Science Advances

RAVAAAS

advances.sciencemag.org/cgi/content/full/7/4/eabd4876/DC1

Supplementary Materials for

Reconciling atmospheric CQO,, weathering, and calcite compensation depth
across the Cenozoic

Nemanja Komar* and Richard E. Zeebe

*Corresponding author. Email: komar@hawaii.edu

Published 22 January 2021, Sci. Adv. 7, eabd4876 (2021)
DOI: 10.1126/sciadv.abd4876

This PDF file includes:

Sections S1 to S3
Figs. S1 to S18
Tables S1 to S4
References



1 Model description

The overall modeling framework in this study combines and expands two geochemical models:
LOSCAR (Long-term Ocean-atmosphere Sediment CArbon cycle Reservoir) and GEOCARB
III. The details of the two models (in their original form) are thoroughly documented in (/5)
and (17), thus we refrain from providing a detailed description of all of the models’ components
and designs here. However, the modifications applied to the original versions of each model as
well as the connection between the models will be discussed here.

LOSCAR is a carbon cycle box model that can operate on both short-term (centuries) and
long-term (millions of years) time scales, efficiently computing the partitioning of carbon be-
tween various model components (ocean, atmosphere and sediments) but unlike GEOCARB, it
does not include the geologic carbon cycle, so the two complement each other (5). In LOSCAR,
the world oceans are represented with three (four in the palaeo version) major ocean reservoirs
(Atlantic, Indian, Pacific, and Tethys in the palaeo set-up). Each of the basins is subdivided into
three different boxes (shallow, intermediate, and deep) and there is one generic box representing

the high latitude ocean. Thus, there is a total of ten (thirteen in the paleo version) ocean boxes



plus an additional box representing the atmosphere. The model keeps track of various biogeo-
chemical tracers (including total carbon-TC, total alkalinity-TA, stable carbon isotopes-él?’C,
and others) in the different boxes. Using the model predicted concentrations of TC and TA in
the individual ocean boxes, and supplying them to the chemistry routines described by (58),
parameters such as [CO2], [Cog_], pH and calcite saturation state are calculated. The chemical
routines allow for variations in the [Ca?T] and [Mg?*] of seawater as well as for the temperature
changes. This is critical because varying Mg/Ca ratio and temperature affect the thermodynam-
ics (e.g. equilibrium constants and solubility products of chemical reactions), and therefore can
alter the predicted ocean carbonate chemistry and atmospheric pCOz (5). As both ocean temper-
ature and Mg/Ca ratio have varied considerably over the simulated period (Fig. S1) the model

had to be adjusted accordingly (see Section 1.1).

1.1 Model modifications, data acquisition, and model coupling
1.1.1 GEOCARB module

The input data used in the original GEOCARB III model is relatively coarse, with a resolution
that exceeds 10 million years. As the primary purpose of the original GEOCARB model was
describing the behavior of carbon cycle across the entire Phanerozoic (~ 570 Ma), this type of
accuracy is justified. Nevertheless, any events that occurred on time scales shorter than 10 Ma
could not be properly modeled and such a model would be impractical for the purposes of this
study (5).

One of the main model inputs is the § 13C of bulk sediments (59), which is used to calculate
burial rates of carbonate carbon and organic carbon. Using the §'2C data of bulk sediments that
have a resolution greater than 1 million years (1 Myr is the time-step of GEOCARB) is therefore
crucial. Fortunately, since the model inception, numerous carbon isotope data sets with a higher
resolution and updated age models have become available (7, 3, 49, 60, 61). GEOCARB was

thus accordingly modified to utilize the new data sets in order to capture the processes of the



long-term carbon cycle during the Cenozoic more accurately. This modified version is referred
to as the GEOCARB module (5).

The §'3C data implemented by the original GEOCARB III model were replaced by two data
sets of much higher temporal resolution, placed on a current timescale. For the time period
between 58 and 48 Ma we use 6'2C records at Deep Sea Drilling Projects Sites 527 and 577
(4, 61). The remainder of the §'3C record (48 Ma to present) comes from the bulk sediment
§'3C data presented in (49). To prevent rapid and abnormal model fluctuations produced by
abrupt changes in 6'3C data caused by the hyperthermal events and other short-lived events
during the Cenozoic, the data was smoothed using a local linear kernel estimator with a constant
bandwidth of one million years (62, 63). This approach is justified because the focus of this

study is on long-term carbon cycle behavior rather than short-term variations.

1.1.2 LOSCAR-P

Both the original LOSCAR model and GEOCARB lack a long-term P cycle, thus neglecting the
influence of the marine biota on long-term C cycling. On long time scales, dissolved phosphorus
is a biolimiting nutrient in the ocean (64) and therefore the primary regulator of organic matter
production (65). As such, the C and P cycles are linked because the availability of dissolved P
affects the rate of organic carbon burial (66, 67). Another link is through atmospheric pCO2 and
oxygen saturation (see below). High pCO; and therefore accelerated weathering fluxes could
in theory also intensify the supply of nutrients to the ocean (68), potentially leading to higher
biological carbon production and export, and ultimately to higher carbon burial. This close
connection between the P and C cycles is the rationale for expanding the original LOSCAR
model to also include a long-term P cycle. The expanded version of LOSCAR will be referred
to as LOSCAR-P. The LOSCAR-P model has previously been used to explain the rapid Earth-
system recovery following a carbon cycle perturbation during the PETM (76), where the build-
ing blocks of LOSCAR-P and therefore alterations performed on the original LOSCAR model

are thoroughly discussed. The same LOSCAR-P model is utilized here with several important



adjustments highlighted below.

Unlike all of the previous modeling exercises performed by LOSCAR, which simulate ocean-
atmosphere chemistry over a few hundred thousand years, here simulations span tens of millions
of years (5). Due to the time scale over which the simulations are performed it is crucial to
account for changes of parameters which exert great influence on marine carbonate chemistry
across the Cenozoic. The original LOSCAR model has two different configurations and thus two
sets of boundary conditions; one for modern ocean and the other representing the Late Paleocene
conditions. In order to fill the gap, the boundary condition parameters for other time epochs had
to be reconstructed from paleo-proxies or by linear interpolation. These parameters include
variable oceanic Mg?* and Ca?* concentrations (variable Mg/Ca ratio), and temperature. Other
parameters that are considered and that are of great importance are changing bathymetry, ther-
mohaline circulation, vertical mixing rates, the rain ratio between organic and inorganic carbon
being exported from the surface ocean (r,q4;y), and the ratio of shelf to open ocean production
(fsh).

Magnesium and Calcium concentration in sea water varied throughout Earth’s history. Paleo-
proxies for Mg and Ca concentration in the world oceans show a monotonously increasing and
decreasing trends over the Cenozoic, respectively (69). The changing Mg and Ca concentrations
have profound implications for dissolution of CaCOj3 in sea water as these ions affect the ocean
carbon system. Because of their importance in determining the saturation state of sea water, all
simulations incorporate varying [Mg?*] and [Ca®*] based on the data compiled by (69) (Fig.
S1).

Over geologic time the area, depth profiles, and volumes of ocean basins vary noticeably.
The original LOSCAR model already implements realistic volumes of ocean boxes for modern
ocean (70) and Late Paleocene ocean (77). The basin volumes and the depth profiles for other
epochs are missing and were reconstructed by linear interpolation between the two data sets.
Changes in areas of individual ocean across Eocene and Oligocene were generated by linearly

interpolating between Late Paleocene (77) and and Middle Miocene (72) bathymetries. The evo-



lution of ocean areas between the Middle Eocene and present was reconstructed by interpolating
the Middle Miocene (72) and modern (70) bathymetry. For more details on bathymetry, see (73)
and (74) who collected the bathymetry data and performed the above mentioned interpolations.

The next set of LOSCAR parameters described below are not well constrained in deep ge-
ologic times and their modern and/or the Late Paleocene values were obtained by model tuning
(except for modern thermohaline circulation). These parameters include the conveyor (ther-
mohaline) transport, vertical ocean mixing, and r,4;,. The modern thermohaline circulation in
LOSCAR is 20 Sv (1 Sv =10%m®s~1) (75) and the Late Paleocene is set to 25 Sv (15). The ther-
mohaline transport (and other parameters outlined above) across the rest of the Cenozoic was
attained by linear interpolation between the two given values (modern vs. Late Paleocene). In the
modern ocean, the Thermohaline circulation is powered by sinking cold waters in the North At-
lantic (North Atlantic Deep Water formation, NADW for short). This circulation scheme in the
Late Paleocene was different, with cold waters forming in the Southern Ocean (SO formation).
We implement a gradual shift from primarily NADW formation to SO dominated circulation
between time t = 0 to t = 23 Ma. The remainder of the parameter values (vertical ocean mix-
ing, r.qin, relative size of shelf versus deep ocean) were kept the same for Late Paleocene and
modern ocean (Table S2) as in the original LOSCAR (5).

The P cycle in this version of LOSCAR-P is slightly different from the orginal one described
in (16). The modern (pre-industrial) P fluxes and their boundary conditions now follow the range
of values provided in (76) (see Table S1). Because the LOSCAR-P model does not differenti-
ate between shallow ocean and deep ocean organic P and C burial, the initial P fluxes used in
LOSCAR represent the sum of shallow and deep fluxes presented in (76). Unlike in the pre-
vious LOSCAR-P version (/6), where the pre-PETM phosphorus fluxes were rather arbitrarily
chosen and considered to be in steady-state, here P and org C burial fluxes at any point in the
past depend on the modern values. The modern LOSCAR-P model conditions assume that the
P cycle is in steady-state (inputs equal outputs; see Table S1). The P and C burial fluxes are

redox-dependent, and in this model version, the fluxes depend on the mean deep ocean oxygen



concentration:

; (1

0 Frin
FbpfprFPesz<0.25+0.75[ 2])X cra

[02]0

Feraing

where fy, is the fraction of the P export flux that is buried in the sediments, initially set
to ~0.5% to satisfy steady state (see Table S1). This flux is also dependent on water column
oxygenation (76, 77) and organic carbon rain reaching the sediments (78). [O2]o is the mean
deep water oxygen concentration at time t = 0 (0.25 Tn—%l). Burial of organic P is reduced by up
to 75% under full anoxia, while the burial of organic carbon increases (76, 77).

The Fy, and Fy, fluxes are coupled through the organic matter C to P burial ratio, which is
significantly larger than the Redfield value (76, 77, and references therein). This ratio, just like
Fy, also depends on the redox-state of the water column (77):
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1100 (76), represent end-member values for organic matter buried under completely oxic and
fully anoxic deep water conditions, respectively.

The P flux associated with ferric iron oxides is linearly correlated to changes in oxygen
concentration of the deep water (77):
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where F%e p is Fpep at time t = O (pre-industrial steady-state rate).

Precipitation of authigenic CaP is formulated as follows (77):

FCaP = fCaP X POP'remin X <01 +0.9 [02] ) (4)
[O2]o



where fc, p is a fraction of reactive P that is produced by decomposition of organic matter and is
converted into CaP. Its value is ~0.01 and is set to satisfy the pre-industrial steady-state condition
(see Table S1). POP,.¢mn is remineralization flux of P, which is equal to the difference between

export and burial. Thus:

POP,emin = FPE&E]) X (1 - fbp)- )
The phosphorus weathering flux (F,,,) is a function of silicate and carbonate weathering

rates with slight modifications:

Fg;

Fpw = F2, x
pw pw 0 °
FSi

(6)

where F0

puw» and F%i are riverine input of dissolved phosphorus, and silicate weathering at

time t = 0 (modern steady-state), respectively.

Phosphorus and organic C burial differs from that of carbonate as there is no explicit diage-
netic sediment model associated with the burial of P and organic C. In other words, once buried
P and organic C are permanently stored and cannot be reintroduced back to the water column.
Also, LOSCAR-P does not differentiate between burial of C and P in the deep sea vs. margin.
However, it is important to note that the burial numbers that the model produces represent the
total global burial rates (shelf + deep combined), because organic C and P burial processes are
essentially modeled as one box. Nevertheless, additional modeling experiments show that the
locale of organic C and P burial has numerically insignificant influence on the results. That
is, the model produces the exact same output regardless of whether organic C and P are fully
buried in shallow or deep ocean. Furthermore, the results produced by LOSCAR-P are in line
with carbon, phosphorus and oxygen cycle models that include both shelf and open ocean sed-
imentary burial (77). The model of (77) shows that organic C burial is enhanced in both ocean
regions (shallow and deep) during oxygen depletion. On the other hand, P burial rates exhibit

different behavior between margins and deep ocean. In the model of (77), which has a separate



representation of the shelf and deep ocean burial, low oxygen conditions promote lower P burial
rates in the deep sea (the same behavior as in LOSCAR-P2), while on the shelf P burial rates
increase (77). However, the total net burial rate (shelf + deep) of P during the low oxygen condi-
tions is diminished compared to the steady-state oxygen conditions, which matches predictions
made by our model. Additionally, on long-time scales (> ~10 kyr), P is well mixed throughout

ocean, hence the differences between shelf versus deep ocean are less critical.

1.1.3 Coupling

Numerically, the GEOCARB module has been implemented as a function that is called from
within LOSCAR (Fig. S2). At time t = 0 (modern, pre-industrial ocean) all GEOCARB and
LOSCAR fluxes match. Once LOSCAR is initiated, it uses the GEOCARB module to obtain
carbon fluxes (except organic C burial) for any particular point in the past in one million-year
step intervals (the time step of GEOCARB). LOSCAR then uses its own boundary conditions
for a particular point in the past (e.g. 58 Ma; thus vertical mixing, temperature, [Ca®*] and
[Mg?*] and other parameters all change, see Table S2) and is run for 1 million years to calculate
a new value for organic carbon burial (which depends on the feedback between carbon, oxygen
and phosphorus as well as on temperature). The newly calculated organic carbon burial flux is
then supplied to the GEOCARB module, where a Newton-Raphson method is invoked in order
to calculate a new 6'3C value necessary to balance all the fluxes at the given time step. The
calculated 6'3C value is then compared with the actual 6'3C input data of GEOCARB to see how
far the LOSCAR-P §'3C (and thus LOSCAR-P organic C burial rate) deviates from observations
(and thus from organic C burial rate predicted by GEOCARB). Because both LOSCAR-P and
GEOCARB use the same pCO3-weathering feedback, once the organic carbon burial is the same

in both models, so will be carbonate (F,,.) and silicate weathering (Fg;) fluxes (5):

Fye = fbb(CO2) X fra X fp % fr X Fop, (7)



Fg; = fb(CO2) x fr x fu x f5% x FY, ®

where fbb and fb are functions that account for the effects of pCO2 on carbonate and silicate
weathering rates (see (79)), respectively. FY  and F%i are modern carbonate and silicate weath-
ering rates, respectively (see Table S1 for modern values). f’s are dimensionless parameters

accounting for various biogeochemical process through geologic time (Fig. S3 and Ref. (79)).

2 Martin curve and temperature dependency

The temperature change in the model is prescribed based on the observed §'0 temperature

proxy data (Fig. S4) following the relationship (47):

Ty = 16.9 — 4.0 x (680, — 6180,,), )

where 6180, is the observed data and 580y, is the 580 of the seawater at a given time in

the past:

Oto10Ma=-0.2
10to 34 Ma=-1.0
34to58 Ma=-1.2

As explained in the main text, the particulate organic carbon attenuation factor in Martin
curve appears to be dependent on temperature (40, 42, 80). As such, the amount of carbon
reaching the sea floor is determined by the median ocean temperatures (Fig. S5). Thus, as
the global Earth temperature changes throughout the Earth past so does the amount of carbon

reaching the sea floor.



3 Sensitivity studies and model-data discrepancies

Without the assumed effect of temperature on remineralization rates, the model is unable to
reproduce carbon isotope excursion trends as well as the change in atmospheric pCO2 for time
periods older than ~25 Ma (Fig. S8a-b; control run). The discrepancies between the model
results and data are most obvious during the Paleocene and Eocene, when the Earth was much
warmer than today and when atmospheric CO2 concentrations were several times that of the
modern (preindustrial) atmosphere (6, 87). The main culprit for the erroneous model behavior
are the high organic carbon burial rates that arise as a result of the positive feedback loop between
carbon, oxygen, and phosphorus (C-O-P feedback) (5). For example, the control run exhibits
peak organic carbon burial rates at 52 Ma, when deep ocean oxygen concentration is at its lowest
due to high temperatures. This time period coincides with the highest dissolved P concentrations
and low total P burial (Fig. S9). Low oxygen concentrations favor enhanced organic carbon
preservation while diminishing organic phosphorus burial due to increased remineralization.
Higher organic P respiration in turn fuels the surface ocean with recycled organic P and enhances
the primary production and results in even larger organic carbon export (5).

The problem with the modeling approach described above is that it assumes that any excess
in delivery of dissolved P to the surface ocean (whether through increased continental supply or
via deep ocean P recycling) and thus rising surface ocean [PO4] will not only increase export
production from the surface ocean but also result in an increased amount of carbon being de-
posited in the deep ocean (strong carbon “pump”’). Because of tight coupling between surface
ocean [POy], primary productivity, and export production, the above modeling approach will
necessarily lead to high organic carbon burial rates (and a positive >C excursion) during peri-
ods of increased warming (5). In order to reconcile the observed §'2C and COj it was necessary
to assume a temperature dependent organic matter respiration. When invoked, this mechanism
results in high atmospheric CO2 during warmer time periods, while at the same time results in

more negative 6'3C values (e.g. compare simulations 0 and 1, Fig. S8 and S10, respectively),



which is consistent with the observations (Fig. S18).

Nevertheless, while the general trends in temperature dependent scenario are consistent
when the temperature dependent organic C and P burial is invoked, absolute changes in magni-
tude are not. For example, the observed mean bulk carbonate §'3C decrease during the LPEE
is about 2.0%o, whereas the model captures approximately only half of the observed negative
excursion (~1.00%o). It has been shown that the §13C trend between 58 and ~52 Ma is difficult
to explain from the conventional carbon cycle standpoint. The combined global climate change
indicators during this time interval imply an existence of a dynamic organic carbon capacitor
that can accumulate and discharge large quantities of isotopically depleted '3C into the ocean-
atmosphere system (4). Only when an organic capacitor (e.g. methane hydrate capacitor) is
included (Fig. S18; (4)), the model produces a data consistent negative 6'>C excursion during
the LPEE.

The model-data 6'3C discrepancies during the rest of the Cenozoic (e.g. ~13 - 20 Ma) could
arise from at least two possible reasons. First, the §'3C value of the riverine input is kept constant
throughout the run. Changes in type of the material being preferentially weathered, and/or
changes in proportion of the amount of organic carbon being weathered relative to carbonate
carbon, at different climates and across different time intervals, could very well cause variations
in the carbon isotopic value of the riverine flux. Second, it could be possible that the absolute
organic carbon burial rates predicted by the model underestimate/overestimate the actual organic

burial rates during the periods of the model-data divergence (5).

3.1 Sealevel and CaCO; proliferation

To reconcile the CCD trends it was necessary to assume a sea level dependent shelf to deep
CaCOs fractionation factor (fsh), as well as an additional fsh amplification prior to the Eocene-
Oligocene boundary (~34 Ma). The relationship between the sea level height and shelf-deep
CaCOs fractionation in the model is justified as the carbonate accumulation on the shelves is

correlated with the sea level variations across the Cenozoic (30,31). The fsh curve (Fig. S7a) was



normalized to the sea level curve such that the fsh value for Paleocene would be approximately
equal to the default fsh value of the original LOSCAR model for this time period. This required
normalizing the sea level curve between 1 (modern fsh) and 7 (maximum sea level at 50 Ma).
Note, however, that the fsh value is just a factor, which proportionates the relative amount of
carbon rain between the shelf and deep ocean. The total shelf to deep ratio and the total CaCOs3
burial does not scale linearly with fsh (Fig. S7b).

In order to reproduce the shallow Paleogene CCD, it was also necessary to scale fsh up
by a factor of three in the model during this time period (Fig. S7a). The resulting calculated
mean shelf CaCOg burial rate predicted by the model in our reference scenario prior to the
Eocene-Oligocene (EO) boundary (34 to 58 Ma; ~20 x 10'2 mol/yr) is ~3 higher than for the
post EO boundary period (~6 x 10'2 mol/yr). This is consistent with the relative trends of
the observed carbonate mass accumulation rate during the same time interval, which shows that
the shelf carbonate accumulation prior to the EO boundary was about two to three times higher
than post the EO boundary (30). The higher mass carbonate accumulation rate on the shelf
during the high Paleogene sea level stand was not only due to the longitudinal expansion of
carbonate platforms, which was a function of the larger shelf area, but also due to the latitudinal
expansion of carbonate platforms (30, 37). During the periods of low sea level stand, such as
today, carbonate accumulation is confined to a narrow latitudinal band (between 30 degrees
north and south. However, the data points that the carbonate accumulation was expanded to 45
degrees north and south during the early Cenozoic (30). The latitudinal carbonate expansion
during the warm periods, such as during the Late Paleocene and Early Eocene, is likely due
to a lower CaCOg saturation gradient between the poles and the equator “in response to more
equable global climates” (30).

In addition to the expansion of shallow carbonate platforms, which reached their peak during
the warm period of Paleocene-Eocene (30), there is also evidence that the calcareous species
richness (diversification) in the Cenozoic is well correlated with climate trends as well (33).

The Cenozoic diversity maximum coincides with the Paleocene/Eocene epoch, the period of



extreme warmth. And during the cool period of Late Eocene and into the Oligocene, the species
richness exhibits a decline, tracking the climate cooling (33). The Cenozoic diversity maximum
(Paleocene-Eocene) was two to three times higher compared to the species richness after the
Eocene-Oligocene boundary (33).

The observed latitudinal carbonate platform expansion combined with the observed species
richness increase during the Late Paleocene/Early Eocene and the relative magnitude of the
increase are on par with the shelf carbonate burial evolution reproduced in our model in our pre-
ferred scenario using the fsh forcing described above. To summarize, the amplified fsh forcing
used during Paleogene simulates the proliferation, migration, and latitudinal expansion of shelf
ocean calcifiers during the epoch, which in turn reproduces the observed CCD more closely. The

effect of fsh on the CCD evolution is best illustrated in the sensitivity studies (Fig. S18).



Table S 1: Modern steady state fluxes of phosphorus and organic carbon for the control model
run. All units are in mol yr—! except for isotopic values.

Symbol  Fluxes Value Notes
Feewp  Total carbon export ~424 %1012
Fpeap Biological fixation of reactive P 3.260 x 1210 %
Fyg Org. C burial 5.000 x10'2 e.g. Ref. (79)
fpg fraction of F,,, buried 1.2% Based on Martin curve
Fy, Org. P burial 1.575 x10'0  Ref. (76)
o fraction of Fpegy buried 0.5% fop = T
Fcoap CaP burial 3.150 x10'0  Ref. (76)
foupr fraction of reactive P converted into CaP  0.0097 foup = %
Frep  FeP burial 1.575 x10'°  Ref. (76)
Fuyg Kerogen oxidation 5.000 x 1012 to satisfy steady-state
Fuc Carbonate weathering 12.00 x10'2  Ref. (79)
Fp. Inorganic C burial 17.00 x10'2  Ref. (79)
Fg; Silicate weathering 5.000 X102 Fp.—Fy.; Ref. (79)
Fpw Phosphate weathering flux 6.300 x10'°  Fy, + Feop +Fpep
(%)Om.c C to P ratio at fully oxic conditions 317 130x %
§13C,.  Carbon isotope value of volcanic flux —4.00 %o constant
§18C,. Carbon isotope value of riverine flux +2.00 %0 constant
'Redfield Ratio

“Linearly interpolated from 0 Sv at t = 24 Ma (when Tethys first appears) to 2 Sv at 58 Ma.

3Linearly interpolated from 100% to 0 from 0 Ma to 23 Ma, before which NADW contribution is 0%.

“Linearly interpolated from 0 to 100% from 0 Ma to 23 Ma, after which SO contribution remains at 100%.

SSurface, Intermediate, Deep, and high latitude boxes, respectively.

The number does not represent the total deposition ratio. The fsh parameter adjusts the relative amount of shelf
to open ocean production.

"see Table S4for fsh values used for each of the simulations



Table S 2: Physical and biogeochemical model boundary condition.

Parameters Symbol  Modern Late Paleocene  Other intervals Unit
Thermohaline Transport TH 20 25 interpolated Sv
Tethys Transport THr — 2 interpolated? Sv
NADW — 100 0 interpolated? %
SO — 0 100 interpolated* %
Temperature T 20,10,2,2 5 Eq.(9) Eq.(9) °C
Shelf/deep parameter fshb 1 see Fig. S7 depends on simulation 7 —
Rain ratio Train 6.1 6.7 interpolated —

Table S 3: Parameter values and equations.

Description

Value/Equation

Bottom depth of the Intermediate Ocean
Normalized hypsometry (interm. and deep)

Hypsometry polynom. coeff. interm. (z>—D,;)
Hypsometry polynom. coeff. deep (z<—D,;,)
Burial efficiency

Coupling of the organic C to organic P («)

Burial efficiency polynomial coefficients
Burial efficiency scaling coefficient
Organic carbon burial

Organic carbon rain

Organic carbon remineralization

D,, = 1000 m
A*m = pm123 + pm222 + Pm32 + Pma
A*g = py 2> + parz® + pasz + Pas
Pm1 = 0.307; pmo = 0.624; pu3 = 0.430; ppg = 0.991;
Pa1 = 0.02; pgo = 0.103; pgs = 0.219; pgq = 1.025;
B =a x (biexp[—bsz x —z x 10007] + by)
SRR € R TCS T
625 % () anoat (11585 ) % (8) e
by = 0.411; by = 0.153; b3 = 1.0;
c=04
see eqs. (3 and S2)
see eq. (4)
see egs. (5 & 6)

X Fypp % c




Table S 4: Summary of the model simulations and forcing parameters. The null simulation does
not have any additional assumption. Every successive simulation builds on the previous but an
additional assumption is made

Simulation # Assumptions Figures
No additional assumptions Figs. S8-9
0. Temperature independent respiration
Constant shelf to deep CaCOj fractionation
| Temperature dependent Martin curve Figs. S10-11
' Constant shelf to deep CaCO3 fractionation
’ Temperature dependent Martin curve Figs. S12-13
’ Shelf to deep CaCOj3 fractionation a function of sea level
3 Temperature dependent Martin curve Figs. S14-15

Shelf to deep CaCOj3 fractionation a function of sea level

calcareous organism proliferation

Temperature dependent Martin curve Figs. S16-17
Shelf to deep CaCOj3 fractionation a function of sea level

Calcareous organism proliferation

Organic carbon capacitor during the LPEE
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Figure S 2: LOSCAR-P — GEOCARB coupling schema.
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relief relative to present. The shaded area represents the parameters uncertainty envelope (57),
used for the model error envelope calculation (Fig 2.)
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Figure S 4: Compilation of Cenozoic temperature, §'C, pCO,, and CCD history for different
ocean basins. (a) Global deep ocean temperature (46), (b) 6'3C compilation at different depths
(Benthic: (46), Surface: (48), Bulk: (49), (c) atmospheric CO; reconstruction: Dataset 1 (50),
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and Indian A from (56), and Indian B from (/4). Hyperhermals are excluded from the original
Indian ocean CCD data (/4) (green line).
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ary, simulating CaCOs3 organism proliferation and latitudinal expansion. b) predicted CaCOg
burial rate evolution during the Cenozoic for the reference scenario.
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Figure S 8: Data — model comparison of various model results for the control run (Simulation
0. Table S4). a) Atmospheric pCO5. The continuous red line is the model result and the symbols
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Figure S 9: Fluxes and additional model tracers for the control run (Simulation 0. Table S4).
a) The Cenozoic deep ocean temperature reconstruction (46), which is prescribed in the model
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Figure S 10: Data — model comparison of various model results for Simulation 1. For individual
panel description, refer to Fig. S8. See Table S4 for further explanation.
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Figure S 11: Fluxes and additional model tracers for the control run (Simulation 1. Table S4).
For individual panel description, refer to Fig. S9. See Table S4 for further explanation.
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Figure S 12: Data — model comparison of various model results for Simulation 2. For individual
panel description, refer to Figure 8. See Table S4 for further explanation.
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Figure S 13: Fluxes and additional model tracers for the control run (Simulation 2. Table S4).
For individual panel description, refer to Fig. S9. See Table S4 for further explanation.
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Figure S 14: Data — model comparison of various model results for Simulation 3. For individual
panel description, refer to Fig. S8. See Table S4 for further explanation.
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Figure S 15: Fluxes and additional model tracers for the control run (Simulation 3. Table S4).
For individual panel description, refer to Fig. S9. See Table S4 for further explanation.
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Figure S 16: Data — model comparison of various model results for Simulation 4. For individual
panel description, refer to Fig. S8. See Table S4 for further explanation.
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Figure S 17: Fluxes and additional model tracers for the control run (Simulation 4. Table S4).
For individual panel description, refer to Fig. S9. See Table S4 for further explanation.
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Figure S 18: Selected sensitivity studies results. a) Atmospheric pCO». For data legends, refer
to Fig. 4. b) Bulk carbonate § 13C data (open circles) versus different model scenarios. ¢) Model
predicted evolution of the Pacific CCD against the Pacific CCD data range displayed in Fig.
4. The black dashed line corresponds to the control run Figs. 8 and 9. Dark blue line with
crosses: temperature dependent Martin curve all other forcings are the same as in the control
run. Light blue line with diamonds: same forcings as in the previous run except that shelf-
deep CaCOs fractionation factor (fsh) is a function of sea level change. Magenta: same as the
previous run + amplified fsh factor, simulating CaCOs3 organism proliferation in the shelf ocean
in the Paleocene and Eocene. Black dotted line: same as the previous run, but existence of an
organic carbon capacitor assumed during the Late Paleocene Early Eocene.
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