
Fe.'Si ratio. We perforined high-pressure nlul- 

ImpLica%ion~ of Mars Pathfinder tian\-il bus and experiments Walllie (DW) xvith lnantle an analog composition of the Drei- to 
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deteillli~le its inodal mineralogy up to core- 
mantle boundaly pressures along a model pres- 
sure-temperature (PT) profile of the martian 
interior (14). Using the results of these high- 
pressure experiments, we calculated a mantle 
density profile for the DW model and then 
calculated I as a fi~nction of core coinposition 

Accretion models o f  the  terrestrial planets of ten assume planetary bulk com- and crustal thiclmess (9) 
~ o s i t i o n s  w i th  nonvolati le element abundance ratios eauivalent t o  those o f  C1 The I of hllals a7e  calculated x~, ith the DW 
;arbonaceous chondrites. The moment  o f  inertia factor b f  Mars reported by the mantle and core composition model, con- 
Pathfinder team is inconsistent w i t h  a bulk planet C1 FeISi rat io or Fe content, strained to nlai~ltain a bulli C1 Fe.'Si ratio, is 
which suggests tha t  C1 chondrite accretion models are insufficient t o  explain 0.354 19). To maintain a C1 Fe:Si ratio re- 
the format ion o f  Mars and the other terrestrial planets. Future planetary quires that the DW   nod el illclude a crust 180 
accre.tion models w i l l  have t o  account fo r  variations in bulk FeISi ratios among to 320 lim thicl<, assulniilg a clust density of 
the  terrestrial planets. 2.7 to 3.0 g'cm'. Without the addition of a 

thicli crust, the DW lnodel of mantle and core 
The bulk composition of the telsestl.ia1 plan- as C. the moment of inertia around the rota- co~npositioil yields I = 0.368 but a bulk 
ets p ro~ ides  an important co~lstraillt on their tion axis. or I .  the mean moment of inertia. planet composition that is deficient in Fe 
accretioil history. \'ariation in the mean dell- The moment of inertia factor describes the compared to the Fe abundance of a C1 ~11011- 
sity of the planets has been intel~reted as mass distributioil within the planet's interior. drite (9). Earlier xvorkers had also considered 
evidence for an Fe Si fiactionation in the \\:it11 knowledge of a planet's incall dellsiQ the implicatiolls of I = 0.365 for the bull< 
solar nebula that resulted in the planets ac- and C. along xvith an ulldersta~lding of high- Fe'Si ratio of hllars and concluded that the 
cretin@ different proportions of these cle- pressure mineral phase transitions. inodels of assulllptioil of a bulli C1 chondrite Fe'Si ratio 
ments. depending on their distance from the the bulk composition of a planet in tcllns of n-as not coilsistent xvith I = 0.365 18, 15).  
suil (1.  2i. Altemati~ely,  Ringn.ood argued inajor eleinellt colnpositioil call be tested. For the DW model to be consistellt wit11 
that all of the terrestrial planets had bull< Before the hlars Pathfinder mission. C was C = 0.3662 (1 = 0.365) and a bull< C1 
compositio~ls with nonvolatile elelnellt abun- only l<no\xn with certaint! for Earth. Propo- chondrite Fe' Si ratio, the mass fraction of Fe 
dances equivalent to those of C 1 carbona- nents of the C 1 chondrite lllodel were willing in the core nlust be increased while the den- 
ceous chondrites (3 ) .  His major objection to to concede that l lercury's  close proxiillity to sity of the core is decreased, as compared to 
the idea of an Fe Si fiactionation among the the sun could result in an increased \.olatil- core cl~aracteristics previously calculated for 
rsrrestrial planets stemmed from the lack of a ization of silicates and therefore account for compositions in the system Fe-S-Ni. Hydro- 
feasible physical model that could explain its enriched Fe abundance and hence high gen and carboil are possible core components 
such a fractionation. Ringu.ood proposed in- density as compared to C1 chondrite de~lsities that may produce these results. The idea that 
stead that differences in the mean densities of ( 3  ). T11e moment of inertia factor of \'ellus is H and C, ill addition to S. may also have been 
the tei~estrial planets could be accounted for unlinonn. The moment of inertia factor of incoi-pol.ated into an Fe-rich maitian core has 
by differences in the effectix e reduction of an Earth allows for the possibility of a bull< been proposed on the basis of cosmochemical 
originally oxidized C1 chondrite material: the nonvolatile element colnposition equivalent arguinellts and solubility data for H, C, and S 
higher the mean density of the planet, the to that of C1 chondrite ( 5 ) .  The large uncer- in silicate nlelts and molten metallic Fe (16. 
greater the flnal ratio of metallic iron to total taiilty previously associated with C of hlars, 17 ) .  When evaluating the DTV model, hoxv- 
iron (metallic metallic - felsous + f e i~ i c i  due to an uncertainty in the spin pole preces- ever, previous core density calculatiolls were 
(3 ) .  Later tliis model was revised to propose sion rate. left roo111 for a range of feasible based on a core colnpositioil of Fe + 14 
that the terresrrial planets accreted from t ~ v o  bulk composition models. some of ~ v l ~ i c l ~  al- weight % S i 7.6 weight 9'0 Ni and did not 
chondritic components, one colllpoilent com- lowed a bulk pla~let composition n-it11 C1 consider the addition of H or C (8, 9. 15) .  
pletely reduced and the other oxidized. but abulldancc ratios (-10). Folltner et (11. re- Estitllates of the ainount of H and C that 
both containing all elements in C1 abunda~lce cently calculated C = 0.3662 i 0.0017. may have been incorporated into the martian 
ratios (1 -6 ) .  The assulllptioil of C1 abun- based on an impro\ ed estimate of the maitian interior are inodel depeildent (1 6, 117). Drei- 
dance ratios was supported by the obse r~  a- spill pole precession rate deteilnilled from bus and Wanlte's two-component nlodel calls 
tion that refractory element abundances in all Doppler and range meahurements to the %lass for a bulli planet consisting of a mixture of a 
sanlples recognized at that time to hale  orig- Pathfinder lander (I1 ) .  Before the results re- reduced compone~lt and an oxidized compo- 
inated from a distinct parent body (namely ported by the Pathfinder team. the inost coin- nent in the ratio 60:40  (13). The oxidized 
lunar rocks. ho\rardites, eucrites, dioeenities. nlonly accepted value for I of hfars was component contains all elements, iilcluding 
and terrestrial samples) nc re  silnilar to those 0.365. proposed by Kaula. ~vhich  is identical volatiles, in C1 abundances. Assu~ning that a 
in C1 carbo~~aceous chondrites (6) .  to the Pathfiilder results 112). reasonable estilnate for H,O in C1 chondrites 

Another importa~lt geophysical constraint Dreibus and L\-anlce deri\.ed a model of is 7.3 weight %. that all of this H 2 0  reacts 
on planetary bulk coinposition is the planet's inai?ian lllantle and core colnpositioll indepen- n-ith ~uetallic Fe to produce FeO and H,, and 
moment of inertia factor. coininonly reported dent of an estilnate of C of hlars (13). They that all of this H, is retained in the interior, 

used element correlatio~ls bet~veen measured Zharkov calculated a inaximulll H abundance 

Geophysical Laboratory and the Center for I-ligh Pres- ratios in the maitian meteorites and C1 chon- in the ~naltiail interior of 0.16 x?.eight ?,b of the 

sure ~ ~ ~ ~ ~ ~ ~ h ,  carnegie institution of  washington, drite abundances to deiix-e a ~nantle composi- planet's mass (16) .  Liltex?rise, the assumption 
5251 Broad Branch Road NW, Washineton. DC tion with all ovvuhilc refkactolv elements that all of the C in the oxidized con~uonent is - . L 
20015, USA. present in C1 chondrite abundance ratios and a incorporated illto the lnartian interior yields a 
"To whom correspondence should be addressed. bull< planet colllpositioll with a C 1 chond~ite maximum C content of 1.1 x?.eight % of the 
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planet's mass. The further assuinptions that all 
of this H and C enters the core and (fiom the 
results of previous calculations in the Fe-S sys- 
tem) that the mass fraction of the martian core 
is on the order of -15% (9), give an initial 
estimate of the maximum weight % of H and C 
in the core. These maximum percentages of H 
and C in the core (1.1 weight % and 9.3 weight 
%, respectively) are most closely accornmodat- 
ed by the end-member phases FeH (1.8 weight 
% H) and Fe7C, (8.4 weight % C). Assuming a 
more recent estimate of H,O in C1 chondrites, 
12.8 weight % (IS). yields a maximum of 1.7 
weight % H in the core, which is also closely 
approximated by the end-member phase FeH. 

We have calculated the density of model 
martian core compositions, of Fe (9); FeS (9), 
FeH (19), Fe7C, (20), and magnetite Fe30, 
(21) as a function of pressure and temperature 
with a Birch-Murnaghan equation of state. 
For each composition, we calculated the bulk 
planet Fe weight %; the bulk planet Fe:Si 
ratio, the mass fraction of the core, and the 
thickness of a 3.0-g/cm3 crust by satisfying 
the geophysical constraints (C = 0.3662 and 
p = 3.935 g/cm3), assuming a DW mantle 
density profile {mantle Mg number = 75 
[Mg number = atomic Mg:(Mg + Fe)} (Ta- 
ble 1 and Fig. 1). 

The bulk Fe content of a C1 chondrite is 
27.8 weight % and the C1 Fe/Si ratio is 1.71 
(22). The results (Table 1) indicate that the 
addition of H and C to a S-rich Fe core can- 
not increase the bulk Fe weight % or Fe:Si ratio 
to C1 values while maintaining the constraint of 
a DW model mantle and C = 0.3662. The 
geophysical constraints argue against the two- 
component accretion model for the inner plan- 
ets proposed by Dreibus and Wanke (13). The 
C1 chondrite model for Mars originally pro- 
posed by Ringwood (1 0) cannot, however, be 
ruled out on the basis of the new geophysical 
constraints. Ringwood assulned that the core of 
Mars is Fe,O,. This assumption results in a 
bulk Fe weight % of 27.4 and a bulk Fe:Si 
ratio of 1.75, which is similar to the C1 
chondrite values of 27.8 weight % and 
1.7 1, respectively. However; the martian 
meteorites, which were not available to 
Ringwood when he proposed his model, do 
not support the assumption of a martian 
Fe,04 core. The C1 chondrite model pro- 
posed by Ringwood requires a bulk C1 
abundance of siderophile elements, yet the 
geochemistry of the martian meteorites in- 
dicates a martian mantle depleted in side- 
rophile elements relative to C1 abundances 
(13). This depletion would require a metal- 
lic core. 

Given that the assumption of a Fe,04 
martian core is not reasonable, we conclude 
that the Fe:Si ratio and the bulk Fe content of 
Mars are not equivalent to those of a C1 
chondrite. Future planetary accretion models 
will have to account for variatioils in bulk 

Table 1. Calculated bulk Fe content, Fe/Si ratio, core mass fraction (M,,,,), core radius (r,,,,), and crustal 
thickness (hcrus,) of Mars as a function of core composition, given C = 0.3662, a crust density of 3.0 
g/crn3, and the DW mantle density profile (9). 

Core composition Bulk Fe Mcore hcrust 

(weight %) (weight %) (krn) 

Fe 24.07 1.337 11.79 1276 3 5 
FeS (36.5 weight % S) 24.20 1.495 20.74 1721 80 
Fe-S (14 weight % S, 7.6% Ni) 23.10 1.319 14.24 1421 50 
FeH (1.8 weight % H) 26.29 1.509 14.68 1443 55 
Fe,C3 (8.4 weight % C) 23.74 1331 12.65 1328 45 
Fe30, (27.64 weight % 0 )  27.44 1.748 23.14 1809 110 

Fe/Si ratios among the terrestrial planets. Al- accreted homogeneously (25, 28). Although the 
though the range in Fe/Si ratio and bulk Fe details of these arguments, such as the depth of 
content calculated to be consistent with C = equilibration between metal and silicate melt, 
0.3662 (Table 1) is not matched by C1 chon- are likely to change as a hnction of variations 
drites, a mixture of carbonaceous chondrites in bulk planet composition produced by assum- 
with ordinary or enstatite chondrites could ing different chondrite mixtures, the general 
produce a bulk planet composition whose conclusion concerning the feasibility of homo- 
major element abundances were consistent geneous accretion will not be altered, because 
with the geophysical constraints. As refracto- the siderophile element abundances between 
ry element ratios are similar in all chondrites the different chondrite groups are similar (22). 
(22), these alternative models would predict Quantitative models that describe the 
similar abundances of Al,O,, MgO, and CaO growth of the terresh-ial planets from the accre- 
in the martian mantle as does the DW model. tion of planetesimals do not support the notion 
It is unlikely, however, that major element of "local feeding zones" determining the chem- 
constraints and oxygen isotope constraints on ical characteristics of each terrestrial planet 
the bulk composition of Mars could both be (29). Instead, this work suggests that all of the 
satisfied by any mixture of chondrites (23). terrestrial planets were accreted from material 

An additional concern is the effect of alter- contributed from a co~ntnon range of heliocen- " 
native bulk composition models on conclusions tric distances. There is, however; a correlation 
drawn about core formation processes from the between the final heliocentric distance of a 
abundances of mantle siderophile elements. planet and the location of the average area, or 
Traditionally, core formation models assume provenance, from which the material that ac- 
bulk planet C1 element abundances and attemut creted to form the planet originated. This fact. - 
to account for siderophile element depletions in along with the presence of random fluctuations 
the mantle by using the partitioning of these in average provenance, can allow for variations 
elements between silicate liquid and metallic in the bulk composition of the terrestrial plan- 
liquid at a range of pressures and temperatures ets, as suggested by this study (29) 
(24-28). The distribution of siderophile ele- The C of Mars reported by the Pathfinder 
ments between the mantle and core of Mars and team eliminates the possibility that all of the 
Earth suggests that these planets could have terresh-ial planets were accreted from C1 mate- 
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R E P O R T S  

rial. Futtire planetaiy accretion models xvill 
hax e to account for this obsei~~ation. The real- 
ization of a variation in Fe Si ratio amoa,o the 
terrestrial planets \I ill also alter the details of 
our ~nodels of rnalt ia~~ lna~ltle chemistiy and 
core fom~at io i~  sce~larios. Models of core for- 
mation in the tenestrial planets cannot assmne 
bulk C 1 sitlerophile eleinent abundances. 
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Forest Fires: An Example of 
Self-Organized Critisak Behavior 

Despite the many complexities concerning their initiation and propagation, 
forest fires exhibit power-law frequency-area statistics over many orders of 
magnitude. A simple forest fire model, which is an example of self-organized 
criticslity, exhibits similar behavior. One practical implication of this result is 
that the frequency-area distribution of small and medium fires can be used to 
quantify the risk of large fires, as is routinely done for earthquakes. 

Frequency-size distributions of natural haz- 
ards provide i~nportant information 011 calcu- 
lating risk and are used ill hazard mitigation 
( 1 ). R o b ~ ~ s t  poxver-la\\ frequent) -size distri- 
butions are associated with self-organized 
critical behavior. Examples of this beha1 ior 
are fou~ld in a il~ulnber of conlputer models: 
the sandpile model ( 2 ) .  the slider-block mod- 
el (31, and the forest fir?   nod el (I) .  T11e 
slider-block model is considered to be an  
analog for eal-tllquakes. Earthqualtes exhibit a 
power-la~v dependence of occurrence fre- 
q ~ u a ~ y  on ruphure area and are co~lsidered to 
be the type esalllple of self-organized critical 
behavior in nature ( 5 ) .  We fou~ld that. under 
a \vide xariety of circ~umsta~lces. forest fires 
exhibit a pon-er-lan dependence of occur- 
rence frequencq on burn area oxw many or- 
ders of magnitude and that actual forest fires 
call be directly associated n-ith the forest fire 
model. The only previous ~najor  applicatio~l 
of the forest fire nlodel \vas to epidemics of 
measles in isolated populations (6) .  

The forest fire model consists of randomly 
plallting trees on a square zrid at successix.e 
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time steps and, at a specified n~umber of time 
steps. randonlly dropping a match on the grid. 
-4 maximum of one tree can occul~y ?ach glid 
site. The sparl<ing frequent) ( , t , )  is the inverse 
of the nulllber of atteinpts to plant trees on the 
grid before a model match is dropped on a 
ra~ldomly chosen site. If ,,+- = 1. 100. there 
hax e been 99 attempts to plant trees (some 
successhil. some ~~nsuccessfiul) before a match 
is dropped at the 100th time step. If the match 
is dropped on an empty site. nothing happens. 
If it is dropped on a tree, the tree ignites. and 
a h nod el fire consumes that tree and all adja- 
cent (nondiagonal i trees. hlan) variations on 
this basic forest fire nlodel ha le  been pro- 
posed ( ; ). 

Having specified the n~u~nber of squares in 
the grid (A,) and the sparlciag frequency. a 
computer sihulation mas rill1 for a nmnber of 
time steps (-1;). and the number of fires (:\;.) 
with area (.-I,) n as deterinmed: '4, 1s the num- 
ber of trees that \\.ere bunled in each fire. Lye 
exanlined the resulting noncmnulatix e ffeque11- 
CJ -area distributions for tlxee forest fire ~llodel 
simulations. The number of fires per time step 
(I; h',) n it11 area (-4,) is ghen as a fiunction of 
-1, for a grid size of 128 by 128 squares at three 
spal-l<ii~g frequencies. ,f, = 1 125. 1'500. and 
1.2000 (Fig. I ) .  The different sparlting fre- 
quencies represent short and long time intes- 
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xals between match drops. For all three 
sparking frequencies. there is a range of small 
to large fires. xr-it11 Inany more small fires 
than larger ones. The small and medium fires 
correlate m-ell xr-it11 the poxr-er-lam (fractal) 
relatioil 

16-it11 cc = 1.0 to 1 .?. The results for large fires 
are influenced by the fiaite-size effect of the 
grid. -1 value of n =- 1 in Ecl. 1 iildicates that. 
01 er the range where the relation holds. slnall 
and large fires contribute equal11 to the total 
n~lmber of trees burned by all fires. 

Large forest fires are dolni~lallt when the 
sparking frequency is snlall (Fig. 1). This dom- 
illance is easily explained 011 physical grounds. 
For small sparlcing frequencies or small grid 
sizes, the grid becomes full before a match 
sparlcs a fire. T11e areas of the fires ~vill gener- 
ally i l ~ v o l ~ e  a large nu~nber of trees. and in 
most cases. the fires xr-ill span the giid. This 
tra~lsitio~l call be te~nled the "Yelloxr-stone ef- 
fect." Until 1972. Yelloxr-stone Park 
had a policy of suppressing many of its fires. 
res~llti~lg in a large acc~unulatio11 of dead trees. 
~mdergrom-th. and \,ely old mees (8). This accu- 
m~~lation is analo,oo~~s to a small sparl<ing fre- 
quency in the forest fire model. The grid be- 
comes ftill, and the likelihood of L e v  large fires 
is much higher than that in forest fire models 
wit11 larger sparki~lg frecluencies. In 1988. a 
series of fires in Yelloxr-stone burned 800.000 
acres. These \el? large fires might h a ~ e  been 
p ~ v a ~ t e d  or reduced if. before 1972. the spark- 
ing frequeac) ia Yellowstone had been larger 
(that is. if there had not been a policy of fire 
s~lppression), hIany i ~ l d i ~  iduals in the forest fire 
conun~ini~y now recog~ize that the best way to 
prelent the largest forest fires is to allow the 
s~uall and medi~un fires to bum. 

N'e nest assessed the ffequency-area dist1.i- 
butions of acmal forest fires and xvildfires using 
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