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Abstract

A model for the combined long-term cycles of carbon and sulfur has been constructed which combines all the factors modifying
weathering and degassing of the GEOCARB III model [Berner R.A., Kothavala Z., 2001. GEOCARB III: a revised model of atmospher-
ic CO, over Phanerozoic time. Am. J. Sci. 301, 182-204] for CO, with rapid recycling and oxygen dependent carbon and sulfur isotope
fractionation of an isotope mass balance model for O, [Berner R.A., 2001. Modeling atmospheric O, over Phanerozoic time. Geochim.
Cosmochim. Acta 65, 685-694]. New isotopic data for both carbon and sulfur are used and new feedbacks are created by combining the
models. Sensitivity analysis is done by determining (1) the effect on weathering rates of using rapid recycling (rapid recycling treats car-
bon and sulfur weathering in terms of young rapidly weathering rocks and older more slowly weathering rocks); (2) the effect on O, of
using different initial starting conditions; (3) the effect on O, of using different data for carbon isotope fractionation during photosyn-
thesis and alternative values of oceanic 4'>C for the past 200 million years; (4) the effect on sulfur isotope fractionation and on O, of
varying the size of O, feedback during sedimentary pyrite formation; (5) the effect on O, of varying the dependence of organic matter
and pyrite weathering on tectonic uplift plus erosion, and the degree of exposure of coastal lands by sea level change; (6) the effect on CO,
of adding the variability of volcanic rock weathering over time [Berner, R.A., 2006. Inclusion of the weathering of volcanic rocks in the
GEOCARBSULF model. Am. J. Sci. 306 (in press)]. Results show a similar trend of atmospheric CO, over the Phanerozoic to the results
of GEOCARB 111, but with some differences during the early Paleozoic and, for variable volcanic rock weathering, lower CO, values
during the Mesozoic. Atmospheric oxygen shows a major broad late Paleozoic peak with a maximum value of about 30% O, in the Perm-
ian, a secondary less-broad peak centered near the Silurian/Devonian boundary, variation between 15% and 20% O, during the Cam-
brian and Ordovician, a very sharp drop from 30% to 15% O, at the Permo-Triassic boundary, and a more-or less continuous rise in O,
from the late Triassic to the present.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction CO, +(Ca, Mg)SiO; « (Ca,Mg)CO; + SiO, (1)

The controls of levels of atmospheric O, and CO, on a CO, + H,0 = CH,0+0, (2)
multimillion year time scale can be summarized by just 150, 4+ 4FeS, + 8H,0 < 2Fe, 05 + 8S0,%~ + 16H* (3)
three very succinct chemical reactions first written or
described in words by Ebelmen (1845) and independently
deduced much later by Urey (1952); Holland (1978) and
Garrels and Perry (1974). (For further details on these
reactions consult Berner, 2004). They are;

Reaction (1), going from left-to-right represents the sum-
mation of weathering of calcium and magnesium silicate
minerals by CO, (derived ultimately from the atmosphere),
with the formation of Ca®>" and Mg”, HCO,~ and H4Si04
in solution, followed by the transport of these solutes to the
sea where they are deposited as Ca and Mg carbonates and
biogenic silica. Reaction (1) written from right-to-left rep-
" Fax: 41 203 432 3134, resents the thermal decomposition of carbonates via volca-
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CO, to the atmosphere and oceans along with the forma-
tion of Ca and Mg silicates. This reaction exerts the major
control on atmospheric CO,.

Both CO, and O, are affected by reaction (2). Going
from left-to-right this reaction represents the burial in
sediments of organic matter formed ultimately by photo-
synthsis. Going from right-to-left the reaction represents
either the oxidative weathering on the continents of old
sedimentary organic matter or the thermal decomposition
at depth of the organic matter with the resulting reduced
carbon gases emitted to and oxidized in the atmosphere
and oceans. This reaction exerts the major control on
atmospheric O,.

Reaction (3) reading from left-to-right represents the
oxidative weathering of pyrite on the continents or the
thermal decomposition of pyrite at depth with the resulting
reduced sulfur gases emitted to and oxidized in the
atmosphere and oceans. Reading from right-to-left the
reaction represents the summation of photosynthesis,
bacterial sulfate reduction and sedimentary pyrite
formation. Reaction (3) expresses the effects of the global
sulfur cycle on atmospheric O,.

Computer modeling of the combined carbon and sulfur
cycles in order to calculate levels of O, and CO, over mil-
lions of years has been done by Francois and Walker
(1992); Godderis et al. (2001); Hansen and Wallmann
(2003); Bergman et al. (2004) and Arvidson and Mackenzie
(2006). Earlier work by the writer was on modeling sepa-
rately the evolution of CO, in terms of the GEOCARB
model (Berner and Kothavala, 2001) and an isotopic mass

balance model for O, (Berner, 1987, 2001). The
10 40
—@— 513C stnd
8 _ [ = —O0— 313CKatz |35

—o— §34g

813C Korte |

534s

13
31°C Yoo

%0 2

600 500  -400 300 200  -100 0
Time Ma

Fig. 1. Isotopic data for carbonate-C and sulfate-S used in GEOCARB-
SULF modeling. Stnd stands for standard formulation. 6**S data from
Kampschulte and Strauss (2004); 6'°C data from: Cambrian (550-
490 Ma) Kirschvink and Raub (2003); Ordovician to Devonian (490-
360 Ma) Saltzman (2005) and Veizer et al. (1999); Carboniferous to Late
Permian (360-270 Ma) Popp et al. (1986), Veizer et al. (1999), and Mii
et al. (1997, 2001). Alternate for Permian (300-270 Ma) Korte et al.
(2005a). Late Permian to Mid-Triassic (270-240 Ma) compiled by Berner
(2005). Mid to Late Triassic (240-200 Ma) Lindh (1983). Alternate Korte
et al. (2005b) Jurassic to present (200-0 Ma) Lindh (1983). Alternate Katz
et al. (2005).

GEOCARB III model has recently been amended (Berner,
in press) to include the effects on CO, of changing volcanic
weathering over time. The purpose of the present paper is
to combine the isotope mass balance and GEOCARB
models to produce a combined model, here labeled as
GEOCARBSULF, that enables calculation of both CO,
and O,. In doing this, such concepts as rapid recycling
(Berner, 1987; Berner and Canfield, 1989) and O,-depen-
dence of carbon and sulfur isotope fractionation (Berner,
2001) are introduced to GEOCARB modeling. In turn
the application of non-dimensional factors affecting weath-
ering (e.g., mountain uplift and erosion) that have been
applied to the GEOCARB model, are added to the isotope
mass balance modeling for sulfur. To update the model
new data for the carbon and sulfur isotopic composition
of the oceans, as represented by measurements on carbon-
ate and sulfate minerals, are used. These data, are summa-
rized in Fig. 1.

2. GEOCARBSULF modeling
2.1. Fundamentals

Details of the GEOCARB and isotope mass balance
modeling, combined here to form the GEOCARBSULF
model, can be found in earlier papers by the author or in
Berner (2004). Discussion in this paper is confined mostly
to new effects that arise from combining the earlier models.
However, some fundamentals of the earlier models bear
repetition. In the earlier GEOCARB and isotope mass
balance models, and that of the present one, calculation
is done in terms of a succession of steady states for
exchanges of total carbon and total sulfur between rocks
and the surficial system (ocean + atmosphere + life + soils)
calculated for each one million year time step. This
approach is justified for carbon because of the rapidity of
the re-attainment of steady state after perturbation
(Sundquist, 1991). The residence time of carbon in
seawater (the largest surficial reservoir) is only about 0.1
million years. However, because of the longer residence
time of sulfate in seawater (about 14 million years) the
assumption of steady state for sulfur is less justified.

In GEOCARB and the present GEOCARBSULF mod-
eling the level of atmospheric CO; is calculated from an
expression for the flux of HCO,~ from Ca and Mg silicate
weathering. This flux is a function of many time-dependent
non-dimensional (normalized to the present) weathering
parameters which are together multiplied times the present
Ca-Mg silicate weathering rate. These parameters repre-
sent erosion, river runoff, plant evolution, volcanic weath-
ering, global CO, degassing and land area. In addition to
these parameters, the weathering expression for the silicates
contains an additional non-dimensional term that includes,
among other things, the feedback effects of CO, on temper-
ature and plant growth as they affect CO, uptake via
weathering. Determination at each time step of the non-
dimensional variables and the actual weathering flux
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(calculated from carbon and carbon isotope mass balance)
enables calculation of the value of the temperature-CO,
feedback term and from this the value of RCO, by
inversion. The parameter RCO, is the ratio of the mass
of atmospheric CO, at some past time to that for the
pre-industrial present. The application of non-dimensional
parameters affecting weathering are applied in the present
paper to the weathering rates for organic carbon, pyrite
sulfur, and CaSO, sulfur which was not done in the Berner
(2001) isotope mass balance model. The appropriate
equations for these are presented in the section below on
land area, relief and erosion.

The level of atmospheric O, is calculated simply by the
difference in O, input from organic carbon and pyrite
sulfur burial and O, removal by weathering of organic C
and pyrite S in rocks plus the oxidation of reduced C
and S containing gases emitted by volcanism and metamor-
phism. Burial rates of organic C and pyrite S are calculated
from weathering and metamorphic/volcanic fluxes via
isotope mass balance equations (Berner, 2001, 2004). Rates
of degassing by volcanism and metamorphism are guided
by changes in sea floor spreading rate. The time step is
one million years and the calculation is started at 570 Ma
and run forward to the present. (For “spin-up” purposes
appropriate input parameters from 570 to 550 Ma were
assumed to have the same values as known values for the
beginning of the Cambrian at 545 Ma.) Inverse modeling
starting at present and running backward in time
(K. Fennel personal communication) results in answers
similar to those found for O, by forward modeling.

2.2. Rapid recycling and O,

Rapid recycling (Garrels and Mackenzie, 1971; Berner,
1987), which provides negative feedback against excessive
O, variation (Berner and Canfield, 1989; Berner, 2001),
was applied to the GEOCARBSULF modeling. With rapid
recycling it is assumed that the carbon and sulfur com-
pounds in younger rocks weather faster than in older rocks
which is a geologically reasonable assumption because the
younger rocks are better exposed to erosion at the earth
surface. Negative feedback is provided by the exposure of
organic matter and pyrite rich rocks to O, uptake via
weathering ““shortly” (on a multimillion year time scale)
after the deposition of the same rocks that resulted
originally in excessive O, production. This may occur as
a result of sea level drop or tectonic uplift. (Minor negative
feedback also for CO, is provided by the exposure to
weathering of limestones ““shortly” after deposition.)

The actual starting values for the relative sizes, isotopic
composition, and rates of weathering of organic-C, carbon-
ate-C, CaSOy4-S and pyrite-S in “young” and “old” rocks
were adjusted to give both appreciable negative feedback,
geologically reasonable mean ages for the young rocks over
time, and final values for O, equal to that at present. The
mean age for a young rock is calculated as the ratio of
its mass to the aging rate or rate of conversion to old rocks,

in essence a mean residence time. The aging rate is assumed
to be equal to the weathering rate of carbon and sulfur
compounds in the old rocks plus their thermal destruction
by metamorphism and volcanism. In this way the masses of
each form of carbon and sulfur in the old rocks remain
constant. Allowing the old rocks to vary in mass was found
to have negligible effect because of their very long residence
times (400600 million years) relative to the time span of
the Phanerozic (550 million years). Additional contribution
to volcanic and metamorphic degassing by the subduction
of seafloor, which by definition has not undergone
continental weathering, is added to the degassing flux for
the old rocks. (Submarine weathering of basalt is consid-
ered minor compared to continental weathering—see
Berner, 2004).

Plots of mean age for young organic matter, carbonates,
pyrite, and calcium sulfate are shown in Figs. 2 and 3. The
large variation and lower values for mean age of young
organic carbon, compared to that for young carbonate
carbon is due mainly to changes in the young organic
abundance. At any time there was a much lower mass of
young organic matter globally than that for carbonate,
lower masses lead to shorter mean ages (in other words,
shorter residence times) and greater variability. Fig. 3
shows that mean ages of CaSO, were lower than for pyrite,
in this case the lower mean age is due mainly to more rapid
turnover, not just lower masses of CaSO,4 sulfur compared
to pyrite sulfur. This in keeping with the idea that CaSQOy,
weathers faster than pyrite (see discussion below). The very
high mean ages of young pyrite during the early Paleozoic
are due to the accumulation of large masses of pyrite at
that time due to the presence of an ocean with anoxic bot-
tom waters (Berner and Raiswell, 1983; Wilde, 1987).

Plots of the relative rates of weathering of young vs old
organic matter, carbonates, pyrite, and calcium sulfate are
shown in Figs. 4 and 5. Note that the ratios of weathering
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Fig. 2. Mean age of young carbonate carbon and organic carbon as a
function of time. Mean age is defined as young mass/young-to-old aging
flux (see text under rapid recycling).
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Fig. 3. Mean age of young pyrite and CaSO, as a function of time. (For
definition see caption to Fig. 2).
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Fig. 4. Ratio of rates of weathering of young/old (Fwy/Fwa) carbonate
and organic matter as a function of time.
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Fig. 5. Ratio of rates of weathering of young/old (Fwy/Fwa) pyrite and
CaSOy, as a function of time.

rates for organic carbon vary considerably with time. This
is because the amount of young organic carbon varies so
much that at times, such as the early Paleozoic, very low
masses of young material result in weathering rates that
are about the same as those for the much more abundant
old organic carbon (weathering rate ratio, Fwy/Fwa =~ 1).
(In all isotope mass balance modeling—e.g., Garrels and
Lerman, 1984—weathering rate is assumed to be directly
proportional to the mass of the material undergoing
weathering.) In the case of CaSO, (Fig. 5), reduction of
young masses to such low values during the early Paleozoic
results in the rate of weathering of old CaSQO,4 being faster
than that for young CaSO, (Fwy/Fwa < 1). At the same
time the ratio of young/old pyrite weathering reaches a
maximum for the whole Phanerozoic because of the
deposition of such large amounts of young pyrite due to
an early Paleozoic ocean with extensive anoxic bottom
waters, (Berner and Raiswell, 1983; Wilde, 1987). Finally,
one can see from Figs. 4 and 5 that the weathering rate
ratio for CaCOj is much higher than that for CaSOy. This
reflects the idea that CaSO,4 occurs in beds that are so
extremely soluble that old rocks can rapidly dissolve in
the subsurface leading to lesser differences in the weather-
ing of young and old CaSQO,. By contrast the range of
weathering rate ratios for organic matter and for pyrite
are similar reflecting the fact that both occur as minor
components disseminated in shales, and weathering of
them requires exposure to O, by continued loss by
weathering and erosion of the enclosing rock.

2.3. Initial values and O,

In doing the GEOCARBSULF modeling, it was found
that there was sensitivity of results for O, over time to
the assumed starting conditions at 570 Ma. This is to be
expected. Once proper starting conditions were adopted
so as to end at correct present day values, resulting plots
of O, vs time were found to closely parallel those for
013C (compare Fig. 1 with Fig. 20) showing that external
forcing and not initial conditions was the major control
of results.

An important cause of sensitivity to starting conditions
was the division into young, rapidly weathering and old,
slower weathering rocks containing carbon and sulfur (ra-
pid recycling). Initial values were adjusted so that geologi-
cally reasonable initial values still allowed the attainment
at the end of the run at ¢t = 0 of values of O,, CO,, organic
matter burial, the sulfur/organic carbon ratio of sediments,
and the isotopic composition of carbonates close to mea-
sured ones. The adopted initial (standard) values are shown
in Table 1.

The effects of variation of starting values around the
standard values of Table 1 were examined. Variation of
the initial masses of atmospheric O, (£50%) and the initial
isotopic compositions of young carbonates (£29,), young
and old organic matter (£109,), young sulfates (£10%,)
and young and old pyrite (£10%,) resulted in negligible
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Table 1
Initial values at 550 Ma for GEOCARBSULF modeling

Mass of atmospheric oxygen = 25 (present = 38)

Gy (mass of young organic carbon) = 1000

Ga (mass of old organic carbon) = 4000

Cy (mass of young carbonate carbon) = 250

Ca (mass of old organic carbon) = 1000

Spy (mass of young pyrite sulfur) = 20

Spa (mass of old pyrite sulfur) = 280

Ssy (mass of young CaSQ, sulfur) = 150

Ssa (mass of old CaSO, sulfur) = 150

kwpy (rate constant for young pyrite weathering) = 0.01 my~
kwsy (rate constant for young CaSO, weathering) = 0.01 my ™’

kwgy (rate constant for young organic matter weathering) = 0.018 my ™
kwey (rate constant for young carbonate weathering) = 0.018 my ™"

dgy (8"°C of young organic carbon) = —23.5%,

dga (8'3C of old organic carbon) = —23.5%,

Spy (83 of young pyrite sulfur) = —10%,

dpa (6>*S of old pyrite sulfur) = —10%,

dey (8"3C of young carbonate carbon) = 39,

sy (8°*S of young CaSOy, sulfur) = 35%,

1

All masses in 10'® moles.

change in calculated values of O, over time. (Initial values
of 6'°C for old carbonate C and §°*S for old sulfate S are
constrained by these values, by the mean values for 6'°C
and 5°*S of the crust, and by the masses of young and
old rocks shown in Table 1). Variation from 50% to
200% of the values shown in Table 1 for the initial mass
of young pyrite sulfur (Spy) and the rate constants for
weathering of organic carbon (kwgy) and CaSO, sulfur
(kwsy) also showed negligible variation in O,. (However,
increasing the initial mass of young pyrite sulfur by a factor
of ten led to too low O, values for the present.)

Variation of initial values from those shown in Table 1
for most of the remaining parameters show variations that
can be plotted and these are illustrated in Figs. 6-11.
Figs. 6 and 7 show that variations of 50-200%, from the
standard values of Table 1, in the rate constants for young
pyrite-S weathering (kwpy) and young carbonate-C weath-
ering (kwcy) result in distinct differences in the late
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Fig. 6. Plot of O, vs time showing the effects of varying the rate constant for
the weathering of young pyrite (kwpy). stnd = standard value (Table 1).
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Fig. 7. Plot of O, vs time showing the effects of varying the rate constant
for the weathering of young carbonates (kwcy).
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Fig. 8. Plot of O, vs time showing the effects of varying the initial starting
mass of young CaSOy sulfur (Ssy). Values are in 10'® moles.
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Fig. 9. Plot of O, vs time showing the effects of varying the initial mass of
young organic carbon (Gy). Values are in 108 moles.
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Fig. 10. Plot of O, vs time showing the effects of varying the initial mass
of young carbonate carbon. Values in 10'® moles.

40

—e— dcy =3%o stnd
—X— 8cy = 5%o

301 —0— Sey=6%

0, %
2% 20

10 4

0 T T T T T
-600 -500 -400 -300 -200 -100 0

Time Ma

Fig. 11. Plot of O, vs time showing the effects of varying the initial 8'>C of
young carbonate (dcy).

Paleozoic maximum for O,, but with the attainment of
approximately correct values for present O,.

Other parameters show greater sensitivity towards O,.
Variation of the mass of initial CaSO, sulfur between 50
and 200% (Fig. 8) results in values similar to the standard
O, curve for a doubling but unreasonable values for a halv-
ing. The plot for varying initial masses of young organic
carbon (Gy) between 40% and 200% (Fig. 9) results in
unreasonable values for O, over time which do not attain
the present value. Extreme high sensitivity is shown for
the initial value of the mass of young carbonate carbon
(Cy). Fig. 10 shows the effect of varying Cy from 50% to
149% but if the mass is raised from 149.0% to 149.1%,
the mass of young organic carbon (Cy) and its rate of
weathering become negative and O, will not plot. Another
highly sensitive effect is shown by the initial value of 6'°C
for young carbonate carbon. If §'°C is allowed to rise from
the standard value of 39, to 59%,, there is a negligible effect,

but when further raised to 69%,, unreasonably low values of
O, result (Fig. 11). If §'3C rises further to 7%, O, goes neg-
ative. These calculations illustrate that the effects of the
choice of initial conditions can vary, and that values of
some parameters are constrained much more than are oth-
ers. Because of the greater effect of the carbon cycle on O,
than the sulfur cycle, the initial values chosen for some car-
bon parameters can become critical, This is especially true
of the young initial masses of organic C and carbonate C
and their isotopic composition, as demonstrated above.

2.4. Carbon isotope fractionation and O,

The standard (GEOCARB) situation applied to GEO-
CARBSULF is based on the compilation of data by Hayes
et al. (1999) for the difference in 8'°C between carbonate
carbon and organic carbon, denoted as o.. Another ap-
proach is the combination of «. values from Hayes et al.
for 550-200 Ma with those compiled recently by Katz
et al. (2005) for the past 200 million years which are on
the average about 29, smaller than those of Hayes et al.
for this period. This suggests a simplified third approach
which is to constantly subtract 2%, from the Hayes et al.
values for all times. A fourth approach is to use the depen-
dence of o, on the level of atmospheric O, (Berner, 2001)
here using the equation:

%(J60) = 30 +4(02/38 — 1) (4)

where O, = mass of O, in the atmosphere at time ¢ and 38
is the mass at present (in 10'® moles). Results of the four
approaches are shown in Fig. 12. The differences between
the Hayes et al. and Katz et al. data cannot be ascribed
to different mixtures of terrestrially derived organic matter
of lower 6'>C because in both studies it is stated that the
carbon isotopic data are believed to be based solely on
marine organic matter. At any rate it is possible that both

34
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Fig. 12. Difference of '>C for carbonate carbon—6'*C for organic carbon,
o, as a function of time. References are Hayes et al. (1999); Katz et al.
(2005). o = f(O,) is for the expression: o, = 30 +4 (0,/38 — 1) (Berner,
2001). Hayes — 2 is Hayes et al. values—29%,,.
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sets of data may be in error because much terrestrially de-
rived organic matter is buried both on land (Stallard, 1998)
and in the sea and it is generally of a different isotopic com-
position than marine organic matter.

Comparison of the effect on atmospheric O, of using the
four different isotopic fractionation values o, is shown in
Fig. 13. From the viewpoint of the entire Phanerozoic,
the different o, data sets result in no large differences in de-
rived O, curves even though the values for o, differ appre-
ciably at various times. This means that the overall shape
of the standard O, curve is not highly dependent on the ex-
act values chosen for carbon isotopic fractionation.

Besides differences in o, there are also differences in the
values reported for 8'3C of carbonates (representing the
ocean) between the data of Lindh (1983) and Katz et al.
(2005) for the past 200 million years (see Fig. 1). As an
additional sensitivity check Fig. 14 is presented to illustrate
the effect on O, over the past 200 million years of the dif-
ferences in both o (Hayes vs Katz) and carbonate §'°C
(Lindh vs Katz). There is no major change in the general
trend of O, vs time for Jurassic to recent for the two data
sets (Hayes + Lindh; Katz). However, with the Katz data
set there are two prominent maxima in O, centered at
150 Ma (Jurassic) and 20 Ma (Neogene). It remains to be
seen whether these maxima are real; there is no indepen-
dent evidence for them. Until the Jurassic and Neogene
0O, maxima are proved to be correct, the earlier data sets
of Lindh for Jurassic to recent carbonate 6'°C and Hayes
et al. for Phanerozoic o, are used as a provisional standard
formulation. In this way, at least all values of o, are from
the same Hayes et al. (1999) data set.

2.5. Sulfur isotope fractionation and O,

In the paper by Berner (2001), it was shown that the
fractionation of sulfur isotopes, expressed as the difference

50
—=— Hayes(stnd) —x— o0, =1(0y)
40 —@— Katz —0O— Hayes-2
304
0y %
20 1
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0 T T T T T
-600 -500 -400 -300 -200 -100 0

Time Ma

Fig. 13. Plot of O, vs time based on different o, values (see caption for
Fig. 12 for references).
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Fig. 14. Plot of O, vs time for the past 200 million years based on the e
data of Lindh (1983) (combined with the o, data of Hayes et al., 1999)
compared to O, derived from the 6'C and o, data of Katz et al. (2005).

between 6°*S for CaSOy sulfur and pyrite sulfur, can be ex-
pressed by the equation:

% (%0) = 35(02/38)" (5)

where o is the fractionation in 9, O, is the mass of O, in
the atmosphere (in 10'® moles), 38 is the present day mass,
and 7 is an empirical parameter. This expression, that pro-
vides additional negative feedback against excessive O,
variation, is used for the standard formulation of the pres-
ent paper. (Negative feedback is provided by using the oxy-
gen level calculated at step t to compute o and then O, at
step ¢ + 1. Although not strictly numerically correct, this
procedure does not lead to appreciable changes in overall
trends in O, vs time as shown by reverse modeling (K. Fen-
nel and S. Petsch, personal communication). Eq. (5) is
based on the assumption that higher atmospheric O, leads
to greater re-oxidation and cycling of sulfur by bioturba-
tion at the sediment water interface leading to greater sul-
fur isotope fractionation (Canfield and Teske, 1996).
Sensitivity of o to the variation of n from 0.5 to 2.0 is
shown in Fig. 15. (Letting n = 0, in other words having a
constant sulfur isotope fractionation over time, results in
physically impossible negative O, masses for the early
Paleozoic—see Berner, 2001). Fig. 15 shows that apprecia-
ble variation of ag with changing n occurs only during the
late Paleozoic when O, values were very high. The standard
value adopted for n was 1.5 which gives a range in o of
from 10%, to 70%,. This is in keeping with the range of var-
iation for measured natural samples also shown in Fig. 15
(Strauss, 1999).

The effect on O, of varying o, as n varies, is shown in
Fig. 16. Large differences are shown for the past 220
million years (Triassic to recent) with higher values of n
resulting in less variation of O, over time due to increased
negative feedback (Berner, 2001). The standard value
of n=1.5 was adopted as a compromise to prevent the
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Fig. 15. Difference of 6**S for CaSO, sulfur—5>*S for pyrite sulfur, oy, as a
function of time for variable n. ay%,) = 35 (0,/38)". Range of measure-
ments of Strauss (1999) are shown for comparison.

40

30+

0y %

20

10

0 T T T T T
-600 -500 -400 -300 -200 -100 0

Time Ma

Fig. 16. Plot of O, vs time for different o based on varying values of n (see
caption to Fig. 15).

attainment of excessively low O, values during the Triassic
while keeping the range of ag (10-709,) within the limits
measured on rocks (Strauss, 1999). Concentrations of O,
less than about 12% are inimical to the formation of forest
fires which must have existed throughout post-Devonian
time because of the presence of fossil charcoal (Chaloner,
1989; Wildman et al., 2004b). By contrast with the Triassic
to recent, values of O, during the late Paleozoic O, maxi-
mum (centered on 300 Ma) are rather insensitive to chang-
es in oz and 7 even though this is the time when values of o
vary the most (Fig. 15). This results from the fact that the
0O, maximum is due mainly to increased rates of burial of
organic carbon (high values of 6'°C) and is negligibly
affected by low rates of burial of pyrite sulfur (low values
of 6°*S) at the same time (Berner and Raiswell, 1983).

2.6. Land area, relief, erosion and O,

In previous carbon and sulfur isotope mass balance
models (e.g., Garrels and Lerman, 1984; Berner, 2001)
rates of organic matter, pyrite, carbonate, and sulfate
weathering were assumed to be affected only by changes
in the mass of material undergoing weathering. This does
not take into account other factors affecting weathering,
such as increased exposure of rocks to the atmosphere
by erosive stripping due to high relief, changes in land
area exposed to weathering and changes in the degree
of flushing of soils as represented by river runoff. These
factors have all been applied to silicate and carbonate
weathering in GEOCARB modeling. In GEOCARB-
SULF non-dimensional weathering parameters f(¢) are
applied to the weathering of organic matter, pyrite and
CaSO,4 which are also applied to the weathering of sili-
cates and carbonates as in GEOCARB modeling. (For a
detailed discussion of non-dimensional weathering param-
eters see Berner, 2004). Weathering expressions for organ-
ic matter, pyrite and CaSO, introduced here are
(weathering expressions for carbonates are the same as
used in GEOCARB):

Fwgy = fr(t)fa(t)kwgy Gy (6)
Fwga = fr(1)Fwga (0) (7)
Fwpy = fr(¢)/a(t)kwpy Spy (8)
Fwpa = fr (1)Fwpa(0) )
Fwsy = fa(t)fp(¢)kwsy Ssy (10)
Fwsa = fx(¢) /b (t)Fwsa(0) (11)

where Fwgy, Fwpy, Fwsy = weathering rates of young
organic-C, pyrite-S, and sulfate-S

Fwga, Fwpa, Fwsa = weathering rates of old organic
carbon, pyrite-S, and sulfate-S with (0) referring to rates
at present

Gy, Spy, Ssy =masses of young organic-C, pyrite-S,
and sulfate-S

kwgy,kwpy,kwsy = rate constants for weathering

fr(?) = uplift factor reflecting the role of erosive strip-
ping in chemical weathering

fa(?) = land area (r)/land area (0)

fp(?) = river runoff (#)/river runoff (0)

The inclusion of fg(¢) in the weathering of both young
and old organic matter and pyrite reflects the importance
of erosive stripping in this process. Recent measurements
and modeling of organic matter and pyrite weathering
(Wildman et al., 2004a; Bolton et al., in press) indicate that
erosive stripping is more important than changes in atmo-
spheric O, level. Thus, no term for the dependence of
weathering on O, level as a negative feedback (e.g., Berg-
man et al., 2004; Lasaga and Ohmoto, 2002) is employed.
Additional dependence of the weathering of young organic
matter and pyrite on land area f, (¢) reflects the situation
where sea level drop exposes freshly deposited sediments
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to weathering. Erosive stripping is not thought to be
important to the weathering of CaSO, because of its ability
to dissolve in the subsurface; thus, fg(#) is not applied in
this case. Instead fp(7) is used to reflect the dependence
of CaSO, dissolution to water throughput or flushing
and fa (¢) is used to reflect the change of ground water level
of coastal plains with changing sea level and land area.

The effect of changes in O, uptake via weathering of
young and old organic matter pyrite, and CaSO, as
affected by erosion rate fr(f), land area f(¢) and river
runoff fp(f) (for sulfates) is shown in Fig. 17. When
values of fr () fa(?) and fp(¢) for organic matter, pyrite
and sulfates are held at the present value of one for the
entire Phanerozoic (as was done in the simpler model of
Berner, 2001), there is notable change only during the
late Paleozoic. This is in marked contrast to the impor-
tant role of fr(f) in silicate weathering during the
Mesozoic and Cenozoic (Berner, 2004). Apparently, the
dominant influence on O, variability over most
the Phanerozoic are changes in the burial rates of
organic matter and pyrite and not in their weathering
rates. Other weathering parameters affecting silicate
weathering such as fg(7), reflecting the evolution of land
plants, and fg(¢), feedback due to changes in global
temperature, were not applied to the weathering of
organic matter, pyrite and CaSQO,4 because root processes
would have minimal effects on their weathering rate and
the effects of temperature changes are small compared to
the other effects considered here. The dissolution rate of
highly soluble CaSO, minerals is affected far more by
water availability than by temperature. Also, an
additional run with changing temperature applied to
the weathering of young organic matter and pyrite made
little difference in results for O, vs time.
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Fig. 17. Plot of O, vs time for the standard situation vs that for constant
tectonic uplift and erosional stripping (fg(f) =1), constant land area
(fa(t)=1) and constant river runoff (fp(7)=1) as they affect the
weathering of organic matter, pyrite and CaSO, over time.

2.7. Atmospheric carbon dioxide

Introduction of new carbon isotopic data and rapid
recycling to GEOCARB modeling for CO,, as is done in
the present paper, should result in differences in calculated
past levels of CO, from that obtained by GEOCARB mod-
eling alone. The effect is due to change in rates of weather-
ing and burial of organic matter and carbonates and to the
confinement of metamorphic/volcanic/diagenetic degassing
to “old” carbonate and organic matter only. Rapid recy-
cling and separation of rocks into “young” and ‘““old” is
not applied to silicate weathering because no simple nega-
tive feedback would result. Silicate weathering in GEO-
CARB is confined mainly to highly weatherable primary
calcium and magnesium silicates (e.g., plagioclase, biotite,
pyroxenes) and such minerals do not from in sediments.
Thus, there is no simple recyling, via “rapid” burial, uplift
and weathering, as there is for organic matter, pyrite, car-
bonates and calcium sulfates.

For sensitivity purposes, the effects of discriminating
the weathering of volcanic rocks from that for non-volca-
nic silicates is considered, based on the recent work of
Berner (in press). The changing proportion over time of
volcanic weathering, which is faster than non-volcanic
weathering (Meybeck, 1987), is derived from the stron-
tium isotopic composition of Phanerozoic seawater, and
assumed fixed values of ®’Sr/*Sr for volcanic and non-
volcanic silicates.

Comparison of results for RCO, vs time, where RCO, is
the ratio of the mass of atmospheric CO, at some past time
to that at “present” (pre-human mean for Pleistocene or
past 1 million years), for GEOCARB vs GEOCARBSULF
is shown in Fig. 18. Curves are shown for including and not
including volcanic weathering so as to discriminate the ef-
fects on GEOCARBSULF of the effects of (organic) rapid
recycling alone from those due to volcanic weathering plus
rapid recycling (Berner, in press). From an overall Phan-
erozoic perspective there is little change in the overall trend
of CO, vs time. This illustrates the dominance on CO, of
silicate weathering and metamorphic/volcanic/diagenetic
degassing over that of organic matter burial and weather-
ing. There are some notable differences during the early-
to-mid Paleozoic (550-350 Ma) and Mesozoic (250-
100 Ma) but within the estimated range of modeling error
(Berner and Kothavala, 2001; Berner, 2004; Royer et al.,
2004). Most notably, for variable volcanic weathering,
there is a deepening of the minimum during the Late Ordo-
vician, and decreased RCO, values during the Mesozoic.
The Late Ordovician low in CO, is in accord with a conti-
nental glaciation at that time.

All three curves of Fig. 18 agree in general with the
range of independent CO, estimates and with the conten-
tion that CO, was a major driver of Phanerozoic climate
(Royer et al., 2004). A notable feature of Fig. 18 is that
the GEOCARBSULF (no volc) model results in a sharp
peak in CO, at the Permian-Triassic boundary that is not
duplicated at any other time during the Phanerozoic. This
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Fig. 18. Plots of RCO, vs time for GEOCARB (Berner and Kothavala,
2001) and GEOCARBSULF modeling. RCO, is the ratio of the mass of
atmospheric CO, at a past time to that at present (weighted mean for the
past million years). The terms (volc) and (no volc) refer to the addition or
non-addition of variable volcanic weathering (Berner, in press) to the
modeling.

is caused by a large drop in 6'°C across the boundary
reflecting a reduction of CO, uptake by much lower organ-
ic matter burial accompanying the Permo-Triassic extinc-
tion (Berner, 2005; Grard et al., 2005) combined with
increased input of volcanic CO, from Siberian volcanism
(Grard et al., 2005). On a shorter, sub-million year time
scale this peak is in fact sharper and higher. (GEOCARB
and GEOCARBSULF models input smoothed data only
every ten million years, thus missing short term events.)

3. Discussion and conclusions

The major observation of the results of GEOCARB-
SULF modeling is that there is little overall change in the
curves of CO, and O, vs time from earlier GEOCARB
and isotope mass balance modeling. To be sure there are
some variations during the early Paleozoic for O, and
CO, and during the Mesozoic for CO, due to the use of
new carbon isotopic data (Fig. 1) and the introduction of
variable volcanic rock weathering, but the general conclu-
sions of the earlier studies are not changed. The most dom-
inant factor affecting both CO, and O, over the past 550
million years was the rise of vascular land plants, namely
trees (Berner, 2004). They brought about large increases
in the rates of chemical weathering of silicates and rates
of burial of organic matter resulting in a dramatic rise of
O, and drop in CO, during the mid-to-late Paleozoic.
These trends ended abruptly at the Permian-Triassic
boundary as a result (and probably contributing cause)
of the massive biological extinction at that time. The slow

general rise in O, since that time may have been due mainly
to increased burial of organic matter on passive continental
margin shelves (Falkowski et al., 2005).

If terrestrially derived material continued during the
Mesozoic and Cenozoic to be an important component
to global organic matter burial, then proper modeling must
take this into account. Unfortunately, the available compi-
lations of isotopic data for organic carbon for the past 200
million years (Lindh, 1983; Hayes et al., 1999; Katz et al.,
2005) are all based only on marine sediments which likely
contain mostly marine-derived organic matter. Much
plant-derived organic carbon is buried on land in swamps,
lakes etc. (Stallard, 1998) and in marginal marine environ-
ments such as deltas (Berner, 2004) and the isotopic com-
position of the terrestrial material normally differs from
that of marine-derived organic matter. More data from
such environments are needed for past times to obtain a
better idea of the isotopic composition of all organic matter
being buried globally.

The results of the present paper for O, can be compared
to the model results of Bergman et al. (2004) whose curve
of O, vs time is shown in Fig. 19. Both the Bergman and
GEOCARBSULF results show a late Paleozoic maximum
but results for the Mesozoic and Cenozoic (past 250 million
years) differ considerably between the two studies. The
Bergman approach is quite different from that of GEO-
CARBSULF in that isotopic data are not used to drive
the modeling and, instead, various seemingly reasonable
a priori assumptions are made concerning weathering,
organic matter deposition, and negative feedbacks provid-
ing stabilization. The writer does not agree with two of
their major assumptions. First of all, Bergman et al. as-
sume that the weathering rate of organic matter and pyrite
are proportional to the level of atmospheric oxygen (square
root dependency of Lasaga and Ohmoto, 2002). This pro-
vides negative feedback. However, the field and modeling
studies of Wildman et al. (2004a) and Bolton et al. (in
press) show that, for a range of erosion rates around the
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Fig. 19. Plot of O, vs time from Bergman et al. (2004).
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present global mean, organic matter and pyrite weathering
are limited by the rate of erosive stripping of overburden
and exposure to the atmosphere and not by the availability
of O,. Second, Bergman et al. assume that marine organic
matter burial is limited by the input to the oceans of phos-
phate from weathering on land. While production of
organic matter undoubtedly is nutrient limited, burial also
involves preservation. Berner and Canfield (1989) have
shown that sediment deposition rate is a major control
on the rate of burial and preservation of organic matter
and pyrite in marine sediments. Most organic burial occurs
at present in deltaic and shelf regions where high burial
rates are due to very high sedimentation rates even though
organic carbon and pyrite concentrations are relatively low
(Berner, 2004). Thus, changes in global rates of erosion, as
reflected by changes in global rates of sedimentation, have
a major effect on O, production during organic and pyrite
burial. This factor is not considered by Bergman et al.
(2004). During the Mesozoic and Cenozoic there were great
changes in erosion and sedimentation rates (Berner, 2004,
in press) and failure to consider this may help explain some
of the differences between the Bergman study and GEO-
CARBSULF for this time span.

The “best estimate” or standard curve for O, along with
a crude estimate of the range of error based partly on the
sensitivity analyses of the present paper is shown in
Fig. 20. The best estimate uses the data of Korte et al.
(2005b) for Triassic '°C because it allows for no O, con-
centrations to fall below 12%. (In the sensitivity studies
shown earlier the Lindh Triassic data were used which
made little difference as far as overall results are con-
cerned). Forest fires appear to be limited by O, levels below
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Fig. 20. Plot of O, vs time for the standard GEOCARBSULF model with
a crude estimate of the range of error based on sensitivity study. Triassic
O, values differ from those shown in the other plots of the present study
because of the use of alternative 5'3C data (Korte et al., 2005a,b; see
Fig. 1). This enables O, concentrations to be equal to or in excess of 12%,
the value believed to be the minimum to support forest fires (Chaloner,
1989; Wildman et al., 2004b).

12% (Chaloner, 1989; Wildman et al., 2004b) and there is
evidence for fires in the form of charcoal at this time (Scott,
2000). Range of error also includes the effects of using the
alternate carbon isotopic data of Korte et al. (2005a) for
the Permian and Katz et al. (2005) for the Jurassic to recent
(see Fig. 1).

The O, curve may have an important, relatively unrec-
ognized relation to animal evolution. It is believed to have
been a contributing factor to animal gigantism during the
Permo-Triassic (Graham et al., 1995), to extinction at the
Permo-Triassic boundary (Huey and Ward, 2005), to mam-
malian evolution (Falkowski et al., 2005) and to Phanero-
zoic animal evolution in general (Ward, in press). Based on
this initial work, the writer looks forward to more research
on the subject of changing O, level and paleophysiology.
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