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Few astronomically calibrated high-resolution (≤5 kyr) climate records exist that span the Oligocene–
Miocene time interval. Notably, available proxy records show responses varying in amplitude at 
frequencies related to astronomical forcing, and the main pacemakers of global change on astronomical 
time-scales remain debated. Here we present newly generated X-ray fluorescence core scanning and 
benthic foraminiferal stable oxygen and carbon isotope records from Ocean Drilling Program Site 1264 
(Walvis Ridge, southeastern Atlantic Ocean). Complemented by data from nearby Site 1265, the Site 1264 
benthic stable isotope records span a continuous ∼13-Myr interval of the Oligo-Miocene (30.1–17.1 Ma) 
at high resolution (∼3.0 kyr). Spectral analyses in the stratigraphic depth domain indicate that the largest 
amplitude variability of all proxy records is associated with periods of ∼3.4 m and ∼0.9 m, which 
correspond to 405- and ∼110-kyr eccentricity, using a magnetobiostratigraphic age model. Maxima in 
CaCO3 content, δ18O and δ13C are interpreted to coincide with ∼110 kyr eccentricity minima. The 
strong expression of these cycles in combination with the weakness of the precession- and obliquity-
related signals allow construction of an astronomical age model that is solely based on tuning the 
CaCO3 content to the nominal (La2011_ecc3L) eccentricity solution. Very long-period eccentricity maxima 
(∼2.4-Myr) are marked by recurrent episodes of high-amplitude ∼110-kyr δ18O cycles at Walvis Ridge, 
indicating greater sensitivity of the climate/cryosphere system to short eccentricity modulation of climatic 
precession. In contrast, the responses of the global (high-latitude) climate system, cryosphere, and carbon 
cycle to the 405-kyr cycle, as expressed in benthic δ18O and especially δ13C signals, are more pronounced 
during ∼2.4-Myr minima. The relationship between the recurrent episodes of high-amplitude ∼110-kyr 
δ18O cycles and the ∼1.2-Myr amplitude modulation of obliquity is not consistent through the Oligo-
Miocene. Identification of these recurrent episodes at Walvis Ridge, and their pacing by the ∼2.4-Myr 
eccentricity cycle, revises the current understanding of the main climate events of the Oligo-Miocene.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The early Oligocene–early Miocene Epoch (here referred to as 
“Oligo-Miocene”) constitutes the earliest phase of Earth’s Cenozoic 
Icehouse, characterised by a continental-size ice-cap on Antarctica 
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Fig. 1. Site locations. a) Palaeogeography (∼23 Ma) showing approximate locations of the drill-sites discussed (www.odsn.de). The existence of a significant northern hemi-
sphere Oligo-Miocene ice sheet is currently unknown. WALV stands for Walvis Ridge. b) Modern day bathymetry of the Walvis Ridge with selected ODP Leg 208 sites used 
in this study (Zachos et al., 2004 and references therein).
(Zachos et al., 1992; Coxall et al., 2005). Superimposed on secular 
trends, Earth’s high-latitude climate system, cryosphere, and car-
bon cycle responded to astronomically forced changes in insolation 
during the Oligo-Miocene on time-scales ranging from 10s to 100s 
of thousands of years (kyr) (e.g. Pälike et al., 2006b). However, 
seasonal changes in insolation are affected by very long-period 
amplitude modulations of obliquity and precession that occur on 
million-year (Myr) time scales and are thought to have also played 
a critical role in the occurrence of key palaeoclimatic events.

Over the past ∼30 yrs, understanding of Oligo-Miocene climate 
history from a marine perspective has evolved as new records 
have become available and new proxy records have been devel-
oped. Early interpretations of the Oligo-Miocene climate system 
were based on relatively low-resolution deep-sea stable isotope 
records and were described as a series of Oi and Mi oxygen iso-
tope zones, marked by a maximum δ18O value at their base (Miller 
et al., 1991; Wright and Miller, 1992). These δ18O maxima are of-
ten referred to as Oi and Mi “events”. As higher resolution records 
have become available it has become clear that, similar to the Plio-
Pleistocene, climate change during the Oligo-Miocene is strongly 
paced by variations of Earth’s eccentricity-modulated precession 
and obliquity cycles. The influence of long-period eccentricity and 
obliquity cycles (∼2.4- and ∼1.2-Myr, respectively) on the pac-
ing of the cryosphere and carbon cycle is less well understood, 
although the prolonged absence of seasonal extremes (i.e. summer 
warming) may have played an important role in pacing global or 
high-latitude cooling and glacial expansion on Antarctica (Beaufort, 
1994; Billups et al., 2004; Coxall et al., 2005; Lourens, 1994;
Lourens and Hilgen, 1997; Pälike et al., 2006a, 2006b; Tian et al., 
2008; Turco et al., 2001; Zachos et al., 2001). Records proximal 
to the Antarctic ice sheet provide support for astronomically con-
trolled changes in seasonality having significantly affected high-
latitude climate and the cryosphere (Naish et al., 2001).

Here, we present new high-resolution Oligo-Miocene (30.1–
17.1 Ma) X-ray fluorescence (XRF) core scanning results and ben-
thic δ13C and δ18O records from Ocean Drilling Program (ODP) 
Site 1264 on the Walvis Ridge, located in the southeastern Atlantic 
Ocean. This study builds on a previously published early Miocene 
stratigraphy from the same site (Liebrand et al., 2011). Time-
series analysis, using an initial untuned magnetobiostratigraphic 
age model, indicates that eccentricity is the most strongly ex-
pressed of the astronomical parameters (Liebrand et al., 2011). We 
calibrate the records solely to the ∼110-kyr component of the 
nominal (La2011_ecc3L) eccentricity solution and thereby avoid 
tuning complications arising from unknown phase relations and 
poorly constrained values for tidal dissipation and dynamical el-
lipticity that have affected tuning attempts based on obliquity and 
precession (Laskar et al., 2011; Zeeden et al., 2014). We construct 
a tuned age model by identifying the interference patterns result-
ing from different eccentricity periods (of mainly 95, 99, 124, 131 
kyr/cycle and 405 kyr/cycle, here referred to as “∼110-kyr” and 
“405-kyr” cycles) in signal and target curves and their subsequent 
alignment. We then use the eccentricity-tuned astrochronology 
from Site 1264 to evaluate existing interpretations of astronomi-
cal pacing of Oligo-Miocene records (Abels et al., 2007; Billups et 
al., 2004; Pälike et al., 2006a, 2006b; Tian et al., 2008; Zachos et 
al., 2001) and compare the results to those for the Miocene (Abels 
et al., 2005; Holbourn et al., 2013, 2015) and the Palaeocene–
Eocene (Lourens et al., 2005). We specifically assess the influence 
of the very long period eccentricity (∼2.4-Myr) and the long pe-
riod obliquity (∼1.2-Myr) cycles on the climate/cryosphere of the 
early phase of Earth’s Cenozoic Icehouse.

2. Material and methods

2.1. Site descriptions

The records presented here are derived from two ODP Leg 208 
sites drilled on the Walvis Ridge in the subtropical southeastern 
Atlantic Ocean (Fig. 1): Site 1264 (28◦31.955′S, 2◦50.730′E, 2505 m 
water depth) and Site 1265 (28◦50.101′S, 2◦38.354′E, 3059 m wa-
ter depth) (Zachos et al., 2004). At Site 1264, two holes were 
drilled to ∼280 m below sea floor (mbsf) that yielded relatively 
expanded Oligocene and Miocene strata. No clear primary palaeo-
magnetic signal was discerned in shipboard analysis (Bowles, 2006;
Zachos et al., 2004), but we have transposed magnetostratigra-
phies to Site 1264 through detailed cross-site correlations with 
Sites 1265 and 1266 (28◦32.550′S, 2◦20.610′E, 3798 m water 
depth). Through these correlations four small recovery gaps in the 
Oligocene of Site 1264 are identified and filled with samples from 
Site 1265. Through comparison of integrated magnetobiostratigra-
phies, we compare stable isotope records and astrochronologies 
from the Walvis Ridge composite (primarily derived from Site 
1264) to those from Ceara Rise Sites 926 and 929 (western equa-
torial Atlantic) (Pälike et al., 2006a), Agulhas Ridge Site 1090 (At-
lantic sector of Southern Ocean) (Billups et al., 2004), Equato-
rial Pacific Sites 1218, U1334 and U1337 (Beddow et al., 2016;
Holbourn et al., 2015; Pälike et al., 2006b) and South China Sea Site 
1148 (Tian et al., 2008) (Fig. 1). Detailed site-to-site correlations 
of stable isotope records across the Oligocene–Miocene (Climatic) 
Transition (OMT) are presented in the supplementary information 
(Supp. Fig. S1) and in Beddow et al. (2016).

2.2. X-ray fluorescence core scanning

At Site 1264 the Oligo-Miocene study section is composed of 
CaCO3-rich foraminifer-bearing nannofossil oozes (Zachos et al., 
2004). XRF core scanning data were generated at the MARUM XRF-
laboratory, University of Bremen. For Site 1264 the entire study in-
terval was scanned along the shipboard splice with sufficient over-
lap between holes to enable independent splice review. Four splice 
gaps and/or uncertain tie-points were confirmed in the Oligocene 
part of the shipboard splice of Site 1264 (Fig. 2). To cover these in-
tervals and check for stratigraphic continuity, we also scanned the 
lower Oligocene through lower Miocene of Site 1265. The XRF data 
were collected using an AVAATECH core scanner (Serial No. 12), 
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