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! calculate carbonate alkalinity

loc ALK DIC = dum ALK &
& - loc H4BO4 - loc OH - loc HPO4 - 2.0*loc PO4 - loc_H3SiO4 - loc NH3 - loc HS &
& + loc_H + loc_HSO4 + loc_HF + loc_ﬁ3PO4

! estimate the partitioning between the aqueous carbonate species

loc zed = ( &

& (4.0*loc_ALK DIC + dum DIC*dum carbconst(icc_k) -

loc_ ALK DIC*dum carbconst(lcc k))**2 + &

s 4. 0*(dum carbconst(icc_k) - 4.0)*loc ALK DIC**2 &

& )**0.5 loc_conc_HCO3 = (dum DIC*dum carbconst(lcc k) -
loc_zed)/ (dum carbconst(lcc k) - 4.0)

loc_conc_CO3 = &

& (&

& loc ALK DIC*dum carbconst(icc_k) - dum DIC*dum carbconst(icc_k) - &
& 4. 0*loc ALK DIC + loc_zed &

&) &

& /(2.0* (dum_carbconst(icc_k) - 4.0))

loc_conc_CO2 = dum DIC - loc ALK DIC + &

s (&

& loc ALK DIC*dum carbconst(icc_k) - dum DIC*dum carbconst(icc_k) - &
& 4.0*loc_ALK DIC + loc_zed &

&) &

& /(2.0*(dum_carbconst(icc_k) - 4.0))

loc_Hl1 = dum carbconst(icc_kl) *loc_conc_CO2/loc_conc_HCO3

loc_H2 = dum carbconst(icc_k2) *loc_conc_HCO3/loc_conc_CO3
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Model-data assessments can be made
statistically by e.g., ‘Taylor diagrams’
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(warm == stratified) && (stratified == anoxic) == .true.
?°7°?
( ‘stratified’ || ‘sluggish’ || ‘stagnant’ )
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Model bottom-water §°C with benthic
foraminiferal §°C overlain (Cramer ‘09)
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Consider the biological pump ...

How does it ‘work’?
(what controls its ‘efficiency’?)

C.., gxidation

C,,, gxidation
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Planktic foraminiferal §°C
from early Eocene Tanzania

John et al., Temperature-dependent  _
remineralisation and carbon cycling
in the warm Eocene oceans, PPP 413,
158-166 (2014). -

31 yellow ==
1 foraminiferal §°C

4-L 8”0 has been converted
into pale temperature and then to
habitat depth using a coupled GCM
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Zachos et al. [2010]
Lunt et al. [2011] Age relative to the PETM (Ma)
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Background — ‘Traditional’ (§°C) carbon interpretation

Total carbon release (PgC)

T mantle CO, @ -6%o
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Background — ‘Traditional’ (§°C) carbon interpretation
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1. Calculate model-data error:
too high = emit carbon

‘OK’ = do nothing

(too low = remove carbon)
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2. If CO, emissions required:
Add CO, to atmosphere
In an Earth system model

assume:
5"°C signature
of fossil fuels
for emissions

Earth sygi%m
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Boron, isotopes, and paleo pH 14t‘£°§f§:i' \Q@
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Boron, isotopes, and paleo pH
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Assimilating surface ocean pH change (only)
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Assimilating surface ocean pH and §°C Honday (%)
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Assimilating surface ocean pH and §"C
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Assimilating surface ocean pH and §"C
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Assimilating surface ocean pH and §"°C (#2) Monday (%)

14th Sept
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Assimilating surface ocean pH and §°C (#2) Monday \‘:@

14th Sept
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Summary

(1) Observationally-rooted and process-based
understanding of the modern ocean is fundamental to
applying numerical models (toys) to the past.

(2) Numerical models can be used to assimilate multiple
ines of ‘secondary’ paleo evidence, and solve for
‘orimary’ marine environmental parameters (turning lead
into golde).

(3) PETM warming and ocean acidification was likely
primarily driven by mantle carbon input (~10,000 PgC) at
rates only 5% of modern fossil fuel emissions.

Enhanced marine organic carbon burial (~2000 PgC)
played a key role in the recovery from the event.
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