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commentary

Convergent Cenozoic CO2 
history
David J. Beerling and Dana L. Royer

Reconstructions of atmospheric carbon dioxide concentrations over the past 65 million years are 
heading towards consensus. It is time for systematic testing of the proxies, against measurements and 
against each other.

Atmospheric carbon dioxide is 
clearly a primary driver of global 
temperature change1, but efforts 

to slow anthropogenic emissions from 
fossil fuel burning and land use change 
are failing. Average increases in the rates 
of fossil fuel CO2 emissions more than 
tripled from 1% per year in the 1990s to 
3.7% per year in the following decade2. 
The Earth’s atmosphere is steadily heading 
towards a burden of greenhouse gases 
not seen for some 20 million years. This 
burden will lead to a warmer future both 
in our lifetime and for generations to 
come as the energy balance of the Earth 
system slowly comes into equilibrium 
with rising greenhouse gas concentrations. 
Our planet’s climatic future can be 
estimated from an understanding of 
ancient climate change without recourse 
to computer models of Earth’s climate 
system — but only if we have reliable 
information on past concentrations of CO2 
in the atmosphere3. 

The past 65 million years (Myr) of 
Earth history is known as the Cenozoic 
era and encompasses large climate 
variations, including the transition from 
an ice-free planet to the onset of the 
Pleistocene glacial–interglacial cycles. 
This interval also saw the origin and 
worldwide diversification of grasses with 
the C4 photosynthetic pathway that today 
dominate savannas4. Over the past 50 Myr, 
the Cenozoic climate trend is characterized 
by a deep-sea cooling of approximately 
12 °C thought to have been forced by 
changes in atmospheric greenhouse 
gas composition3.

A decade ago, efforts to reconstruct 
atmospheric CO2 levels during this era 
showed fundamental disagreements 
between different proxy indicators of 
atmospheric CO2 concentrations5. This 
was especially true for the first half of the 
Cenozoic, with discrepancies between 
proxies5 spanning a range from less than 
300 ppm to more than 3,000 ppm. Our 

extensive compilation of 370 revised 
estimates of Cenozoic CO2 levels (see 
Supplementary Information) reveals 

better agreement and documents a 
coherent pattern of CO2 change, with a 
clear connection to global temperature 
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Figure 1 | Earth’s Cenozoic atmospheric CO2 history by proxy. Deep-sea temperatures3 (upper panel) 
generally track the estimates of atmospheric CO2 (lower panel) reconstructed from terrestrial and 
marine proxies following recent revisions (see Supplementary Information). Errors represent reported 
uncertainties. Symbols with arrows indicate either upper or lower limits. The vertical grey bar on the 
right axis indicates glacial–interglacial CO2 range from ice cores. The top blue bar indicates approximate 
timing of ice-sheet development on Antarctica. Horizontal dashed line indicates the present-day 
atmospheric CO2 concentration (390 ppm).
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•  ~2-­‐fold	
  scaLer	
  in	
  
CO2	
  esAmates	
  	
  

•  Single	
  fossil	
  site:	
  
control	
  for	
  temporal	
  
and	
  geographical	
  
CO2	
  variaAons	
  

•  Compare	
  mulAple	
  
proxy	
  results	
  

•  Early	
  Paleocene:	
  
warm,	
  moderately	
  
elevated	
  CO2	
  

MoAvaAon	
  

Figure	
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PainAng	
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  Jan	
  Vriesen,	
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  Ancient	
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  Project	
  

Castle	
  Rock	
  fossil	
  site	
  

•  Denver	
  Basin,	
  CO	
  
•  63.8	
  +/-­‐	
  0.3	
  Ma	
  
•  Forest	
  floor	
  

preserved	
  by	
  
riverbank	
  
flooding	
  

•  Unusually	
  diverse	
  
•  MAT	
  ~22°C	
  
•  MAP	
  >	
  200	
  cm/yr	
  	
  
•  No	
  previous	
  CO2	
  

esAmates	
  

Ellis	
  et	
  al.	
  (2003	
  
Rocky	
  Mt.	
  Geol.	
  38:	
  
73-­‐100)	
  	
  



Methods	
  &	
  measurements	
  

Fossil	
  cuAcle	
  preparaAon	
  following	
  Kouwenberg	
  et	
  al.	
  (2007	
  
Rev.	
  Paleobot.	
  Palyno.	
  145:	
  243-­‐248)	
  



Methods	
  &	
  measurements	
  

Can’t	
  measure	
  guard	
  cell	
  width	
  on	
  fossils	
  (sunken	
  stomata)	
  so	
  
use	
  measurements	
  on	
  modern	
  relaAves	
  to	
  scale	
  



Franks	
  model	
  results	
  
Ginkgo:	
  median	
  CO2	
  =	
  532	
  ppm	
  (95%	
  CI	
  =	
  433	
  –	
  666	
  ppm)	
  
Sassafras:	
  median	
  CO2	
  =	
  688	
  ppm	
  (95%	
  CI	
  =	
  543	
  –	
  891	
  ppm)	
  
	
  
Biggest	
  sources	
  of	
  uncertainty:	
  A0,	
  gc(op)/gc(max),	
  pore	
  depth	
  



Stomatal	
  Index	
  

Modified	
  from	
  Figure	
  1	
  in	
  Beerling	
  et	
  al.	
  (2009	
  Am.	
  J.	
  Sci.	
  
309:	
  775-­‐787)	
  	
  

Castle	
  Rock	
  Ginkgo	
  
•  from	
  15	
  samples	
  
•  SI	
  =	
  	
  9.48	
  +/-­‐	
  1.12%	
  
•  median	
  CO2	
  =	
  470	
  ppm	
  
•  95%	
  CI	
  =	
  320	
  -­‐	
  766	
  ppm	
  

Previous	
  Ginkgo	
  results	
  
•  64	
  Ma	
  (Beerling	
  et	
  al.,	
  2009)	
  
•  SI	
  =	
  9.42	
  +/-­‐	
  0.57%	
  
•  median	
  CO2	
  =	
  367	
  ppm	
  
•  95%	
  CI	
  =	
  324	
  -­‐	
  707	
  ppm	
  
	
  	
  

SI
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BRYOCARB	
  proxy	
  

•  Liverworts:	
  non-­‐vascular,	
  
lack	
  stomata	
  

•  Passive	
  CO2	
  intake,	
  Δ13C	
  
funcAon	
  of	
  atmospheric	
  
CO2	
  

•  Model	
  inputs:	
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temperature,	
  O2,	
  
irradiance	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Figure	
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  Fletcher	
  et	
  al.	
  (2006	
  Geochim.	
  Cosmochim.	
  Ac.	
  70:	
  5676-­‐5691)	
  



BRYOCARB	
  results	
  

Figure	
  1	
  in	
  Fletcher	
  et	
  al.	
  (2006	
  Geochim.	
  Cosmochim.	
  
Ac.	
  70:	
  5676-­‐5691)	
  

Figure	
  5	
  in	
  Buchmann	
  et	
  al.	
  (1997	
  Oecologia	
  110:	
  120-­‐131)	
  

Depleted	
  plant	
  δ13C	
  →	
  high	
  
atmospheric	
  CO2	
  esAmate	
  	
  
(>	
  1000	
  ppm)	
  

Modern	
  rainforest	
  studies:	
  
atmospheric	
  CO2	
  higher	
  and	
  

δ13C	
  depleted	
  near	
  forest	
  floor	
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Figure 1 | Earth’s Cenozoic atmospheric CO2 history by proxy. Deep-sea temperatures3 (upper panel) 
generally track the estimates of atmospheric CO2 (lower panel) reconstructed from terrestrial and 
marine proxies following recent revisions (see Supplementary Information). Errors represent reported 
uncertainties. Symbols with arrows indicate either upper or lower limits. The vertical grey bar on the 
right axis indicates glacial–interglacial CO2 range from ice cores. The top blue bar indicates approximate 
timing of ice-sheet development on Antarctica. Horizontal dashed line indicates the present-day 
atmospheric CO2 concentration (390 ppm).
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Summary	
  

Figure	
  1	
  in	
  Beerling	
  &	
  Royer	
  (2011	
  Nat.	
  Geosci.	
  	
  4:	
  418-­‐420)	
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•  Stomatal	
  esAmates	
  
(SI,	
  Franks	
  model):	
  
early	
  Paleocene	
  
atmospheric	
  CO2	
  ≈	
  
560	
  ppm	
  

•  Higher	
  than	
  but	
  not	
  
inconsistent	
  with	
  
previous	
  esAmates	
  

•  Liverwort:	
  CO2	
  >	
  1000	
  
ppm	
  (forest	
  floor	
  
effects?)	
  

•  Twofold	
  difference	
  in	
  
esAmates	
  



Future	
  work	
  

•  Measurements	
  on	
  second	
  Castle	
  Rock	
  
Lauraceae	
  morphotype	
  and	
  three	
  unidenAfied	
  
angiosperm	
  taxa	
  →	
  Franks	
  model	
  

•  Try	
  gas	
  exchange	
  model	
  in	
  Konrad	
  et	
  al.	
  (2008	
  
J.	
  Theor.	
  Biol.	
  253:	
  638-­‐658)	
  


