180 record of Site 1264 matches that of the Agulhas Fig. 3). The~100 kyr eccentricity-related variations 4480
Ridge Site 1090 very well (Figs. 3 and 4). Both records are,occur during four distinct and two less distinct periods.
however,~0.5 %o heavier than th&'®0 records of Sites 926  These periods are also reflected in the wavelet spectrum of
and 929. These distinét®0 (ands'3C) gradients between 513c although the relative amplitude of thel00 kyr dom-
sites disappeared, however, during two “events*22.9Ma  jnated intervals differs slightly from that of tH&80 record
and ~21.2Ma, which are marked by lowas80 values  (Fig. 5). Sites 1090, 929 and 926 do not show these promi-
(Fig. 4). Especially the'®0 values at Site 929 increased nent~100 kyr dominated intervals. Since these sites are situ-
Significantly dUring these events. Changes in Wind'drivenated approximate|y 1-1.5km deeper than Site 1264, we con-
(Cramer et al., 2009), thermal and/or haline ocean circulasider that they were more vulnerable to carbonate dissolution

tion and in ocean gateway configurations (Von der Heydtthrough changes in the position of the CCD and lysocline.
and Dijkstra, 2006) have been proposed to explain chang-

ing inter- and intrabasinal isotope gradients. We interpret

these events as periods where at the Ceara Rise abyss, 8n Inverse modelling

Antarctic sourced bottom-water mass was present (Woodruff

and Savin, 1989; Billups et al., 2002) and hence as periods\ set of 1-D ice sheet models for West and East Antarc-

in which the prevailing mechanism that kept the gradientstica, Greenland, North America and Eurasia in combination

in place, was briefly£400 kyr) disrupted. The-0.4 %o dif-  with an inverse routine was applied to separatesti® sig-

ference in the averagd®0 values before and after the O/M nal into a temperatures{) and an ice volumes(,) com-

transition at Ceara Rise (Zachos et al., 2001b) is not recordegonent (De Boer et al., 2010, 2011). The model was ini-

at Site 1264, suggesting that a possible flow reversal throughially designed to unravel ice-volume and temperature com-

the Panamanian Seaway (Von der Heydt and Dijkstra, 2006ponents from a global benthit!80 stack (Bintanja et al.,

or changes in abyssal circulation patterns in the Atlantic2005; De Boer et al., 2010), which is anchored in the present

(Miller and Fairbanks, 1983) did not significantly alter the day (PD). Since we have applied this method to Site 1264

8180 composition of the water mass at Site 1264. only, we assumed that the averaJ€O value approximates
The carbon isotope record of Site 1264 is on average 0.1 tohat of the global mean bottom-water for the early Miocene,

0.4 %o heavier than those of Sites 1090, 926 and 929, indicathotwithstanding a mean offset of 0.53 %o to heavier values

ing that Site 1264 bathed in relatively nutrient-depleted inter-with respect to the global stack of Zachos et al. (2001a,

mediate water masses due to its shallower position (Figs. 12008). All calculations are based relative to a BFO

3 and 4). The highest'3C value of almost 2.0 %o coincides value of 3.23 %o (Zachos et al., 2008). Previously performed

Clim. Past, 7, 869880, 2011 www.clim-past.net/7/869/2011/
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Fig. 3. Comparison of early Miocene stable isotope records. High-resolution Atighi ands80 (+0.64 %.) records of ODP Sites 929,

926 (Flower et al., 1997a; Zachos et al., 1997, 2001b; Paul et al., 2a60Re It al., 2006a; Shackleton et al., 2000), Site 1264 (this study)

and Site 1090 (Billups et al., 2002, 2004). Records were matched to Site 1264 in the depth domain using the “Match” algorithm (Lisiecki
and Lisiecki, 2002) and then plotted on the ATNTS-based age model of Site 1264. The Walvis Ridge magnetostratigraphy (Bowles, 2006)
has been transferred from Site 1265 to Site 1264 (see Fig. 2). The vertical dashed lines mark the boundaries of the 400 kyr cycles (Wade anc
Palike, 2004). Latitude, present water depth and average sedimentation rates are given for each site.

sensitivity tests revealed that the error margin around absothe model reconstructions of the late Pleistoceri®0 kyr
lute modeled values is of the order of 10 %. For a thoroughglacial-interglacial rhythm that showed similar in-phase be-
evaluation of the set of 1-D models utilized in this study we haviour for the terminations and a small lag of global ice vol-

refer to De Boer et al. (2011). ume to air temperature of6 kyr for the glacial inceptions
The modeleds; record is assumed to represent a global (Bintanja and Van de Wal, 2008).
value for deep-water temperaturaqyy) relative to the The outcome of our ice-sheet model simulations show that

present day, and was rescaled into continental mean annuahanges i$180 are accompanied by large shiftsAfyy of
Northern Hemisphere (40-80l) air temperature ATny) up to 10-15C (Fig. 6, Supplement Fig. 4). The main sea
using a simple linear equation (Bintanja et al., 2005). Thelevel changes are linked to ice-sheet fluctuations on Antarc-
ice-volume componenBy,) can be expressed in the amount tica. A change from half to full present-day Antarctic ice-
of sea level change, which is equivalent to the amount ofsheet configuration is estimated for Mi-1 at 23 million years
land-ice storage on Antarctica and the Northern Hemisphereago. At this time, the combined West and East Antarc-
(mainly Greenland). For the 400 andl00 kyr oscillations tic ice sheets had reached their maximum size of the time
we find within the uncertainty band of the cross spectral analinterval studied, resulting in a global sea level©2.5m
yses, an in-phase relation betweg&n and §,,, which im- above present-day, indicating that the Antarctic ice sheet had
plies that polar cooling and ice-sheet growth occurred (al-reached (almost) its present-day size. These findings are
most) simultaneously (Fig. 6). This is in agreement with in agreement with estimated apparent sea level variations

www.clim-past.net/7/869/2011/ Clim. Past, 7, 8686, 2011
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Fig. 4. Comparison of early Miocene stable isotope records. For more information see figure caption of @pTBe §13C records.

(b) Thes180 (+0.64 %o) records(c) As in panel (b). but without Site 1090. Gray areas in between the isotope records indicate the changes

in Atlantic (intermediate) deep-watét80 gradients(d) As180 of Sites 1264- 929, 1264- 926, and 1264- 1090, to indicate the changes

in Atlantic (intermediate) deep-watét80 gradients. Shaded lines represent %80 of the 2 kyr resampled data sets. Resampling was

done using a Gaussian-weighted moving average (15 kyr). Thick lines are the corresponding 100 kyr Gaussian-weighted moving averages
Arrows indicate the occurrences of reduced gradients between equatorial and southern Atlantic. These two evernts40€dwr&part.

(e)As in panel (d) but now for 1098 929, 1090- 926 and 926- 929.

related to the East Antarctic ice sheet (Pekar and DeContoyariability, and resultant-100 kyr dominated ice volume
2006), which indicate changes of similar amplitude. Al- and ATny, are preceded by an interval of gradual cool-
though there is a very small amount of Greenland ice volumeang and glacial build-up. In fact, the-100 kyr dominated
modelled, this is probably not significant considering the un-episodes seem to coincide with the termination phase of pe-
certainty of the global mea#t®0 value during this interval  riods of large Antarctic ice sheet expansion (Fig. 6). Follow-
(De Boer et al., 2011). ing the astronomical naming scheme based on the 400 kyr
Wavelet analyses of the sea level and temperature comeycle of Earth's eccentricity (Wade andilike, 2004), the
ponents of$180 revealed an almost similar pattern as the oldest recorded Antarctic ice sheet expansion (Mi-1) starts
8180 record. The episodes 0f100kyr dominateds180 within cycle 58 at~23.4Ma and ends within cycle 57 at

Clim. Past, 7, 869880, 2011 www.clim-past.net/7/869/2011/
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Fig. 5. Walvis Ridge (Site 1264) stable isotope records. Phase wheels represent the phase relatiomﬂj%m(mple) anadb13C (green)

at the(a) 95, (b) 125 and(c) 400 kyr eccentricity periods, where 36fepresents one full cycle. Phase lags increase clockwise and the green
areas represent the 95 % confidence level. Vector length shows coherency (dashed circl@®Bviyelet analysis (Grinsted et al., 2004)
with >95 % confidence levels (black lines) of an eccentricity/obliquity/precession mix calculated after the Laskar et al. (2004) astronomical
solution. Time step size after re-sampling is 2.75 kyr. White dashed lines indicate the (on averagahd~2.4 Myr amplitude modulation

of obliquity and eccentricity. Arrows indicate minima in 400 kyr eccentricity (characterized by a smaller amplitude 100 kyr cycle) that
coincide with maximum ice-sheet expansion. These minima are time@:t or 4 x 400 kyr apart. On top the global spectrum (Torrence
and Compo, 1998) with-95 % confidence level(e) Wavelet analysis and global spectrum — processed as in panel (d)*8@frecord

after removal of>0.5 Myr periodicities using a notch filter (Paillard et al., 199¢) @.0, bw: 2.0) and normalizatior(f) Oxygen isotope

(8180 +0.64 %o) record from Site 1264. Loose dots represent outligy$aussian filters (Paillard et al., 1996)100 kyr, f: 10.0, bw: 2.0)

of the 180 (purple) ands13C (green) records(h) Transferred magnetostratigraphy (Bowles, 2006) from Site 1265 to Site 1264. Black is
normal, white is reversed, gray is uncertdi).Gaussian filters (Paillard et al., 1996) (400 kgr,2.5, bw: 1.0) of the 180 (purple) ana13c

(green) records, with corresponding 400 kyr cycle numbers (Wade @iteeP2004). Gray circles mark maxima of the ice-sheet expansion
phases(j) Carbon isotopest3C) record from Site 1264. Loose dots represent outliggsWavelet analysis and global spectrunséfC —
processed as in panel (d).

~22.6 Ma (Figs. 6 and 7). Similar patterns are reflected by6é Discussion

the ice-sheet expansion phases at 22.3-21.9 Ma (cycles 56—

55), 21.6-21.1Ma (cycles 54-53), and 20.2-19.4Ma (cy-Cross spectral analysis between 180 ands3C records

cles 50-49) of which the latter two periods are close within reveals that both records are highly coherent at the eccentric-

the age estimates of the Mi-1a and Mi-1aa episodes (Wrightty periodicities with thes'3C record slightly lagging180

and Miller, 1992), respectively (Fig. 8). by 36+ 8, 0+ 3 and 5+ 3kyr for the 400, 125 and 95 kyr
periods, respectively (Fig. 5). Almost similar results were
found for thes3C ands180 records of Ceara Rise and the
Pacific Site 1218 for the Oligocene time interval, indicating
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Fig. 6. 1-D inverse modelling output (De Boer et al., 201(@)) Northern Hemisphere (40-8@atitude) annual average air temperature, with
~100 kyr filtered component: 10.0, bw: 2.0) (Paillard et al., 1996) depicted in the backgro(imdwavelet analysis (Grinsted et al., 2004)

of NH temperature variability. Data processed as in FigcpAntarctic ice, with~100 kyr filtered componentf(;: 10.0, bw: 2.0) (Paillard

et al., 1996) depicted in the backgrour{d) Wavelet analysis (Grinsted et al., 2004) of Southern Hemisphere (Antarctic) ice variability (in
meter sea level equivalent). Data processed as in Fig. 5. White dashed lines indieat®®He/r period. Vertical dashed lines and numbers
in italic represent the 400 kyr cycle numbers (Wade aalike, 2004).
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Fig. 7. Pacing of~100 kyr dominated glacial cycles. At the top a Gaussian-weighted moving average (100 kyr) of Sigt8Q64cord

is depicted. The bottom graphs represent eccentricity modulation precession, eccentricity (Laskar et al., 2004) and a 400k Silter (

bw: 1.0) of eccentricity. The 400 kyr numbers of Wade aatike (2004) are shown on top of the 400 kyr eccentricity filter. Becaust!fi@

record of Site 1264 is presented on an un-tuned age model, our 400 kyr cycle marking is tentative and no conclusions should be drawn base
on the phase relation with eccentricity as depicted. For Figs. 3—-8: gray areas indicate cooling periods with+&80d¢sd power, gray and

striped areas indicate 100 kyr “worlds”, white areas are intermediate phases characterized by a greater non-linear response to eccentricity
modulated precession. Thes&00 kyr dominated episodes occux12 x and 4x 400 kyr apart from each other. The Oligocene — Miocene
transition shows up as one of four/five “similar” episodes. It stands apart mainly by the duration of the glaciation phase. Almost comparable
absolute higls180 values are reached during the other glacial episodes as well, but they last too short to be picked up by the moving average.
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Fig. 8. Transcription of latest Oligocene and early Miocene Oi- and Mi-naming scheme through time. Comparison between isotope records
from the Kerguelen Plateau Site 747 and the North Atlantic Sites 563 and 608 (Wright et al., 1992; Wright and Miller, 1992) with Site 1264
(this study). Ages of Sites 563, 608 (Berggren et al., 1995) and magnetostratigraphy of Site 747 (Oslick et al., 1994) have been recalculated
to the ATNTS2004 (Lourens et al., 2004). Site 929 (Zachos et al., 1997, 2001b; Paul et al., 2000) and Site 1090 (Billups et al., 2002, 2004)
are plotted on the Walvis Ridge Site 1264 age model. The Oi- and Mi-zones or episodes were first described at Sites 563, 608 and 747. Thes:
names were then (sometimes erroneously) transposed to Sites 929 and 1090.00tgr dominated intervals described in this study shed

new light on the major zones/episodes in the early Miocene and are close within the age estimates of the previously described Mi-1, Mi-1a
and Mi-1aa zones or episodes. Nevertheless we support a 400 kyr number-based naming scheme (e.g. \Aldcs 20048.

a strong coupling between climate states and changes in theccentricity time scales due to the long residence time of car-
oceanic carbon reservoir (Zachos et al., 1997, 2001b; Paul dion in the ocean. During periods of increased carbon burial
al., 2000; Rilike et al., 2006b). Since insolation changes op-(e.g. highs13C values), atmospheripCO, concentrations
erate predominantly on precession and obliquity time scaleswill drawdown, thereby setting the stage for global cooling
a non-linear mechanism should be involved to transfer poweand ice-sheet expansion. In turn, during glacial phases the
from these high-frequency astronomical periods to the eccenmeridional temperature gradient should be stronger, which
tricity band. Using simple box model experimentslilee may have led to enhanced upwelling intensities and carbon
et al. (2006b) showed that the seasonal insolation cycle caburial (Zachos et al., 2001b). A lowering of the sea level may
drive changes in biosphere productivity and carbon burial oralso have enhanced productivity conditions due to erosion of
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the continental shelves. Evidence for an increase in producSupplementary material related to this

tivity during the Oligocene/Miocene transition was inferred article is available online at:

from benthic foraminifer accumulation rates (Diester-Haasshttp://www.clim-past.net/7/869/2011/

et al., 2011). These changes in marine primary productivitycp-7-869-2011-supplement.pdf

are found to be in phase with long- and short-term eccen-

tricity. Thus, insolation-forced changes in the carbon cycle

may act as an important modulator for global climate change\cknowledgementsiie  are indebted to ~ Geert lttman,
on eccentricity time scales during the early Miocene as wag\"0/d van Dik, Jan Drenth, Jason Curtis, Giana Brown,
found for the Oligocene @ike et al., 2006b). alter Hale, Gert-Jan Reichart, and Klaudia Kuiper for their

(technical) assistance. David Naafs, Martin Ziegler, Steven Bohaty,

The major large-scale Antarctic ice-sheet expansions COClara Bolton, Lucy Stap, Tanja Kouwenhoven, Sietske Batenburg,

incide with 400 kyr eccentricity minima when the power of cpigtian zeeden, Helen Beddow-Twigg, Cristina Sghibartz,
the ~100kyr eccentricity cycle is significantly suppressed saranh O'Dea, Rosanna Greenop, Frits Hilgen, Ellen Thomas,
(e.g. at~23.1,~22.3,~21.4, and~19.8 Ma, black arrows  Dick Kroon, Paul Wilson, Gavin Foster and Eelco Rohling are
in Fig. 5). Since these major ice-sheet expansions do not octhanked for discussing the science and/or commenting on an earlier
cur at every 400 kyr eccentricity minimum, one might expect version of this manuscript. We would like to thank the anonymous
that they are modulated by the long-term eccentricity andreferee and Franck Bassinot for their insightful comments. Luc
obliquity components (e.g. Lourens and Hilgen, 1997; Za-Beaufortis thgnked for editing the mgnuscript. This research used
chos et al., 2001b; Billups et al., 2002Iike et al., 2006a,b). Samples provided by the Ocean Drilling Program, sponsored by
In particular, reduced amplitude of the tilt cycle over hun- the US National Science Foundation and participating countries

. L . . .. under the management of Joint Oceanographic Institutions (JOI),
dred thousands of years in combination with low eccentricity, . study has been made possible by NWO VIDI-grant

values may have favoured Antarctic ice sheet build-up du§,, " 1364 02 007] and VICI-grant no. [865.10.001] assigned to
to on average low summer insolation values (Zachos etal., ;3 | and the European Community’s Seventh Framework
2001b). Except for Mi-1, the link between the long-term programme (FP7/2007-2013) under grant agreement no. [215458]
(~1.2 Myr) obliquity and the {2.4 Myr) eccentricity mod-  to the GTS-next project (D. L. and H. P.).

ulation and the ice-sheet expansion phases are as yet too in-

consistent to suggest a strong causal relationship betweerdited by: L. Beaufort
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