
occurred in an extensional rlft setting. This 
setting is not consistent with models for the 
formation of MVT mineralization in nlhich 
gravity-driven fl~lid flow is initiated by com- 
pressional tectonism (15, 2C). Compaction- 
driven fluid flow d ~ ~ e  to rapid sedimentation 
during subsidence (21) lnav be the mecha- " , ,  , 
nism that transported base lnetals out of the 
Fitzrov Trough to the Lennard Shelf. This " 

mineralization age is not consistent with the 
hydrocarbon-drive fluid flow model in 
which MVT mineralization of the Lennard 
Shelf mas linked to a mid-Carboniferous sea 
level drop and c~nsequent  rapid generation of 
hydrocarbons \\xithin the Fitzroy Trough (22). 

Radiometric ages for ore-stage nlinerals 
in b lVT deposits have been obtained only 
in the  last 5 years. In  prc>viding a test for the 
temporal relation between hypothesized 
cause and effect, these ages, along with 
recent paleolnagnetic ages, have been a ma- 
jor force in  driving the evolution of genetic 
models; for example, fro111 a model in \\!hich 
one orogeny fornled a11 LIVT deposits in 
the  United States (2 ) ,  to a model In n-hich 
LIVT deposits formed in various orogenies 
at different times in Earth's history (with the 
implication that hIVT deposits can only he 
for~ned by means of an  orogeny) (3-6. 14) ,  
to a model that infers they can also form in 
a rifting environment (7 .  16,  23).  

The 'i'Th-:?i'Pb and 23Su-226pb dating 

methods mav also have cons~derable value 
for determining the absolute ages of calclte 
found in other geologic settings, incl~lding 
other kinds of ore deposits, salt domes, fault 
zones, speleothems, and petroleum reservoir 
rocks. T h e  analytical approach is applicable 
to calcite of any geologic age and so extends 
calcite geochronology beyond the U - T h  
diseq~lilibri~lrn method. 
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Redox Stabilization of the Atmosphere 
and Oceans by Phosphorus-Limited 

Marine Productivity 
Philippe Van Cappellen* and Ellery D. lngall 

Data from modern and ancient marine sediments demonstrate that burial of the limiting 
nutrient phosphorus is less efficient when bottom waters are low in oxygen. Mass- 
balance calculations using a coupled model of the biogeochemical cycles of carbon, 
phosphorus, oxygen, and iron indicate that the redox dependence of phosphorus burial 
in the oceans provides a powerful forcing mechanism for balancing production and 
consumption of atmospheric oxygen over geologic time. The oxygen-phosphorus cou- 
pling further guards against runaway ocean anoxia. Phosphorus-mediated redox stabi- 
lization of the atmosphere and oceans may have been crucial to the radiation of higher 
life forms during the Phanerozoic. 

T h e  fossil and sedimentary records imply 
that the oxygen level of the atmosphere has 
remained within a fairly narrow range during 
most of the Phanerozoic ( 1 , 2).  The  presence 
of higher plants and animals on land, for 
instance, imposes stringent limits on the at- 
lnospheric partial pressure of oxygen (Pol) at 
least since the end of the Devonian. In con- 
trast, early attempts at reconstructing past 
atmospheric oxygen levels that used simple 
carbon-plus-sulfur isotope mass-balance mod- 

P. Van Cappeen. School of Earth and Atmospheric SCI- 
ences Georgia Institute of Technology Atlanta, GA 
30332-0340. USA. 
E. D. n g a  Marine Sc~ence Institute Univers~t:/ of Texas 
at Aust~n, Port Aransas TX 78373-1 267, USA. 

-To whom correspondence should be addressed 

els revealed unbalances in the rates of produc- 
tion and cons~~mption of atmospheric oxygen, 
which should have resulted in ~~nacceptably 
large fluctuations of Po: over the course of the 
Phanerozoic (3. 4) .  In order to avoid unreal- 
lstic excursions of Po., negative feedbacks 
have been included in'osygen mass-balance 
models (4 ,  5). hlathematically, the feedbacks 
help reconcile the mass-balance calc~~lations 
with the geologic evidence, but the true 
mechanisms that stabilize atmospheric Pol 
have been elusive (6) .  Here we show that 
the marine phosphorus cycle may contain 
the key oxygen controls, through its involve- 
ment in oceanic primary productivity. 

The  availability of phosphorus limits net 
primary production of the global ocean on 
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geologic time scales (7). Consequently, stud- oceans (8). In addition to the supply rate of 
ies have focused on past variations of the nutrient phosphorus from continental weath- 
input of bioavailable phosphorus to the ering, llonxever, lnarine biological productivi- 

Others R e s e ~ o ~ r s  moles Phosphorus 
Fluxes. x 

inollyear 

Ocean 375j 
t 

2358 5 React~ve P 
TPO, DOP 

Mar~ne phosphorus 

Aerobic respiration 
249,460 

CO, Fe,O, 

Primary production 1 
250,000 

Fig. 1. Modern, prehuman steady-state b~ogeochemical cycles of carbon, phosphorus, iron, and oxygen. 
The figure identifies the reservors (boxes) and material fluxes (arrows) considered in the mass-balance 
model. Reservoir 1 contains a oxid~zed carbon in the exogenlc cycle, as well as terrestrial organc carbon 
and marine dissolved organic carbon. Reservoir 2 includes phosphorus stored on and, plus unreactive 
pariicuate inorganic phosphorus in the oceans and marlne sediments. Terrestrial iron and unreactive 
marine iron are grouped in reservoir 10. The modern cycles are used to parameterize the flux expressions 
In Table 1 and they serve as initial conditions in the simulations. The reservoir sizes and fluxes of the carbon 
and phosphorus cycles were estmated in (10). Reservoirs are measured in moles: fluxes are measured X 

10' mol/vear. 

Table 1. Flux equations of the mass balance model. F, stands for the elemental flux f ro~n reservoir i to 
rese~ io r  j :  M, is the mass of reservoir k.  See text and (10) for justification of the flux equatons. 

Carbon Phosphorus Iron 

F36 = k36~;: 
(3) F4, = F36 (7) F1210 = kupli~M12 (14) 

('IP) burial 

ty is also a fullction of how efficiently phos- 
phon~s  is recycled in the oceans. The  recy- 
cling of particulate phosphorus deposited on 
the sea floor depends on the oxygen concen- 
tration of the bottom waters: Aerobic con- 
ditions enhance the removal of phosphorus 
by sediments, ahereas anaerobic conditions 
promote the return of dissolved phosphorus 
to the  water column (9 ) .  T h e  enhanced 
retention of phosphorus by sediments un- 
derlying oxygenated bottom waters is at- 
tributed to active bioaccumulation by aer- 
obic benthic bacteria and phosphate sorp- 
tion by Fe(II1) (11ydr)oxides (9 ) .  

T h e  redox-sensitive recycling of nutri- 
ent  pllosphorus in the oceans represents a 
major colltrol o n  marine net primary pro- 
cluction o n  time scales substantially longer 
than the oceanic residence time of reactive 
phosphorus (=i i ,000 years). Mass-balance 
calculatio~ls have shown that geologically 
reasollable fluctuations in ocean ventilation 
alone c o ~ ~ l d  bring about variations in organ- 
ic carhon hurial that are of the same order 
of magnitude as those inferred from the 
carbon isotope record ( 1  0) .  

Through its dependence on water c o l u ~ n ~ l  
oxygenation, lnarine phosphorus cycling is 
also linked to the oxygen content of the at- 
mosphere. In order to analyze this link, we 
must collsider the couplings between phos- 
p h o r ~ ~ ~  and all major redox elements: carbon, 
oxygen, and iron (Fig. 1). We  have therefore 
s~lpple~ne~l ted our existing model for the 
phosphorus and carbon cycles (10) mith a 
cycle for iron, in which burial of reactive iron 
in marine sediments occurs either as oxidized 
Fe(II1) (hydr)oxides or reduced Fe(I1) sulfides, 
and lvith a simplified oxygen cycle that ac- 
counts for the main fluxes affecting the O2 
content of the atmosphere. The  burial rates of 
reacti1.e iron were obtained from values in the 
literature for total iron burial in the ocean and 
a compilation of chenlical extraction data 
indicating that, on average, 23% of particu- 
late iron In marine sediments is potentially 
reactive ( I  1 ). The same data set was used to 
estimate the relative importance of Fe(II1) 
versus sulfide-bound Fe(1I) burial in the mod- 
ern ocean. 

Pl~ospl~orus-limited primary production 
and ocean oxygenation depend on the global- 
scale ~rertical circulation of the oceans: Nutri- 
ent phosphorus nlust be brought up to the 
philtic zone and dissolved O2 ~llust be trans- 
ported downlvard from the surface ocean. The  
distribution of iron burial betmeell oxidized 
and reduced s~ec ies  and the burial efficiencies 
of organic phosphorus and Fe(II1)-bound 
phosphorus are dependent on the oxygen- 
ation of marine bottolll waters. Therefore, 
both the vertical circulation and degree of 
oxygenation of the oceans are represented in 
the model, the former through the linear ver- 
tical mixing rate, vllllx (1 2) ,  the latter through 
the degree of anoxicity, DOA (10). Both vLIILY 
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and DOA are globally weighted parameters of 
the world ocean (10). 

A basic assurnntion of the model is that 
the flux of reactive dissolved phosphorus to 
the t~hotic zone drives oceanic ~roductivitv. 
Mathematically, this means that the rate of 
net photosynthetic phosphorus f~xatlon is 
proportional to the product of e8,,,,x and the 
concentration (mass) of available reactive 
phosphorus (Eq. 5, Table 1). Net production 
of organic carbon is obtained from the Red- 
fleld C:P ratlo of new marine production, 
lvhich for our purposes is kept constant (Eq. 1, 
Table 1). The carhon and phosphorus cycles 
are further linked by the C:P ratio of organic 
tnatter that is bemg buried in marme sedl- 
ments ( E q  7,  Table 1 ) .  On  the basis of the 
ohsenrational evidence lnentioned earlier, 
this ratio is postulated to be a f~lnctlon of the 
degree of anoxicity of oceanic waters (Eq. 20, 
Table 1). The end-member C:P values of 
organic matter buried in a completely oxic 
and a completely anosic ocean, respectively, 
were estimated from our sediment data (9,  
13). DOA itself depends on the relative mag- 
nitudes of oxygen denland and supply in the 
water column (Eq. 18, Table 1).  Oxygen con- 
sulnption L~elow the photic zone IS assumed to 
be d~rectly proportional to the net primary 
production of carbon exported from the pho- 
tic zone, whereas ventilation is a function of 
the rate of vertical mixing and the dissolved 
oxygen concentration of the surface waters. 
The latter is assumed to be proport~onal to the 
concentration (mass) of atmospheric 02. 

The distribution of reactive iron burial 
between ferric (11ydr)oxides and ferrous 
iron sulfide is a function of DOA (Eqs. 12, 
13, and 19, Table 1) .  In a completely an- 
oxic ocean (DOA = I ) ,  all reactive Iron 
burial is in the form of sulfide-bound Fe(I1). 
However, iron sulfide burial does not van- 
ish lvhen the ocean is co~npletely oxic 
(DOA = O), because sulfate reduction re- 
mains a major early diagenetic pathway of 
carhon oxidation in organic-rich sediments 
deposited below oxygenated waters (14). 
Marine sedimentary burial of reactive phos- 

Table 2. Numer~cal values of model parameters. 
The knetlc parameters are derved from the res- 
ervoir sizes and mass fluxes In Fg .  1. 

Organc matter Knetc  parameters 

(C/P)Redf,eld = 106 k2, = 2.57 X 1 0-9 year ' 
(C;P) ,;,,, = 200 k,, = 1.20 X lo-'" 
(C/P),,,,,,, = 4000 (moltyear) ' 

k,, = 3.93 x 1 0-3  m ' 
k,, = 5.56 X 

(mol/year)-' " 
k,,, = 1.71 X 10 ' 
kloll = 6.08 X 10 l3 

year ' 
k ,,() = 2.88 x 10 

year-' 
kc,, = 1.73 x lo-, m- '  

phate sorhed to iron (hydr)oxides is ob- 
tained directly from the hurial tlux of reac- 
tive Fe(II1) (Eq. 9, Table 1).  The rates of 
supply of reactive phosphorus and iron to  
the oceans, primarily from weathering, are 
assumed to be linear functions of the 
crustal reservoir slzes (Ecls. 11 and 16, 
Tahle 1 ) .  The 0, tluxes in and out of the 
attnosnhere are calculated from the overall 
reaction stoichiometries for net photosyn- 
thes~s, aeroblc respirat~on, and anaerobrc 
respiration, plus oxidat~ve weathering of 
organlc carbon and pyrlte that are general- 
ly used hy modelers of b~ogeochemical re- 
dox cycles (4, 5 ) .  The  flux equations in 
Table 1 fully cou~ile the dynamics of the 
four elemental cycles. 

We derived values for the coefficients in 
the flux equations from the preanthropo- 
genic steady-state biogeochemlcal cycles 
(Table 2). For each of the 14 reservoirs in 
the model (Fig. l ) ,  lve calculated the rate of 
change of the reservoir mass by summ~ng 
input fluxes and subtfilct~ng output fluxes. 
This produced a set of cc~upled ordinary 
differential equations that we integrated 
numerically and solved for the time-depen- 
dent reservoir rn~lsses. 

In order to lnvestlgate the coupled dy- 
narnlcs of the biogeochemlcal cycles, me car- 
ried out a perturbat~on analysis by Imposing 
a per~od~cally varying L.,,,,, on the system and 
then characterizing the responses of the var- 
ious reservoir sues and lnater~al fluxes by 
their amplitudes and thelr phase shlfts rela- 
tlve to the forc~ng funct~on. The cholce of 
v,,,,, as the forcing var~able stems from pre- 
vious work, which has shown that the redax 
state of the oceans and their biological pro- 
ductlvity are strongly dependent on the in- 
tensity of global-scale vertical clrculat~on 

Fig. 2. Response to an instantaneous rlse of kL,,,,, 
by 50%. (A) The swtch In tectonic forclng causes 
a step Increase In the rate of removal of oxygen 
from the atmosphere by oxidative weathering. 
Whether the burial of organlc phosphorus In the 
oceans 1s a functon of water column oxygenation 
(solid n e )  or not (broken n e )  makes t i l e  differ- 
ence to the oxygen removal rate. Calculat~ons 
without redox dependence of organc phospho- 
rus bural were performed w t h  the use of the f o -  
lowng end-member C:P ratlos (Eq. 20, Table 1): 
(C/P) ,,,, = (CIP) ,,,,,,, = 250 (atomic). Calcula- 
tions wlth redox fractionaton used (C/P),,,, = 200 
and (C/P),,,,,,, = 4000 (Table 2). (B) The onset of 
uplift 1s accompanied by a decrease In ocean venti- 
latlon. When the effect of water column oxygenation 
on the ogeanc recyclng of phosphorus IS taken Into 
account. substant~ally higher levels of marne net pri- 
mary production and organic carbon burlal are ob- 
taned. (C) Because organic carbon bura represents 
the man oceanlc source of atmospherc 0, on geo- 
logic time scales. the more efflclent recycling of 
phosphorus stabilzes atmospherc Poi by offsetting 
the Increased terrestr~al 0, demand. The stabillzing 
effect IS observed even wlth a mlnimum estimate of 
the redox fractionation of organic phosphorus and cz irb 

(10, 15). By varying the period length of the 
forcing function, we determined the respons- 
es over a ranee of time scales. - 

The results of the analysis indicate that 
fluctuations in marine net nrimarv ~ r o d u c -  , 

tion, even fairly large ones, ha1.e l~ t t l e  effect 
on atmospherrc P,, on time scales shorter 
than 1 milllon years (My). T h ~ s  is not un- 
exnected, as the residence time of 0, in the 
atmosphere is on the order of several mil- 
lion years (2 )  (see also Fig. l ) .  In other 
words, only changes In net primary produc- 
tion or, Inore appropriately, in organic car- 
hon and pyrite burla1 that persist for Inore 
than several milllon years can potentially 
modify the PC,: of the atmosphere. Thus, 
geolog~c time as used here mlll be under- 
stood to refer to time spans of 1 My or more. 

For time scales exceeding 10 My, the 
degree of anoxicity, marine productivity, and 
atmospheric Pol are all approximately 180" 
out of phase xi th  the rate of ocean mixing. 
This illlplies that long-term ocean stagna- 
tion should promote net prllnary production 
In the oceans and Increase the mass of 0, in 
the atmosphere. The buildup of Po, m ~ t h  
increasing ocean anoxla and, hence, the 

c7 

hlgher solub111t\ of ox\gen In ocean surface 
waters create a negatlve feedback that op- 
poses a runa\\a\ spread~ng of nater column 
anoxla durlng sustained per~ods of slon over- 
turn The feedback also prevents the oceans 
from becoming locked Into a permanently 
anoxlc state. The calculations suggest that 
the lvorld's ocean 1s unlikely to maintain 
global-scale bottom water anoxia for neriods 
c7 

of time much longer than lOVears, unless 
thermohaline circulation comnletelv ceases. 
It IS worth ernphas~zing that 11; the ierturba- 
tlon analysis, the supply of reactlve phospho- 
rus from c ~ n t ~ n e n t a l  weather~ng mas kept 

0 - 
m 
L - 
6 5 goo------ .- . - . -. . - . . .- . - . . . - . - .. . - .. . - . ..... . i 6 2 g n o o l d  700- 

600- Change in tectonic regime: 
o 0 Oxidative weathering increases 
0 c 500r A by 50% 3 4001 

0 - Response of marine oraanic C burial - 
600 -- 

lth redox-dependent P recycling 

lthout redox-dependent 
4 0 0 d . . "  P recycling 

6 Response of atmosphere 

Time (My) 

on burlal, that IS when (C/P),,,,, = 500 (13) 
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constant, that is, the changes in marine bi- 
ologlcal productivity and atmospheric Pol 
were due only to readjustments of the recy- 
cling efficiency of phosphorus in the ocean's 
lvater column. 

The  Inverse relat~on betneen oceanic \va- 
ter colulnn oxygenation and surface primary 
prod~~ct ion also provides a negative feedback 
that may help stabilke at~nospherlc oxygen 
levels over geologic time. Consider a rlse in 
at~nosplleric oxygen cons~l~nption by oxida- 
tive weathering on the continents. Such a 
situation would arise, for instance, from the 
rapid exposye to the atmosphere of large 
amounts of relatively vounp sedilnents during , ,  , 

an orogenic event, say the uplift of the Hirna- 
laj~as. In itself, the higher rate of oxidative 
~veathering would cause a drop in POI and 
reduce the uptake of oxygen by the oceans. 
The accompanying decrease in retention of 
reactive phosphorus by the sedilnents ivould 
stirnulate surface water product~vitv, and the , , 
increased net return of photosynthetic O2 to 
the atmosphere would then counteract the 
initial decline in atmospheric Pol The cou- 
pled mass-balance model presented here \\.as 
used for a perfor~nance assessment of this feed- 
back mechanism. 

W e  simulated the response of today's at- 
mosphere to a change in the intensity of 
oxidative weathering by computing the effects 
of an  instantaneous increase of the rate coef- 
ficient of upl~ft  ( l ~ ~ ~ ~ ~ ~ ~  in Eqs. 4, 10, 14, and 
15, Table 1 )  by a factor of 1.5 (Fig. 2).  In the 
model, the terrestrial oxygen uptake imrnedi- 
ately registers the enhanced exposure rates of 
reduced carbon and iron (Fig. 2'4). \Ye first 
considered a scenario in which marine phos- 
phorus burial with organic lnatter is indepen- 
dent of water column oxygenation; that is, the 
C:P ratio of organic lnatter being incorporated 
In the sedlmentary column \\.as assigned a 
constant value, equal to the average estimated 
for today's ocean. In this case, all oxygen 
rvould he completely removed from the atmo- 
sphere within 36 My, all other conditions 
be~ng unchanged (Fig. 2C). 

Atmospheric P, crashes because the  
L>. 

system reacts too sloivly to the increased 0, 
demand caused by oxidative weathering of 
organic carbon and pyrite o n  the conti- 
nents. &lore reactive phosphorus is being 
mobilized by \veathering o n  land, but its 
delaved delivery to the oceans (Fie. 2 6 )  . 
gives the sustained high levels of terrestrial 
O 2  consumption enough time to deplete the  
atmosphere (16). Although the step func- 
tion used for the rate coefficient of ~ ~ p l i f t  is 
not intended as a realistic representation of 

cy of organically bound phosphorus is assumed 
to be a function of the oxygenation of oceanic 
bottom waters, as shonn by our data from 
modern and ancient lnarine sediments. The 
proposed redox fractionation betneen marme 
sedimentary burial of organic carbon and or- 
ganic phosphorus effectively buffers the in- 
creased consulnption of oxygen on the conti- 
nents. This is the case even when a conser- 
vative estiluate of the carbon-phosphorus 
fractionation is used (Fig. 2C). The  oxygen 
catastrophe is averted because the initial ile- 
cline in atmospheric Po. causes the oceans to 
switch to a more efficient recycling of nutri- 
ent phosphorus, thereby enhancing net pho- 
tosynthetic production of O 2  and limiting the 
drawdown of OZ fro111 the atmosphere (1 7). 
The  feedback nlechanism also works in the 
opposite direction by dampening the effects of 
decreased oxygen consumption by weather- 
ing. O n  geologic time scales, the fast responses 
of ocean oxygenatlon, water column recycllllg 
of phosphorus, and net primary production 
cause near instantaneo~~s readjustments in the 
sedlmentary burial of organic carbon plus iron 
sulfide to changes in the oxygen content of 
the atnlosphere (Fig. 26) .  

In conclusion, observational data o n  
benthic phosphorus regeneratloll in ~nar ine  
depositional environments, comh~ned with 
mass-balance calculations, support a deter- 
mining role for oceanic p h o s p h o ~ ~ s c y c l i n g  
in the lone-term stabilization of redox con- - 
ditions of the atmosphere-ocean system. T h e  
phosphorus-mediated coupling of ocean pro- 
ductlvity and atnlospheric oxygen provides 
effective safeg~~ards against catastrophic de- 
pletion or buildup of atmospheric O1 and 
against the irreversible eutrophication of the " 
oceans. Consequently, the redox-dependent 
burial of phosphorus in marine sediments 
may have beel' instrumental In creating the 
stable environmental conditions that were 
necessary for the radiation of higher plants 
and anilnals during the Phanerozo~c. 
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