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Summary of model description (supporting Figure 3) 
To illustrate how the different properties of ocean carbonate chemistry vary as the time-
scale of atmospheric CO2 perturbation changes, we use the GENIE Earth system model. 
GENIE is based on the fast climate model of Edwards and Marsh (79), which features a 
reduced physics (frictional geostrophic) 3-D ocean circulation model, coupled to a 2-D 
energy-moisture balance model of the atmosphere and a dynamic-thermodynamic sea-ice 
model. The ocean model includes a representation of marine carbon cycling, based on a 
phosphate control of biological productivity, which has been calibrated against 
observational datasets of ocean geochemistry (80). Of particular relevance to this study is 
the inclusion of a model of the preservation and burial of biogenic carbonates in deep-sea 
sediments (81), also calibrated against observations of modern surface sediment 
composition. Here we additionally include a simple weathering scheme – summarized in 
Archer et al. (82) but described in full below. 

For traceability, the configuration of the model and parameter values employed here 
are identical to that described in (81). In this: the sediment model is run on the same 
36×36 grid as the ocean circulation model, which has 8 levels in the vertical and is forced 
by annual average wind stress and solar insolation. The carbonate sedimentary 
preservation model employed follows the ‘look-up table’ approach of (83). The ocean 
circulation model is run at 100 time-steps per year, with the ocean carbon cycle updated 
at 25 time-steps per year, and the sediments once per year. The only substantive 
difference compared to the model described and evaluated in (81) is the use of a more 
realistic representation of sediment porosity, as described in (84). 

As summarized in Archer et al. (82), a simple terrestrial weathering feedback is 
implemented in GENIE. To configure the weathering scheme, the total pre-industrial 
weathering flux to the ocean of 11.2 Tmol C yr-1 (diagnosed as that balancing the global 
burial rate of CaCO3 in deep-sea sediments – see ‘Summary of model spin-up’, below) is 
first separated into components related to carbonate and silicate rock weathering. An 
equal partitioning between alkalinity derived from carbonate and silicate weathering is 
assumed here, although it should be noted that there is some uncertainty as to what the 
modern ratio should be with GCM-based geochemical simulations predicting a silicate 
weathering contribution ranging from 38% to 61% (85). 

To balance the removal of carbon from the surficial reservoir via silicate 
weathering, a constant CO2 out-gassing flux from volcanic and metamorphic sources (

) of 5.6 Tmol C yr-1 is prescribed. The equations describing the net DIC ( ) and 
ALK ( ) fluxes to the ocean are: 

      (1)  

    (2)  
where  is the baseline weathering flux from carbonate minerals (mol Ca2+ yr-1) 
and  that from calcium-silicate minerals. The dependence on (seasonal) mean 
land surface temperature of the scalar modifiers of carbonate and silicate weathering rate, 

 and , respectively, follow Colbourn (86) (in turn based on Berner (87) and 
Brady (88)): 
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        (3)  

      (4) 
where  is the mean land surface air temperature (SAT) predicted in GENIE at each 
time-step, and  the reference mean (annual average) pre-industrial SAT (here: 8.48°C). 
No plant productivity modifier of weathering is applied, as the particular version of the 
GENIE model used here does not include a representation of terrestrial vegetation. In 
addition, no run-off (rainfall) modifiers are applied. 

 
Description of model spin-up  
The complete climate+carbon cycle model is initially spun up for 20 ky, with weathering 
automatically adjusted to match CaCO3 burial in deep-sea sediments (a ‘closed’ system), 
no bioturbational mixing specified in the sediments, and atmospheric pCO2 continually 
restored to 278 µatm (and δ13C to -6.5‰). We do this to accelerate the time to initial 
steady-state. Following Ridgwell and Hargreaves (81), a 2nd-stage spin-up is then carried 
out, with the global CaCO3 burial rate diagnosed from the 1st-stage spin-up used to 
inform the total weathering rate in the 2nd-stage. This gives a total burial (and hence 
weathering) rate of 11.2 Tmol Ca2+ yr-1. The 2nd-stage spin-up is run for 50 ky with 
bioturbational mixing in deep-sea sediments now enabled (84). Atmospheric CO2 and its 
isotopic composition continue to be restored to pre-industrial values. However, alkalinity 
(and hence DIC) in the ocean is free to evolve in response to any imbalance between 
weathering and sedimentation in the deep sea, making this stage of spin-up an ‘open’ 
system (81). 

The result of the 2-stage spin-up is an atmosphere with pCO2 = 278 µatm 
(prescribed) in equilibrium with mean ocean DIC of 2214 µmol kg-1, and alkalinity of 
2363 µmol kg-1, compared to data-based pre-industrial estimates of 2244 and 2363 µmol 
kg-1, respectively (89). Export production is 9.0 PgC yr-1 for POC, consistent with much 
higher resolution 3D ocean biogeochemical models (90), and 1.3 PgC yr-1 for CaCO3, 
which is within the 0.8-1.4 PgC yr-1 budget range of Feely et al. (91). Mean sediment 
surface composition is 34.8 wt% CaCO3, close to the observationally-based estimate of 
around 35 wt% (81) with the corresponding burial rate of 0.14 PgC yr-1 (1.1 TmolC yr-1) 
consistent with the CaCO3 budget of Feely et al. (91). 
 
Description of model experiments 
An ensemble of experiments is created, with each experiment forced by a linear 
atmospheric pCO2 increase over a specified time interval, with atmospheric CO2 held 
constant thereafter. The interval over which atmospheric pCO2 increases differs in each 
experiment. Here we test intervals of: 10, 20, 50, 100, 200, 500, 1000, 2000, 5000, 
10000, 20000, 50000, and 100000 years. In each of these experiments atmospheric CO2 
changes from ×1 pre-industrial (278 µatm) to ×2 (556 µatm). Hence, each experiment 
differs only in the rate of increase in atmospheric pCO2, which itself is related to CO2 
emissions, albeit in a non-linear and time-varying way. The prescribed trajectories of 
atmospheric pCO2 are shown in Figure 3A. All experiments are run for a total of 100,000 
years and start at the end of the 2nd stage (open system) spin-up. 
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For each of the time-scales of atmospheric pCO2 increase, we have also tested the 
effect of: (i) omitting both the weathering feedback (i.e. fixed weathering fluxes) and 
climate feedback (i.e. rising pCO2 does not lead to surface warming) – ensemble ‘S’, (ii) 
omitting the weathering feedback but including climate feedback (only) – ensemble ‘CS’, 
and (iii) including a calcification feedback (i.e. pelagic carbonate production responds to 
rising pCO2 and ocean acidification) following (92) (but omitting weathering and climate 
feedbacks) – ensemble ‘Scal’. We find that the response of ocean chemistry is broadly 
similar across all ensembles as shown in Figure S1. In the main text, we focus on the case 
with climate and weathering feedbacks. For each ensemble, a control, in which 
atmospheric pCO2 is allowed to freely evolve, is also run (also for 100,000 years). Drift is 
negligible (<<0.1 ppm in atmospheric CO2) over this interval in these control 
experiments. 

 
Accessing model source code and experimental results 
The model code for the version of the GENIE model used in this paper (technically 
called: ‘cGENIE’) can be found here: 
https://svn.ggy.bris.ac.uk/subversion/genie/tags/cgenie-0.9.5 
(svn revision 7128) and includes all configuration and boundary condition files needed to 
carry out the spin-ups, the control experiments, and all four ensembles. 
Contact: Andy Ridgwell (andy@seao2) for access to the svn code repository as well as 
instructions/advice on installing, compiling, and/or running the experiments. 
Comprehensive documentation on running the cGENIE model can also be found in the 
genie-docs directory of the code installation. 
The results of the spin-ups, control experiments, and model ensembles can be found here: 
http://www.seao2.info/cgenie/results/MS.Science2011.SOM/cgenie_output.rar 
(See cGENIE documentation for a description of the model output.) 
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Figure S1. Cross-plots of Ωaragonite vs. pH as a function of the rate of pCO2 increase for 
the four different Earth system model ensembles. As per Figure 3, the trajectories are 
color-coded from red (= 'fast') to blue (= 'slow') and represent a range of time-scales for a 
linear increase in atmospheric pCO2 from ×1 to ×2 pre-industrial CO2. The ensembles are 
configured as follows: ‘S’ – sediment only feedback (no climate, calcification, or silicate 
weathering feedback); ‘CS’ – sediment and climate feedbacks; ‘Scal’ – sediment and 
calcification feedback; and ‘CSW’ – sediment, climate, and silicate and carbonate 
weathering feedbacks (as per Figure 3D). See text above for further details. 
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Figure S2. Marine geological and biotic evidence for environmental changes across the 
PETM in the deep ocean (A-E), and from the ocean margin at Bass River, New Jersey, 
USA (F-I, ODP Leg 174AX). (A) Sediment core image of ODP 1263 at Walvis Ridge in 
the South Atlantic (~1500 m paleo-depth), showing typical abrupt replacement of light-
colored CaCO3 by dark clay layer. (B) % CaCO3 drops to zero at the onset of the event in 
the South Atlantic [dark green, ODP 1263, (24)] but shows little change on Shatsky Rise 
in the equatorial Pacific [light green, ODP 1209, (93)], indicating neutralization of acidic 
seawater along the deep-water flow path (28). (C) Negative carbon isotope excursion 
(CIE) as recorded in bulk carbonates from ODP 1263 and 1262 [red, (24)] and ODP 690 
[purple, (94)]. (D) The number of deep-sea benthic foraminifer species at Walvis Ridge 
Site 1263 [dark blue, (95)] and Maud Rise Site 690 in the Southern Ocean [light blue, 
(96)] decreases due to extinction across the PETM. Diversity is particularly low in the 
Lower CIE assemblage and then gradually recovers over the range of the CIE. (E) 
Surface ocean warming at ODP Site 1209 from Mg/Ca in two planktic foraminifer 
species (97). (F) Negative CIE recorded in bulk carbonates from Bass River sediments 
(98). (G) The number of benthic foraminifers from this outer shelf site is particularly low 
in the Lower CIE assemblage, reflecting stressed environments, potential seasonal anoxia 
and high food supply, but extinction is not as severe as in the deep ocean (99). Diversity 
gradually increases over the range of the CIE. (H) Nannofossil origination (orange) and 
extinction (green) rates (% per unit depth) at Bass River indicate modest turnover at the 
onset and peak of the event, consistent with the greatest level of inferred environmental 
change (37). (I) The quasi-global dominance of the typical low-latitude dinocyst taxon 
Apectodinium during the PETM has been interpreted as the result of global warming and 
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other factors such as seawater nutrient concentrations, salinity (stratification) and 
seasonality (34). Note that Bass River data (F-I) are plotted versus core depth (right axis), 
and correlation to the age scale (in ky relative to the Paleocene/Eocene Boundary, left 
axis, A-E) is only approximated via carbon isotope records (100). The onset of the 
Apectodinium acme (horizontal dashed line) and warming (based on TEX86, not shown) 
leads the onset of the CIE (horizontal black line) by ~5,000 years (100), which is 
consistent with the hypothesis that initial warming caused the injection of 13C-depleted 
carbon by triggering the dissociation of submarine methane hydrates (cf. 101).  
 



 8 

  
Figure S3. The similarity of potential past ocean acidification events to anthropogenic 
ocean acidification is scored based on geological or geochemical evidence for increased 
atmospheric pCO2, decreased pH and carbonate saturation, global warming and massive 
carbon release from geological reservoirs such as volcanism or fossil carbohydrates. A 
detailed list of the specific evidence found for each interval is given in Table S1. The 
extent of change in each parameter is depicted by thick and thin arrows (i.e. strong and 
weaker evidence, respectively), solid lines indicate geological/geochemical proxy 
evidence, dashed lines inferred evidence from related parameters, and question marks the 
lack of independent proxy data. Based on their collective similarity to modern changes, 
past events are scored, where 3 indicates the greatest alikeness and 1 the lowest. 
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Additional Data Table S1 (separate EXCEL file) 
Climate and/or biotic crises of the past 300 My and inferred ocean acidification. Evidence 
is cited as supporting the occurrence of ocean acidification across each event: note that 
biotic responses are often controversial, see text for details. Estimating carbon release 
rates is hindered by poor age constraints, and only total basalt flows are listed for large 
igneous provinces after (102). Independent geochemical proxy evidence is rarely 
available in particular for the ocean but required for unambiguous identification of ocean 
acidification and reduced carbonate saturation. The similarity of past to modern ocean 
acidification depends on the magnitude and duration of the CO2 increase (see Fig. 3), and 
is scored as in Fig. 4: red = 3 (most similar), orange = 2 (partly similar), yellow =1 
(unlike). Arrows indicate increased (⇑), decreased (⇓) and unchanged/unclear (⇔) 
conditions associated with each episode. N/A indicates the lack of any published 
information. 

Additional Data Table S2 (separate EXCEL file) 
Proxy evidence for varying atmospheric pCO2 throughout the past 300 My (displayed in 
Fig. 4B). For the Ekart et al. (142) compilation, original sources were used when 
possible; some data from the Permo-Carboniferous have been supplanted by data from 
(143) and (144). Most pedogenic carbonate estimates were recalculated using a soil 
respiration concentration (S[z]) of 2000 ppm (145). Goethite-based CO2 estimates are 
excluded due to uncertainties in modeling isotopic fractionation factors (146). Boron 
isotope-based CO2 estimates of (147) are excluded due to problems related to diagenesis, 
vital effects of extinct species, and the evolution of seawater δ11B and alkalinity (63, 148-
150). B/Ca CO2-estimates (151) were excluded due to conflicting apparent controls on 
the boron partitioning into planktic foraminifer shells (111, 152, 153). Stomatal ratio 
method calculated as follows: Lower CO2 bound: 1 SR = 1 RCO2; upper CO2 bound: 1 
SR = 2RCO2, where SR = stomatal ratio and RCO2 is the ratio of CO2 in the past relative 
to today [see (154)]; CO2 baseline = 300 ppm; SI baseline = 12.1%). All liverwort-based 
estimates are updated using the atmospheric δ13C record of (155). Many individual CO2 
estimates are based on multiple measurements of the same material. Consult original 
literature for details. All dates are calibrated to the timescale of Gradstein et al. (156). 

Additional Data Table S3 (separate EXCEL file) 
Phanerozoic seawater [Mg2+] and [Ca2+] from observations (71) and model estimates 
(72). Data are displayed in Fig. 4D.  



 
 

 
 

10 

References for fossil diversity and geologic distribution shown in Figure 1, including 
photo credits. Note that Cretaceous dinocyst diversity is studied in greater detail than 
other periods, possibly biasing evolutionary trends. 
Species and credits are listed from left to right for each group of organisms. 
 
 
Group of organisms and 
references for fossil 
diversity 

Species Credit 

Impagidinium aquaductum Appy Sluijs, Utrecht 
Univerity 

Organic-walled Dinocysts 
(213) 

Apectodinium 
homomorphum 

Appy Sluijs, Utrecht 
University 

Coccolithus pelagicus Patrizia Ziveri, Universitat 
Autònoma de Barcelona 

Discoaster Patrizia Ziveri, Universitat 
Autònoma de Barcelona 

Calcareous Nannofossils 
(22) 

nannoconid Paul Bown, University 
College London 

Globigerinoides sacculifer Janina Ruprecht, Lamont-
Doherty Earth Observatory 

Acarinina sp.  Suzanne Jennions, Bristol 
University 

Planktic Foraminifers 
(214-216) 
 

Rugoglobigerina rugosa Brian Huber, Smithsonian 
Institution 

Cibicidoides wuellerstorfi Ellen Thomas, Yale 
Tappanina selmensis Ellen Thomas, Yale 
Siphonodosaria sp.  Ellen Thomas, Yale 

Benthic Foraminifers 
(215, 217) 

Triticites secalicus John Groves, University of 
Northern Iowa 

Cladocora caespitosa Eva Calvo, Institut de 
Ciències del Mar, CSIC 

Shallow Reef Builders 
(32, 134, 217) 

Thecosmilia trichotoma 
 

Antje Dittmann, Museum 
für Naturkunde at 
Humboldt University 
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