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The last 34 Myr documents the evolution 
from a unipolar to bipolar world

δ13C δ18O forcing
Wavelets

Onset 
unipolar

conditions

Bipolar
conditions
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The carbon cycle, including atmospheric CO2, 
is an important driver of

the cryosphere  
in this Coolhouse to 

Icehouse development

carbon cycle

cryosphere



Carbonate deposition is an important 
part of the carbon cycle

Pälike et al., 2012: detailed view of 
the CCD from Pacific carbonate data

Pacific – OK!

No equivalent Atlantic records 
existed ⇛ until now…

ODP
1264

Carbonate (CaCO3) in the ocean is an 
important regulator of atmospheric 
CO2 thanks to its role in buffering 

atmospheric CO2 variations. 

Deep-sea carbonate deposition itself 
controlled by productivity and 

dissolution



We estimated Southeast Atlantic CaCO3
deposition using XRF ln(Ca/Fe)

Drury et al., 2020, Climate of the Past Discussion
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Calibrated XRF ln(Ca/Fe)

CaCO3 = 79.642 + (2.6441 * ln(Ca/Fe)
(R2 = 0.75723)
± 1 standard deviation
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The ln(Ca/Fe) ratio of X-ray fluorescence core scanning 
data was calibrated to discrete shipboard %CaCO3 data 
to obtain a near-continuous ~316 m %CaCO3 record

Small gaps were 
filled with data 
from Site 1265

At Site 1264: 



We accurately dated 30 million year old 
sequence by identifying orbital beats

3 different tuning approaches were needed across the entire record
because the dominant beat was 

not constant

Drury et al., 2020, CPD; Bell et al., 2014, G-cubed; Liebrand et al., 2016, EPSL



CaCO3 minima were tuned to 
eccentricity(-tilt) maxima from 30-8 Ma

Tilt (when reliable) was used in ~2.4 Myr E minima CaCO3 min to E max

CaCO3 min to E(T) max

Drury et al., 2020, CPD; Bell et al., 2014, G-cubed; Liebrand et al., 2016, EPSL



We used different tuning approaches from 
8-0 Ma because eccentricity was weaker

CaCO3 max to ET(-P) maxBenthic δ18O correlation 1264-LR04

Drury et al., 2020, CPD; Bell et al., 2014, G-cubed; Liebrand et al., 2016, EPSL



The orbital imprint on CaCO3 deposition 
shows three distinct phases

with data from Bell et al., 2014, Liebrand et al., 2016/De Vleeschouwer et al., 2017Drury et al., 2020, CPD



The orbital imprint on CaCO3 deposition 
shows three distinct phases

eccentricity-
driven

e-modulated
precession-

driven
obliquity(+prec.)-

driven

with data from Bell et al., 2014, Liebrand et al., 2016/De Vleeschouwer et al., 2017Drury et al., 2020, CPD



The orbital imprint on CaCO3 deposition 
shows three distinct phases

MCOMMCT

lowest CaCO3
& sed rates

highest CaCO3
& sed rates

LM cooling

eccentricity-
driven

e-modulated
precession-

driven
obliquity(+prec.)-

driven

Drury et al., 2020, CPD with data from Bell et al., 2014, Liebrand et al., 2016/De Vleeschouwer et al., 2017



Eccentricity-paced cyclicity (dissolution?) 
dominates during Miocene warmth

Drury et al., 2020, CPD

TEX86 SSTs

δ18O 
megasplice

%CaCO3

CaCO3 wavelet 
analysis

Super et al., 2018

De Vleeschouwer
et al., 2017

Classic MCO definition

Mass 
accumulation 

rates



Eccentricity-paced cyclicity (dissolution?) 
dominates during Miocene warmth

lowest CaCO3

lowest 
sedimentation 

rates

Prolonged warmth

Classic MCO definition

TEX86 SSTs

δ18O 
megasplice

%CaCO3

CaCO3 wavelet 
analysis

Super et al., 2018

De Vleeschouwer
et al., 2017

Drury et al., 2020, CPD
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Eccentricity-paced cyclicity (dissolution?) 
dominates during Miocene warmth

lowest CaCO3

lowest 
sedimentation 

rates

Prolonged warmth

Classic MCO definition

TEX86 SSTs

δ18O 
megasplice

%CaCO3

CaCO3 wavelet 
analysis

Super et al., 2018

De Vleeschouwer
et al., 2017

Drury et al., 2020, CPD

Mass 
accumulation 

rates

Dissolution 
predates the 

MCO by 1.5 Myr



Precession-driven deposition prevails after 
the mid Miocene climate transition

Cooling and ice growth 
across the MMCT

TEX86 SSTs

δ18O 
megasplice

%CaCO3

Mass 
accumulation 

rates

CaCO3 wavelet 
analysis

Super et al., 2018

De Vleeschouwer
et al., 2017

Drury et al., 2020, CPD



Precession-driven deposition prevails after 
the mid Miocene climate transition

rise of precession
stronger 

eccentricity

Cooling and ice growth 
across the MMCT

Increasing CaCO3

TEX86 SSTs

δ18O 
megasplice

%CaCO3

CaCO3 wavelet 
analysis

Super et al., 2018

De Vleeschouwer
et al., 2017

Drury et al., 2020, CPD
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Precession-driven deposition prevails after 
the mid Miocene climate transition

rise of precession
stronger 

eccentricity

Cooling and ice growth 
across the MMCT

Increasing CaCO3

TEX86 SSTs

δ18O 
megasplice

%CaCO3

CaCO3 wavelet 
analysis

Super et al., 2018

De Vleeschouwer
et al., 2017

Drury et al., 2020, CPD

Mass 
accumulation 

rates

Precession-driven 
CaCO3 could indicate 

reorganisation of 
surface- or deep-water 

circulation in the 
Southeast Atlantic



Obliquity-precession driven CaCO3
dynamics arise after 8 Ma

eccentricity-
driven

e-modulated
precession-

driven
obliquity(+prec.)-

driven

Drury et al., 2020, CPD with data from Bell et al., 2014, Liebrand et al., 2016/De Vleeschouwer et al., 2017



Late Miocene switch from in- to anti-phase
eccentricity δ18O-δ13C relationship

De Vleeschouwer, Drury et al., 2020
Nature Communications

Site 1264 %CaCO3
rise of obliquity 
(+precession)



Late Miocene switch from in- to anti-phase
eccentricity δ18O-δ13C relationship

De Vleeschouwer, Drury et al., 2020
Nature Communications

%CaCO3 obliquity

Eccentricity carbon 
cycle (δ13C) & 

cryosphere (δ18O) 
are in-phase

Eccentricity δ13C & 
δ18O are anti-phase
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High-latitude biomes drove this 
late Miocene in- to anti-phase switch

Arctic cooling: 
Less continental 
carbon storage 

(⇊ δ13C) during cool 
spells (⇈ δ18O) 

More continental 
carbon storage 

(⇈ δ13C) during cool 
spells (⇈ δ18O) 

Monsoon-driven
continental 
weathering

Glacial-driven
continental 
weathering

De Vleeschouwer, Drury et al., 2020
Nature Communications
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Arctic cooling: 
Less continental 
carbon storage 

(⇊ δ13C) during cool 
spells (⇈ δ18O) 

More continental 
carbon storage 

(⇈ δ13C) during cool 
spells (⇈ δ18O) 

Monsoon-driven
continental 
weathering

Glacial-driven
continental 
weathering

De Vleeschouwer, Drury et al., 2020
Nature Communications

High-latitude processes drove this 
late Miocene in- to anti-phase switch

For more information: 



Increased high-latitude forcing could 
cause the ~8 Ma onset of the LMBB

highest CaCO3
& sed rates

Stronger 
high-latitude 
processes

eccentricity-
driven

e-modulated
precession-

driven
obliquity(+prec.)-

driven

Drury et al., 2020, CPD with data from Bell et al., 2014, Liebrand et al., 2016/De Vleeschouwer et al., 2017

LM cooling

Expression of the 
late Miocene 

biogenic bloom
(LMBB)



High-latitude processes may also drive 
the late Miocene biogenic bloom onset
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 ODP 848 CaCO3 MARs
 ODP 849 CaCO3 MARs
 ODP 850 CaCO3 MARs
 ODP 851 CaCO3 MARs

South Atlantic:
 ODP 1264 CaCO3 MARs (this study)

 Eastern Equatorial Pacific (EEP; Lyle et al., 2019):
 IODP U1335 CaCO3 MARs
 IODP U1338 CaCO3 MARs

 ODP 1264 CaCO3 (this study)
 ODP 1264 %CF (Keating Bitoni and Peters, 2019)

Normalised MARs:
 South Atlantic ODP 1264 CaCO3 MARs (this study)
 EEP CaCO3 MARs stack (Lyle et al., 2019)
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Drury et al., 2020, CPD, EEP data from Lyle et al., 2019

Southeast Atlantic 
– 1264

Eastern equatorial Pacific (EEP) 
– Leg 138/Exp 321

Synchronous 
onset of 

LMBB ~8 Ma

Strong obliquity 
appears ~8 Ma

CaCO3 MARs 

LM cooling

Highest CaCO3 (coccolith-driven)



For more information about this research:



A 30 million year CaCO3 view of climate, cryosphere 
and carbon cycle interactions

Drury et al., 2020, CPD

eccentricity-
driven

precession-
driven

obliquity(+prec.)-
driven

LMBB onset 
~8 Ma

Low CaCO3 during 
Miocene warmth

Dissolution?

Increased high-latitude processes

MCOMMCTLM cooling


