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14 1. Additional figures referred in the main text or in the method

Supplementary Figure 1: The
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(supply-limited weathering
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decay trend to simulate the
transition towards a weathering-
limited regime.
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Supplementary figure 2:
Schematic description of the
saprolith model included in the
GEOCLIM-REG simulations. W; is
the net saprolith production by
regolith chemical weathering. It is equal to
the production of saprolith by
chemical attack of the bedrock
minus the loss by chemical
weathering inside the saprolith. Q;
is the removal of saprolith by
physical erosion. This mass balance
is solved for each continental grid
* Wi regolith production by chemical attack of the bedrock minus element until steady state is

regolith loss by chemical dissolution inside the regolith (m/yr)

« Qu regolith loss by physical erosion (m/yr) reached.
* h: regolith thickness (m/yr)
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Supplementary figure 3: Log;, of the
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those in the Rio Icacos (compilation by Millot
et al., 2002).
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Supplementary figure 4: Present day fluxes of total suspended solid for various watersheds:
comparison between the modeled flux and data (Gaillardet et al., 1999; Laraque et al., 2013; Ludwig
and Probst, 1998; Meybeck et al., 2013; Milliman and Sivitski, 1992)
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Supplementary figure 5: Present day consumption of atmospheric CO, by silicate rock weathering:
model-data comparison (Gaillardet et al., 1999; Galy and France-Lanord, 1999). The blue and green
bars stand for the data. The violet and yellow bars represent the model output respectively without and
with the shielding effect. The red bars stand for the West (2012) model, with the original best fit. The
orange bars stand for the West model with the set of parameters described in the Methods.
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Tournaisian (350 Ma) Penn.-Miss. boundary (323 Ma)

Supplementary figure 6: Paleogeographic maps of the Late Palacozoic used in the simulations. The
colored scale is the altitude (m).
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Supplementary figure 7: Consumption of CO, by continental silicate weathering normalized at its
value at 350 Ma for each modeled time slice and for each simulation at 4 times the pre-industrial CO,
level.
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2. Additional information

Paleogeographic maps

The maps are derived from Golonka (2002). They have been digitized at a spatial
resolution of 2.8° in longitude and 1.4° in latitude (Supplementary figure 8). The 5 maps
correspond to the geographic configuration of the Tournaisian (350 Ma), the Mississippian-
Pennsylvanian boundary (323 Ma), the Moscovian (308 Ma), the end of the Sakmarian (290
Ma), and the Cisuralian-Guadalupian boundary (272 Ma) (Supplementary figure 6). These
maps have been used to define the outer shape (geographical extension) of the orogeny. To
avoid an unrealistically sharp topographic break of several 1000 meters between the
Hercynian Chain and the adjacent continental plains, the altitude on both sides of the Chain
rises steady, in several steps as found in modern mountain ranges. Thus the highest altitudes
are found mostly in the central parts of the Chain during the peak times of the orogeny.

Supplementary figure 8: From
original maps to numerical data. Upper
panel shows the original map taken
from Golonka (2002). Lower panel
show paleogeography as used to build
boundary conditions in FOAM. Note
that the areal and extent of the
Hercynian range (red shading on the
lower panel) is directly taken from
Golonka (2002). Our contribution has
been to reconstruct altitude and slope
for each time-slice.

The timing of the Hercynian orogeny is still a matter of debate. The Sudetic phase
marking the definitive collision between Laurussia and Gondwana, occurs between 340 and
310 Ma (Veevers, 2013). The crustal scale elevator tectonics starts at 350-340 Ma (Dorr and
Zulauf, 2010). The maximum altitude was probably reached around 320 Ma (Lardeaux et al.,
2001). The Asturic phase (300 Ma) closes the orogenic cycles (Veevers, 2004). Aside from
the timing, major uncertainties remain about the shape and altitude of the orogen. It could
have been a Himalayan type mountain range (Rubatto et al., 2010; Kroner and Romer, 2013),
a high altitude plateau (Becq-Giraudon et al., 1996), or a succession of narrow mountain
ranges (Franke, 2014).
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During the Tournaisian, we assume that the Hercynian orogenic phase was initiated,
without distinctive relief (Supplementary Figure 6). The Hercynian range is only present on
the four younger maps. Its maximum extension and altitude is reached during the Moscovian.
We assume altitudes reaching 5000 m in the central section of the range (Becq-Giraudon et
al., 1996; Fluteau et al., 2001). Then the altitude is decreasing with time: at 290 Ma, the
maximum altitude is assumed to be 3000 m, and then falls to 2000 m at the end of the
Cisuralian (Supplementary Figure 6).

The model does not include a spatial resolution of the lithology. We implicitly assume
that each continental grid cell contains carbonate, shield rock and young volcanic rock
outcrops (diffuse lithology).

Slopes in the past

For the five Paleozoic time slices, we define the slope of each grid cell from the
present day correlation between slope and altitude (Supplementary figure 9). We add random
noise to the calculated slopes. One possible bias of our simulations is the distribution of the
altitudes on the continents: high altitudes and steep slopes are restricted to the reconstructed
major mountain ranges, the remaining continental surface being flat (uniform altitude of 200
m). The present day distribution of altitude is indeed much more noisy. Our procedure, based
on the altitude/slope correlation, is thus pending on the past prescribed altitudes. As a result,
the reconstructed past continental surfaces are divided into two clearly distinct domains in
terms of slopes.

S0 ' ' 1 Supplementary figure 9: Relationship
25 : 1 between the altitude (m) and the slope
' (%) for the present day world. The
Py F original data are extracted from SRTM
N 20 : (30” resolution).
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In the present day correlation between slopes and altitudes, slopes are reaching their
maximum values of about 20 % at 3000 m. Above 3000 m, slopes are declining to about 10 %
(Supplementary figure 9). This feature is the imprint of the Tibetan high altitude plateau. In
the GEOCLIM-REG simulation, we assume that the Hercynian orogeny is a Himalayan-type
mountain range. Accordingly we keep the slopes around 20 % (with the additional random
noise) even if the altitude of the Hercynian range exceeds 3000 m. An additional sensitivity
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run, which assumes that the range is a high altitude plateau, has been performed using the
present day slope/altitude correlation (decreasing slopes above 3000 m). On Supplementary
figure 10, we produce a map of the Himalayan slopes and of the relationship between slope
and latitude for three 10° longitude-wide transects (data from Farr et al., 2007). The slopes
can reach 30% at some locations but these are extreme values. Slopes are mostly oscillating
between 5 and 15%. Mean values for these three transects are from 6 to 12 %. We then plot a
10° longitude-wide transect for the Hercynian range for each ‘“slope” scenario, the
Himalayan-like one and the plateau one. Slopes for the two mountain ranges are similar,
showing that the Paleozoic slopes have not been overestimated. Mean values are 9.35 and 6.3
% for the two Paleozoic simulations, which are also within values found for the Himalayan
orogeny.
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Supplementary figure 10: a) Actual slopes of the Himalayan region (SRTM DEM, Farr et al., 2007),
¢) Slopes of the Hercynian orogeny using the “Himalayan model” and c) Slopes of the Hercynian
orogeny using a plateau-like range. b) Slope transects across the Himalayan ranges averaged over 10°
longitude bands (black line = 60-70W; red line = 70W-80W and green line = 8OW-90W). d) Slope
transects across the Hercynian ranges averaged over 30W-20W. f) Same as d) but for the plateau
scenario.
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Starting CO; conditions at 350 Ma

Supplementary figure 11 shows that the CO; starting condition falls right in the middle of the
range suggested by stomatal CO, proxies. In the GEOCLIM-REG simulations (Himalayan-
type of mountain range), our model remains valid until the starting value stays below 2,500
ppmv (Supplementary figure 12). In the GEOCLIM-REG plateau simulations, a lower CO,
starting value of 1,900 ppmv is required, which is still higher than the averaged CO, value as
constrained by proxies (Supplementary figure 12).

Supplementary figure 11: Proxy-
based evolution of the atmospheric CO,
level (Royer, personal communication,
2010). Solid lines: envelope containing
66 % of the CO, estimates based on
stomatal index of fossil leaves. Dashed
lines: envelope containing 66 % of the
CO; estimates based on carbon isotopic
] compositions of pedogenic carbonates.
E The black dot stands for the initial

3 value of CO, at 350 Ma (GEOCLIM,
GEOCLIM-REG, GEOCLIM-WEST
simulations).
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a)

GEOCLIM
10000 - GEC-AEC (e £ Supplementary figure 12: Calculated
] time evolution of the atmospheric CO,
] level for three simulations - a) for an
’E‘ 2500 | initial CO, value of 2500 ppmv and b)
for an initial CO, value of 1900 ppm.
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The strontium isotopic model

The equation ruling the time evolution of the seawater *’St/*®Sr (Francois and Walker, 1992)
can be written as:

droc Zf a ( Tsit — ) Zf a ( Thas — Toc )
oc dt sit%sil 943+rszl bas“bas 943+Tbas

rMOR rcarb Toc
car

where M, 1s the total mass of Sr in the ocean and 7, is the 87S1/%Sr of seawater.  is the total
number of continental grid cell. The ffactors are the flux of carbon consumed by the
weathering of basic rocks (bas), by the weathering of all other silicate lithologies (sil), by the
weathering of carbonate rocks (carbd). fuor 1s the release of CO, by mid-oceanic ridge systems
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(MOR) (held constant for all time slices). The a factors are the proportionality constants
between the carbon and strontium fluxes. 7, 7pas, ¥vor and req,5 are the associated 87Sr/%Sr
ratios. The isotopic ratio of each source rock is assumed to be the same for each continental
grid cell. Assuming steady state (residence time of Sr in seawater is about 2 million years,
largely below the time resolution of the present study), we set the derivative term of the
equation to zero and solve it for 7,..

Fears 1s assumed to be close to the average value of the seawater *’St/*°Sr prior to the period of
study, and is accordingly fixed at 0.708 (Veizer et al., 1999). The other isotopic ratios r are
calculated as follows (Vidal, 1994):

%Rb
Tmor = BABI + <@> (1—e72)
m

where ¢ is the age of the considered time slice, with t=0 at the origin of the Earth (age of the
Earth fixed at 4.54x10° years). BABI is the Basaltic Achondrite Best Initial ratio and A is the
8Rb decay constant. (8 'Rb/ 6Sr)m is the ¥Rb/*Sr of the mantle. pas 18 set equal to 7yor,
implicitly assuming that young basaltic rocks have the *’Sr/**Sr of the mantle at the age of the
considered time slice. Finally, the *’St/*®Sr of other silicate rocks is calculated as the *'Sr/*°Sr
of continental rocks differentiated from the mantle about 2.5 byr ago:

87 87
Rb —_7.9. 9 Rb _ . 9
Ty = BABI + <_86Sr> (1- e *210%) ¢ <865r> (1 — e~A(t-210%)
m cc

(“"Rb/*Sr)cc is the *'Rb/*®Sr of the continental crust. This value is about 10 times bigger than
the corresponding mantle value (Vidal, 1994). We used it as a calibration constant so that the
¥7S1/*°Sr of seawater equals 0.7092 under present day climatic conditions (control run). The
following table gives the values of the parameters.

Parameters of the strontium isotopic budget

Parameter Symbol value units Reference
Carbonate rock °'Sr/*°Sr Fow 0.708 - Veizer et al. (1999)
BABI BABI 0.69897 - Vidal (1994)
Mantle Rb/Sr RbSry, 0.025 - Vidal (1994)
Mantle ®'Rb/*Sr (*'Rb/*°Sr),  0.0699 - Vidal (1994)
Continental crust Rb/Sr (87Rb/868r)0c 0.1746 - calibrated

' Rb decay constant A 1.42x10° yr” Vidal (1994)
Mean age for the differentiation Te 2.5x10° yr Vidal (1994)
of the continental crust

Sr/C flux ratio for the weathering Olbas 0.00375 - Wallman (2001)
of basaltic rocks

Sr/C flux ratio for the weathering il 0.0027 - Wallman (2001)
Of other silicate rocks

Sr/C flux ratio at MOR OMOR 0.00475 - Wallman (2001)
Sr/C flux ratio for the weathering Olcarb 0.00035 - Wallman (2001)

Of continental carbonates

Spatial distribution of the shielding factor
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Supplementary figure 13 displays the log;o of
the shielding factor for each time slice
(GEOCLIM-REG simulation) under a constant
CO, of 4 times the pre-industrial level (1120
ppm). From the top to the bottom: 350 Ma, 323
Ma, 308 Ma, 290 Ma and 272 Ma The shielding
factor is arbitrarily set to 1 for regions where the
calculated runoft is equal to 0 (those regions do
not contribute to the global weathering flux).
Comparing the maps at 350 Ma and 308 Ma, the
shielding factor increases by 1 to 2 orders of
magnitude in the equatorial area, due to the rise
of the Hercynian mountain range.
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Atmospheric CO;

The model-proxies CO, comparison shows a nice fit for Carboniferous times but a divergence
between proxies and our model occurs for Permian times, the model calculating CO, largely
above the lo-envelop of the available proxies. Two sets of proxies are available for the
Carboniferous and Permian: one based on the stomatal index of fossil leaves, and the other on
the 8"°C of pedogenic carbonates from paleosols. The stomatal method is well known for its
lack of precision for CO, levels above 1,000 ppm. The calibration of stomata proxy at high
CO, is weakly constrained (Beerling and Royer, 2002; Beerling et al., 2009) and recent
evidence that leaves adapt the size of the stomata and in addition their density at high CO,
values (Franks and Beerling, 2009) raises questions about the validity of the stomatal proxy at
high CO,. Smith et al. (2010) recently affirmed that the stomatal methods should probably be
considered semi-quantitative under high CO; conditions and may represent CO, minima. As
noted by Huber and Caballero (2011), « existing proxy records have much greater accuracy
at low CO, and once values are significantly higher than modern (somewhere above 560 to
1220 ppm, depending on the proxy), there is little certainty in the actual value ». Regarding
the paleosol proxy, the critical parameter is the amount of CO, respired in the soil. This
parameter is fit on present day field measurements (Breecker et al., 2010), and then exported
in the past. Its reliability probably decreases with increasing age, since biomes are
increasingly different from the present day biomes. This said, the general temporal trends
defined by proxy data are probably more reliable than absolute values. Our model simulations
(GEOCLIM-REG and GEOCLIM-West) are in agreement with those trends.

Nevertheless, modeled CO, levels depend on the sensitivity of the climate model to a CO;
doubling. The atmospheric component of FOAM originates from the NCAR model, which
has a relatively weak sensitivity of global mean temperature to increased greenhouse gas
concentrations (2— 3 °C warming for doubling of atmospheric CO, levels). This sensitivity is
at the lower end of the IPCC range. Doubling the climatic sensitivity in our model (see next
section) does not alter our scenario but considerably reduces atmospheric CO, levels during
Permian times (9 to 14 X).

Climate sensitivity
We describe here the procedure we apply to modify the climate sensitivity of the FOAM
GCM. For each time slice and for each grid element i, we calculate a regression line (slope /;
and ordinate at origin B;) fitting the annual temperature 7; calculated by the FOAM GCM as a
function of the logarithm of the atmospheric CO, partial pressure.

Ti = li : lOg(PCOZ) + Bi
The slope of each line /; is then multiplied by 2 and the new temperatures of each grid element
are recalculated for each CO, level and for each time slice. The new runoff of each grid

element is modified using the regression lines of runoff vs mean annual temperature
calculated for each continental grid element from the FOAM GCM runs.

Climatology

11
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The calculated runoff and air temperature at the surface corresponding to the calculated
steady state atmospheric CO, (GEOCLIM-REG simulation) for each time slice can be
downloaded at the following address:

https://geoclimmodel.wordpress.com/download-area/

The following table provides the atmospheric CO, for each time slice.

Age (Ma) Steady state atmospheric CO; (ppm)
(GEOCLIM_REG simulation)
350 1148
323 339
308 336
290 5320
272 13160

Graphical representation of the CO; calculation method

Foo/Fua

100

1000 10000
Atmospheric CO, (ppmv)

Supplementary figure 14: graphical
representation of the method used to calculate the
atmospheric CO, (GEOCLIM-REG case). Each
curve represents the global CO, consumption by
continental silicate weathering (sum of the
contribution of each grid element) divided by the
total solid Earth degassing (prescribed), as a
function of atmospheric CO,. Steady state CO, is
reached when the silicate weathering/CO,
degassing ratio equals 1.
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Supplementary table 1: model parameters

Parameter Numerical value

k€02

435104

Units

mol/m3

Reference

Calibration

Model
GEOCLIM
GEOCLIM-REG

GEOCLIM
GEOCLIM-REG

GEOCLIM
GEOCLIM-REG

GEOCLIM
GEOCLIM-REG

GEOCLIM
GEOCLIM-REG
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