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Implications of Mars Pathfinder
Data for the Accretion History
of the Terrestrial Planets

Constance M. Bertka* and Yingwei Fei

Accretion models of the terrestrial planets often assume planetary bultk com-
positions with nonvolatile element abundance ratios equivalent to those of C1
carbonaceous chondrites. The moment of inertia factor of Mars reported by the
Pathfinder team is inconsistent with a bulk planet C1 Fe/Si ratio or Fe content,
which suggests that C1 chondrite accretion models are insufficient to explain
the formation of Mars and the other terrestrial planets. Future planetary
accretion models will have to account for variations in bulk Fe/Si ratios among

the terrestrial planets.

The bulk composition of the terrestrial plan-
ets provides an important constraint on their
accretion history. Variation in the mean den-
sity of the planets has been interpreted as
evidence for an Fe/Si fractionation in the
solar nebula that resulted in the planets ac-
creting different proportions of these ele-
ments, depending on their distance from the
sun (/. 2). Alternatively, Ringwood argued
that all of the terrestrial planets had bulk
compositions with nonvolatile element abun-
dances equivalent to those of Cl carbona-
ceous chondrites (3). His major objection to
the idea of an Fe/Si fractionation among the
terrestrial planets stemmed from the lack of a
feasible physical model that could explain
such a fractionation. Ringwood proposed in-
stead that differences in the mean densities of
the terrestrial planets could be accounted for
by differences in the effective reduction of an
originally oxidized C1 chondrite material; the
higher the mean density of the planet, the
greater the final ratio of metallic iron to total
iron (metallic/metallic + ferrous + ferric)
(3). Later this model was revised to propose
that the terrestrial planets accreted from two
chondritic components, one component com-
pletely reduced and the other oxidized, but
both containing all elements in C1 abundance
ratios (4—6). The assumption of C1 abun-
dance ratios was supported by the observa-
tion that refractory element abundances in all
samples recognized at that time to have orig-
inated from a distinct parent body (namely
lunar rocks, howardites, eucrites, diogenities,
and terrestrial samples) were similar to those
in C1 carbonaceous chondrites (6).

Another important geophysical constraint
on planetary bulk composition is the planet’s
moment of inertia factor, commonly reported
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as C, the moment of inertia around the rota-
tion axis, or /, the mean moment of inertia.
The moment of inertia factor describes the
mass distribution within the planet’s interior.
With knowledge of a planet’s mean density
and C, along with an understanding of high-
pressure mineral phase transitions, models of
the bulk composition of a planet in terms of
major element composition can be tested.
Before the Mars Pathfinder mission, C was
only known with certainty for Earth. Propo-
nents of the C1 chondrite model were willing
to concede that Mercury’s close proximity to
the sun could result in an increased volatil-
ization of silicates and therefore account for
its enriched Fe abundance and hence high
density as compared to C1 chondrite densities
(5). The moment of inertia factor of Venus is
unknown. The moment of inertia factor of
Earth allows for the possibility of a bulk
nonvolatile element composition equivalent
to that of C1 chondrite (5). The large uncer-
tainty previously associated with C of Mars,
due to an uncertainty in the spin pole preces-
sion rate, left room for a range of feasible
bulk composition models, some of which al-
lowed a bulk planet composition with C1
abundance ratios (7-10). Folkner et al. re-
cently calculated C = 0.3662 = 0.0017,
based on an improved estimate of the martian
spin pole precession rate determined from
Doppler and range measurements to the Mars
Pathfinder lander (/7). Before the results re-
ported by the Pathfinder team, the most com-
monly accepted value for / of Mars was
0.365, proposed by Kaula, which is identical
to the Pathfinder results (/2).

Dreibus and Winke derived a model of
martian mantle and core composition indepen-
dent of an estimate of C of Mars (/3). They
used element correlations between measured
ratios in the martian meteorites and C1 chon-
drite abundances to derive a mantle composi-
tion with all oxyphile refractory elements
present in C1 chondrite abundance ratios and a
bulk planet composition with a C1 chondrite

Fe/Si ratio. We performed high-pressure mul-
tianvil experiments with an analog of the Drei-
bus and Winke (DW) mantle composition to
determine its modal mineralogy up to core-
mantle boundary pressures along a model pres-
sure-temperature (PT) profile of the martian
interior (/4). Using the results of these high-
pressure experiments, we calculated a mantle
density profile for the DW model and then
calculated 7 as a function of core composition
and crustal thickness (9).

The I of Mars we calculated with the DW
mantle and core composition model, con-
strained to maintain a bulk C1 Fe/Si ratio, is
0.354 (9). To maintain a C1 Fe/Si ratio re-
quires that the DW model include a crust 180
to 320 km thick, assuming a crust density of
2.7 to 3.0 g/em®. Without the addition of a
thick crust, the DW model of mantle and core
composition yields / = 0.368 but a bulk
planet composition that is deficient in Fe
compared to the Fe abundance of a C1 chon-
drite (9). Earlier workers had also considered
the implications of 7 = 0.365 for the bulk
Fe/Si ratio of Mars and concluded that the
assumption of a bulk C1 chondrite Fe/Si ratio
was not consistent with 7 = 0.365 (8, 15).

For the DW model to be consistent with
C = 03662 (I = 0.365) and a bulk Cl
chondrite Fe/Si ratio, the mass fraction of Fe
in the core must be increased while the den-
sity of the core is decreased, as compared to
core characteristics previously calculated for
compositions in the system Fe-S-Ni. Hydro-
gen and carbon are possible core components
that may produce these results. The idea that
H and C, in addition to S, may also have been
incorporated into an Fe-rich martian core has
been proposed on the basis of cosmochemical
arguments and solubility data for H, C, and S
in silicate melts and molten metallic Fe (76,
17). When evaluating the DW model, how-
ever, previous core density calculations were
based on a core composition of Fe + 14
weight % S * 7.6 weight % Ni and did not
consider the addition of H or C (8, 9, 15).

Estimates of the amount of H and C that
may have been incorporated into the martian
interior are model dependent (/6, /7). Drei-
bus and Winke’s two-component model calls
for a bulk planet consisting of a mixture of a
reduced component and an oxidized compo-
nent in the ratio 60:40 (/3). The oxidized
component contains all elements, including
volatiles, in C1 abundances. Assuming that a
reasonable estimate for H,O in C1 chondrites
is 7.3 weight %, that all of this H,O reacts
with metallic Fe to produce FeO and H,, and
that all of this H, is retained in the interior,
Zharkov calculated a maximum H abundance
in the martian interior of 0.16 weight % of the
planet’s mass (/6). Likewise, the assumption
that all of the C in the oxidized component is
incorporated into the martian interior yields a
maximum C content of 1.4 weight % of the
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planet’s mass. The further assumptions that all
of this H and C enters the core and (from 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 accommodat-
ed by the end-member phases FeH (1.8 weight
% H) and Fe.C, (8.4 weight % C). Assuming a
more recent estimate of H,O in C1 chondrites,
12.8 weight % (18), 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), Fe,C, (20), and magnetite Fe,O,
(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/cm?® crust by satisfying
the geophysical constraints (C = 0.3662 and
p = 3.935 g/cm?®), 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 Wénke (73). The
C1 chondrite model for Mars originally pro-
posed by Ringwood (10) cannot, however, be
ruled out on the basis of the new geophysical
constraints. Ringwood assumed 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 Cl1
chondrite values of 27.8 weight % and
1.71, 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,0, core. The C1 chondrite model pro-
posed by Ringwood requires a bulk Cl
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,O,
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 Cl
chondrite. Future planetary accretion models
will have to account for variations in bulk
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Table 1. Calculated bulk Fe content, Fe/Si ratio, core mass fraction (M

thickness (A,
g/cm3, and the DW mantle density profile (9).

<ore)s COTe radius (), and crustal

of Mars as a function of core composition, given C = 0.3662, a crust density of 3.0

Core composition (wBeLij;\tF @%) Fe/Si (ngcﬁge %) (r C:jtgs (Eh“i)‘
Fe 24.07 1.337 11.79 1276 35
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,C, (8.4 weight % C) 23.74 1.331 12.65 1328 45
Fe,O, (27.64 weight % O) 27.44 1.748 23.14 1809 110

Fe/Si ratios among the terrestrial planets. Al-
though the range in Fe/Si ratio and bulk Fe
content calculated to be consistent with C =
0.3662 (Table 1) is not matched by C1 chon-
drites, a mixture of carbonaceous chondrites
with ordinary or enstatite chondrites could
produce a bulk planet composition whose
major element abundances were consistent
with the geophysical constraints. As refracto-
ry element ratios are similar in all chondrites
(22), these alternative models would predict
similar abundances of Al,O,, MgO, and CaO
in the martian mantle as does the DW model.
It is unlikely, however, that major element
constraints and oxygen isotope constraints on
the bulk composition of Mars could both be
satisfied by any mixture of chondrites (23).
An additional concern is the effect of alter-
native bulk composition models on conclusions
drawn about core formation processes from the
abundances of mantle siderophile elements.
Traditionally, core formation models assume
bulk planet C1 element abundances and attempt
to account for siderophile element depletions in
the mantle by using the partitioning of these
elements between silicate liquid and metallic
liquid at a range of pressures and temperatures
(24-28). The distribution of siderophile ele-
ments between the mantle and core of Mars and
Earth suggests that these planets could have

Approximate depth (km)

accreted homogeneously (25, 28). Although the
details of these arguments, such as the depth of
equilibration between metal and silicate melt,
are likely to change as a function of variations
in bulk planet composition produced by assum-
ing different chondrite mixtures, the general
conclusion concerning the feasibility of homo-
geneous accretion will not be altered, because
the siderophile element abundances between
the different chondrite groups are similar (22).

Quantitative models that describe the
growth of the terrestrial planets from the accre-
tion of planetesimals do not support the notion
of “local feeding zones” determining the chem-
ical characteristics of each terrestrial planet
(29). Instead, this work suggests that all of the
terrestrial planets were accreted from material
contributed from a common range of heliocen-
tric distances. There is, however, a correlation
between the final heliocentric distance of a
planet and the location of the average area, or
provenance, from which the material that ac-
creted to form the planet originated. This fact,
along with the presence of random fluctuations
in average provenance, can allow for variations
in the bulk composition of the terrestrial plan-
ets, as suggested by this study (29).

The C of Mars reported by the Pathfinder
team eliminates the possibility that all of the
terrestrial planets were accreted from C1 mate-

Fig. 1. Density profile
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rial. Future planetary accretion models will
have to account for this observation. The real-
ization of a variation in Fe/Si ratio among the
terrestrial planets will also alter the details of
our models of martian mantle chemistry and
core formation scenarios. Models of core for-
mation in the terrestrial planets cannot assume
bulk C1 siderophile element abundances.
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Forest Fires: An Example of
Self-Organized Critical Behavior

Bruce D. Malamud,* Gleb Morein, Donald L. Turcotte

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
criticality, 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 important information on calcu-
lating risk and are used in hazard mitigation
(). Robust power-law frequency-size distri-
butions are associated with self-organized
critical behavior. Examples of this behavior
are found in a number of computer models:
the sandpile model (2), the slider-block mod-
el (3), and the forest fire model (4). The
slider-block model is considered to be an
analog for earthquakes. Earthquakes exhibit a
power-law dependence of occurrence fre-
quency on rupture area and are considered to
be the type example of self-organized critical
behavior in nature (5). We found that, under
a wide variety of circumstances, forest fires
exhibit a power-law dependence of occur-
rence frequency on burn area over many or-
ders of magnitude and that actual forest fires
can be directly associated with the forest fire
model. The only previous major application
of the forest fire model was to epidemics of
measles in isolated populations (6).

The forest fire model consists of randomly
planting trees on a square grid at successive

Department of Geological Sciences, Cornell Universi-
ty, Ithaca, NY 14853-1504, USA.

*To whom correspondence should be addressed. E-
mail: Bruce@Malamud.Com

18 SEPTEMBER 1998 VOL 281

time steps and, at a specified number of time
steps, randomly dropping a match on the grid.
A maximum of one tree can occupy each grid
site. The sparking frequency ( f.) is the inverse
of the number of attempts to plant trees on the
grid before a model match is dropped on a
randomly chosen site. If /. = 1/100, there
have been 99 attempts to plant trees (some
successful, some unsuccessful) 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 model fire consumes that tree and all adja-
cent (nondiagonal) trees. Many variations on
this basic forest fire model have been pro-
posed (7).

Having specified the number of squares in
the grid (V,) and the sparking frequency, a
computer simulation was run for a number of
time steps (Vg), and the number of fires (V)
with area (4;) was determined; 4. is the num-
ber of trees that were burned in each fire. We
examined the resulting noncumulative frequen-
cy-area distributions for three forest fire model
simulations. The number of fires per time step
(Np/Ng) with area (4) is given as a function of
Ay for a grid size of 128 by 128 squares at three
sparking frequencies, fg = 1/125, 1/500, and
1/2000 (Fig. 1). The different sparking fre-
quencies represent short and long time inter-
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vals between match drops. For all three
sparking frequencies, there is a range of small
to large fires, with many more small fires
than larger ones. The small and medium fires
correlate well with the power-law (fractal)
relation

A ()

with « = 1.0 to 1.2. The results for large fires
are influenced by the finite-size effect of the
grid. A value of a =~ 1 in Eq. 1 indicates that,
over the range where the relation holds, small
and large fires contribute equally to the total
number of trees burned by all fires.

Large forest fires are dominant when the
sparking frequency is small (Fig. 1). This dom-
inance is easily explained on physical grounds.
For small sparking frequencies or small grid
sizes, the grid becomes full before a match
sparks a fire. The areas of the fires will gener-
ally involve a large number of trees, and in
most cases, the fires will span the grid. This
transition can be termed the “Yellowstone ef-
fect.” Until 1972, Yellowstone National Park
had a policy of suppressing many of its fires,
resulting in a large accumulation of dead trees,
undergrowth, and very old trees (8). This accu-
mulation is analogous to a small sparking fre-
quency in the forest fire model. The grid be-
comes full, and the likelihood of very large fires
is much higher than that in forest fire models
with larger sparking frequencies. In 1988, a
series of fires in Yellowstone burned 800,000
acres. These very large fires might have been
prevented or reduced if, before 1972, the spark-
ing frequency in Yellowstone had been larger
(that is, if there had not been a policy of fire
suppression). Many individuals in the forest fire
community now recognize that the best way to
prevent the largest forest fires is to allow the
small and medium fires to burn.

We next assessed the frequency-area distri-
butions of actual forest fires and wildfires using
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