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Isotope Fractionation and 

Atmospheric Oxygen: 


Implications for Phanerozoic 0, 

Evolution 


Models describing the evolution of the partial pressure of atmospheric oxygen over 
Phanerozoic time are constrained by the mass balances required between the inputs 
and outputs of carbon and sulfur to the oceans. This constraint has limited the 
applicability of proposed negative feedback mechanisms for maintaining levels of 
atmospheric 0, at biologically permissable levels. Here we describe a modeling 
approach that incorporates 0,-dependent carbon and sulfur isotope fractionation 
using data obtained from laboratory experiments on carbon-13 discrimination by 
vascular land plants and marine plankton. The model allows us to calculate a 
Phanerozoic 0, history that agrees with independent models and with biological 
and physical constraints and supports the hypothesis of a high atmospheric 0, 
content during the Carboniferous (300 million years ago), a time when insect 
gigantism was widespread. 

A dominant feature of Earth's atmosphere is the tention has been directed toward understanding 
presence of abundant free oxygen (O,), which the rise of 0, during the Precambrian (1-5). Of 
signifies an active aerobic biosphere. Much at- equal interest, however, is the relative lack of 
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variability in the partial pressure of atmospheric 
oxygen (PO,) during the Phanerozoic (the past 
600 million years). Physical and biological con- 
straints based on the fossil record of charcoal 
and forest fires limit extreme atmospheric com- 
position variations to roughly 10 to 40% 0, at 
constant N, mass (6, 7). This range is remark- 
ably constant considering the potential variation 
in atmospheric O? production and consumption 
rates that may have occurred over geologic time. 
On hundred- to thousand-year scales, 0, is con- 
trolled by global rates of photosynthesis and 
respiration. On longer time scales, the burial of 
organic matter (OM) and pyrite (FeS,) in sedi- 
ments and the oxidative weathering of these 
materials on the continents (plus oxidation of 
reduced C- and S-containing gases liberated 
from them at depth) become the dominant con- 
trols on pO, (8, 9). To maintain approximate 
constancy of PO, through time, strong nega- 
tive feedbacks must exist within global bio- 
geochemical cycles. Proposed feedbacks in- 
clude links between PO, and forest fires (7, 
10) and between the concentration of dis- 
solved oxygen [O,],, and nutrient availability 
in the oceans (11-13); however, none of these 
feedbacks have been formulated into a model 
that is consistent with constraints imposed by 
chemical and isotopic mass balances for car- 
bon and sulfur. 

The calculation of changes in pO, on geo- 
logic time scales can be achieved if reasonably 
accurate estimates of burial rates and weathering 
rates of OM and pyrite can be developed (14). 
Models based on the abundance of organic car- 
bon and pynte sulfur in sedimentary rocks 
through time (15) provide one approach to the 
modeling of Phanerozoic pO, variations. Anoth- 
er approach is the use of mathematical models 
driven by carbon and sulfur isotope variations 
(9). In brief, the abundance of I3C in seawater- 

'Department of Geology and Geophysics, Yale Uni- 
versity, New Haven, CT 06520-8109, USA. 2Depart- 
ment of Animal and Plant Sciences, University of 
Sheffield, Sheffield. 510 ZTN, UK. 3Department of 
Oceanography, School of Ocean and Earth Science 
and Technology (SOEST), University of Hawaii, Ho- 
nolulu. HI 96822. USA. 

Table 1. Fractionation of carbon isotopes during 
experimental vascular plant growth. All values are 

dissolved inorganic carbon reflects the partition- 
ing of carbon between total global masses of 
carbonate and OM in sedimentary rocks; like- 
wise, 34S abundance in seawater S O ,  reflects 
partitioning of sulfur between global sedimen- 
tary sulfide and sulfate. These features arise 
because during photosynthetic fixation of CO, 
there is a strong discrimination in favor of I2C; 
photosynthetic biomass is significantly depleted 
in I3C relative to ambient CO? (1 7, 18). Analo- 
gously, bacterial sulfate reduction exhibits a 
strong discrimination in favor of 32S; biogenic 
sulfide minerals are significantly depleted in 34S 
relative to ambient dissolved sulfate (19). Sev- 
eral studies (16, 20-22) have attempted to use 
these features of the carbon and sulfur isotope 
systems to resolve PO, variations based on the 
isotopic records of marine carbonates and sul- 
fates, which serve as proxies for oceanic values 
of '3C/'2C and 34S/32S. None has generated a 
Phanerozoic 0, history that is consistent with 
physical and biological constraints or the rock 
abundance model. Indeed, the use of geological- 
ly and biologically reasonable feedbacks in iso- 
tope-driven 0, models results in unavoidable 
positive feedbacks and catastrophic modeled 0, 
histories (16, 23). 

The possible dependence on PO, of net car- 
bon isotope discrimination during photosynthe- 
sis and biogenic sulfide production are two po- 
tentially important factors currently omitted 
from isotope-driven 0, modeling studies, al- 
though theoretical considerations indicate that 
both are likely. Increased rates of plant photo- 
respiration under high ambient O,/CO, are pre- 
dicted because of the dual carboxylase-oxygen- 
ase function of Rubisco (24), potentially leading 
to a greater fraction of biomass being derived 
from I3C-depleted respired C02  (25). Sulfur 
cycling in marine sediments is related to 0, 
availability, and more recycling results in a 
greater net biogenic sulfide 34S depletion (19). 
Therefore, to address the sensitivity of these 
current uncertainties on Phanerozoic 0, change, 
we report results from experiments determining 
the influence of elevated PO, on the net I3C 
discrimination of a herbaceous angiosperm (Ra- 
nunculus repens), a cycad (Macrozamia conz- 
nunis), and a marine diatom (Phaeodac$lurn 
tricornutunz), all grown in the laboratory under a 
variety of CO, and 0, concentrations. These 

data have been used, together with a best-guess 
estimate of sulfur isotope fractionation with 0, 
content, to derive a new mass balance model of 
0, for calculating a revised Phanerozoic 0, 
history. 

Each species of vascular land plant was 
grown under similar environmental condi-
tions (i.e., light intensity, temperature, hu- 
midity, pCO,, and nutrient supply) but con- 
trasting atmospheric O,/CO, ratios [21 and 
35% 0, with 330 parts per million (ppm) 
CO,] in controlled environment chambers de- 
scribed previously (26, 27). The upper PO, 
value was taken to represent a previous upper 
estimate of the past 300 million years (15). 
Table 1 shows the C isotopic composition, 
expressed as per mil (%o) deviation from the 
Pee Dee Belemnite standard, of CO, in 
growth chamber air (S,.J and of the plant 
samples (S,,,,,,,) grown at ambient and elevat- 
ed 0, concentrations and the net carbon iso- 
tope discrimination A, [(Sga5 - Sp,a,,,)/(I + 
SpaJ1OOO)]. These results show, in line with 
theoretical expectations, that plants grown at 
elevatedpo, (35%) exhibit I3C-depleted bio- 
mass relative to plants grown under ambient 
pO, (21%). The depletion, expressed as 
r1(AI3C) values in Table 1, averaged 1.4%0 
for R. repens and 3.2%0 for M. conznzunis. 

The marine diatom P. tricornutunz was 
grown under constant light, temperature, and 
nutrient supply (and thus had a constant growth 
rate) but variable [CO,],, and [O,],, in a con- 
tinuous culture (chemostat) system described 
previously (28). Oxygen saturation of the solu- 
tion relative to contemporary atmospheric PO, 
ranged from 106 to 155% (equivalent to equi- 
librium with an atmospheric PO, of 22 to 
32.5%), whereas [CO,],, varied from 3.7 to 
20.1 pmol kg- I .  Previous work has demon- 
strated that carbon isotopic fractionation in ma-
rine microalgae varies as a function of both 
[CO,],, and algal growth rate (28, 29). The 
isotopic fractionation for P. tricornutum grown 
under similar ranges of growth rate (p+)  and 
[CO,],,, but in equilibrium with 21% 0, (30), 
were compared with the results of the present 
study in order to determine the effect of varying 
O,/CO, on isotope fractionation corrected for 
fractionation due to varying CO, (Table 2) (31). 

The results of the experiments can be ap- 
expressed as %o. 1, = 1000(1 - a,) (6,, = -

6,,,,,)/(1 + 6g,,/1000), where a, is the fractlon- 
ation factor, numbers after ? indicate l o  uncer- 
tainties, and values in parentheses indicate the 
number of individual gas or plant samples. 

R. repens 
21 -3.2 2 0.7 (10) -23.0 2 0.6 (4) 19.9 
35 -5.5 2 0.8 (10) -26.7 2 0.3 (4) 21.3 

M. communis 
21 -4.5 -C 0.9 (15) -22.3 -C 0.2 (6) 17.9 
35 -6.0 2 0.9 (11) -27.0 ? 1.2 (6) 21.1 

Table 2. Carbon isotopic fractionation for the marine diatom P. tricornutum grown under different levels 
of [O,],, and [CO,],, but at a constant growth rate I*, of 0.60 per day. The predicted (Pred.) values for 
A, were calculated from the data and model of Laws et  a[.  (30) for P. tricornutum for the same values 
of (*/[CO,],, but for constant present atmospheric p 0 2  (21%). Obs., observed. Values of 0bs.-Pred. 
represent changes in fractionation due t o  varying [Ot],,/[C02],, corrected for isotopic fractionation due 
to varying [C02],q. For the method of AIA, determination, see (31). 

[Ozl,, ['O2Iaq Obs. A, Pred. 1, 0bs.-Pred. 
(mol kg-1) (mol kg-1) 1*, ' [~021aq [02/C021aq (%o) (%o) (%o) 
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plied directly to an isotope-driven 0, mass bal- 
ance model by calculating the relation between 
A, and 0, as 

Ac = 8I3Cgas- 6'3Cpiant 

= (Ac)o + J[(Oz/38) - 11 (1) 
where A, is isotope fractionation (discrimina- 
tion) for vascular land plant or algal carbon (in 
%o); (A,), = 25%0= A, value for the present 
level of 0, but for an average hgher-than- 
present CO, level during the Phanerozoic (32, 
33); 0, is the mass of oxygen in the atmosphere 
at any past time; 38 is the mass of oxygen in the 
present atmosphere (in 10" mol); and J is an 
empirical coefficient used for curve fitting. 
Equation 1 closely mirrors that expected from 
theoretical modeling of photosynthesis and car- 
bon isotope fractionation to the same increase in 
atmospheric 0, content (34). 

Because of the complex effects of oxida- 
tion of sulfide and multiple fractionation dur- 
ing diagenetic recycling (19), no straightfor- 
ward experiments on the effects of PO, on 
sulfur isotope discrimination during bacterial 
sulfate discrimination are possible. As an ini- 
tial approximation, we assume a simple linear 
proportionality 

ASc= 63"su~fate - 834S5u1fide= (A~)0(02/38) 

(2) 
where A, is fractionation for sulfur (in %o) 
and (A,), is the average fractionation for the 

Fig. 1. Plot of carbon isotopic 
fractionation as a function of % 
0 2 .  A(AF) = A, - ,(A'), = 
change In fractlonatlon from l o -
that for 21% 0,. Curves derived 
from Eq. 1 are shown for differ- s -
ent values of J, with the experi- 2 
mental data fitted by / = 2.5. 9 
Solid squares represent the vas- a o 
cular plant results of Table 1; 
open circles are calculated from "-the data presented in Table 2 for 
P. tricornutum growth in seawa- 
ter at 25OC equilibrated with 330 . l o  
ppm 9(37). 0 

Fig. 2. Plot of 0, versus time for 
the Phanerozoic calculated by 

present level of 0, (35%0). 
The utility of a model that involves C and S 

isotopic fractionation depends on how 0, vari-
ations are calculated from carbonate and sulfate 
isotopic records. Changes with time toward 
13C-enriched carbonates indicate an increase in 
the total mass of OM in sediments and sedi- 
mentary rocks, either through increased OM 
burial or decreased OM weathering. Increased 
OM burial (or decreased weathering) rates cor- 
respond to elevated 0, production and increas- 
ing atmospheric PO,. However, at constant car- 
bon and sulfur isotope discrimination during 
biomass production, the variations in atmo-
spheric 0, calculated from observed variations 
in the 613C of carbonate and 634S of sulfate are 
too large to be realistic, resulting even in highly 
negative values forp0,. By allowing photosyn- 
thetic carbon and sulfur isotope discrimination 
to vary with atmospheric O,, changes in car- 
bonate 13C andlor sulfate 34S content result in 
damped 0, variations as compared with 0, 
variations derived without the 0, functionality. 

The isotope model used in the present study 
is that of Garrels and Lerman (9),  but with 
0,-dependent isotope discrimination and the use 
of both the carbon and sulfur isotopic record to 
calculate rates of weathering and burial of or- 
ganic carbon and pyrite sulfur. Also included is 
rapid recycling analogous to what was done in 
modeling rock abundance data (15). Rapid re- 
cycling is a means of incorporating into a model 

J=O 

I I I I 

1 0  2 0 30 4 0  5 0  

the observation that younger rocks are more 
likely to be exposed and weathered on the con- 
tinents than are older rocks. The change in at- 
mospheric oxygen mass (0,) with time was 
calculated from the expression 

d02/dt  = Fb,- F,, + 1 518 (Fbp - F,,) 
(3) 

where F refers to fluxes in mass per unit of 
time, the subscripts b and w refer to burial 
and weathering (including oxidation of re- 
duced gases derived from deep processes), 
and the subscripts g and p refer to organic 
carbon and pyrite sulfur, respectively. 

For carbon isotope fractionation, the values 
of J in Eq. 1 were varied to obtain an 0, history 
bounded between 10 and 40% O,, which at the 
same time fitted our experimental plant and 
plankton growth results (Fig. 1). A curve for 
J = 2.5 is fit to the experimental data, although 
a somewhat higher value of J is more likely 
because cycads [showing the highest A(A,)] 
represent a primitive life form that is more 
representative of the burial of ancient terrestrial 
OM, as emphasized in the present study. Ex- 
tensive sensitivity analysis showed that the 
variation of J from 0 to 5 results in a lowering 
of the peak value of 0, at 280 million years 
before the present (My B.P.) (Fig. 2) by about 
25% and that values of 0, for 450 to 350 My 
B.P. are affected more by the inclusion of 0, 
dependence in sulfur isotope fractionation than 
by its inclusion in carbon isotope fractionation. 

The modeling results for the Phanerozoic 
history of atmospheric 0, based on Eqs. 1 
through 3 and the isotopic composition of 
sedimentary carbonates (35, 36) and sulfates 
(16, 37, 38) as proxies for seawater isotopic 
composition are shown in Fig. 2 and are 
compared with the results of the sediment 
abundance model of Bemer and Canfield 
(15). There is surprisingly good agreement 
between the results of these two totally inde- 
pendent approaches. 

The most obvious feature in Fig. 2 is the 
large PO, maximum centered around 300 mil- 
lion years ago, thought to be a response to the 
evolution of large vascular plants on the conti- 
nents (8, 15, 16). Production of new sources of 
biomass (such as lignin) that were resistant to 
the then available pathways of OM degrada- 
tion likely led to enhanced OM burial in 
swamps and in marine sediments after trans- 
port to the oceans by rivers. This explanation 
is consistent both with the abundance of coal 
deposits and OM in general that were pre- 
served at this time (15, 16) and with the most 
severe enrichment in oceanic I3C content 
measured during the Phanerozoic (16, 36). 

It has been suggested that variations in glo- 
bally averaged A, values between sedimentary 
carbonate and OM correspond largely to varia- 
tions in atmospheric CO, content (33). This 
relation certainly holds for specific classes of 
organic compounds that show a strong relation 

isotope mass balance modeling 50-1 
+ C and S isotopes 

(the present study) and by the -0- C and S abundance in rocks 
abundance of organic carbon and 4 0  1
pyrite sulfur in sedimentary 
rocks (75). The upper and lower 
lines represent the range of esti- 
mated errors for the results of 
the rock abundance modeling. 

- 6 0 0  -500  -400  -300  -200  - 1 0 0  0 

Time (Ma) 
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between I3C depletion and ambient pCO, val- 
ues (39-41). However, A, values for the 
Permo-Carboniferous are larger than values im-
mediately before and after this time span, a 
feature difficult to explain in terms of greatly 
increased pC02. Indeed, Permo-Carboniferous 
CO, concentration is likely to have been decid- 
edly lower than dusing the preceding and suc- 
ceeding periods (32). The paradox might be 
resolved if thepO, of the Permo-Carboniferous 
reached 35%, a value indicated by modeling, 
because a greater measured A, at this time 
could be explained without relying entirely on 
the burial of anomalously 13C-depleted OM 
(33). Plant growth experiments demonstrate 
that plants can grow in atmospheres of up to 
40% 0, (42) with the balance between vegeta- 
tive and reproductive growth remaining unaf- 
fected, indicating the possibility of maintaining 
viable populations under such conditions. Fur- 
thermore, a value of 35% 0, (withpC0, = 300 
ppm) is compatible with continued biogeo- 
chemical cycling of carbon by terrestrial eco- 
systems (43). Other physiological studies sug- 
gest that elevated p 0 2  during the Permo-Car- 
boniferous may help explain patterns in evolu- 
tion. Flight metabolism in arthropods is 
enhanced at elevated 0, concentrations (44), 
and the sudden rise and sibsequent fall of insect 
gigantism documented from the fossil record 
by, for example, giant dragonflies with wing- 
spans of 70 cm is coincident with the Permo- 
Carboniferous maximum in PO, (45, 46). Oth- 
er patterns have been linked to elevated O,, 
such as changes in organisms with diffusion- 
mediated respiration and the invasion of the 
land by vertebrates (45, 46). 
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Natural NaAlSi,O,-Hollandite in 
the Shocked Sixiangkou 

Meteorite 
Philippe CiLlet,'* Ming Chen,z,3 Leonid ~ubrovinsky,~ 

Ahmed EL CoresyZ 

The hollandite high-pressure polymorph of plagioclase has been identified in shock- 
induced melt veins of the Sixiangkou L6 chondrite. It is intimately intergrown with 
feldspathic glass within grains previously thought to be "maskelynite." The crys- 
tallographic nature of the mineral was established by laser micro-Raman spec- 
troscopy and x-ray diffraction. The mineral is tetragonal with the unit cell param- 
eters a = 9.263 ? 0.003 angstroms and c = 2.706 ? 0.003 angstroms. Its 
occurrence with the liquidus pair majorite-pyrope solid solution plus magnesio- 
wiistite sets constraints on the peak pressures that prevailed in the shock-induced 
melt veins. The absence of a calcium ferrite-structured phase sets an upper bound 
for the crystallization of the hollandite polymorph near 23 gigapascals. 

Alkali feldspars in the system KAlSi30,- sure and temperature (P-T) conditions is 
NaA1Si30, are abundant minerals in Earth's well-known. For instance, the albite to ja- 
crust. Their behavior under moderate pres- deite + quartz transition is a well-calibrated 
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