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The degree to which efficient mixing of new material or losses of earlier accreted material to space characterize the growth of
Earth-like planets is poorly constrained and probably changed with time. These processes can be studied by parallel modelling of
data from different radiogenic isotope systems. The tungsten isotope composition of the silicate Earth yields a model timescale for
accretion that is faster than current estimates based on terrestrial lead and xenon isotope data and strontium, tungsten and lead
data for lunar samples. A probable explanation for this is that impacting core material did not always mix efficiently with the
silicate portions of the Earth before being added to the Earth’s core. Furthermore, tungsten and strontium isotope compositions of
lunar samples provide evidence that the Moon-forming impacting protoplanet Theia was probably more like Mars, with a volatile-
rich, oxidized mantle. Impact-driven erosion was probably a significant contributor to the variations in moderately volatile element
abundance and oxidation found among the terrestrial planets.

It has been proposed on the basis of new W isotopic measurements
for chondrites1–3 that the Earth formed slightly faster than was
previously thought because the original W isotopic data for car-
bonaceous chondrites are now known to be inaccurate by 150–
200 p.p.m.. The mean life for accretion, t, is the inverse of the time
constant for exponentially decreasing growth and corresponds to
the time taken for 63% of the planet to accrete4,5. A t value of
,11 Myr is obtained with continuous core formation modelling
using the revised Solar System parameters1. This new ‘fast’ result
contrasts with the various values of 15 to 40 Myr defined by Pb
isotopic data using the same models5. These calculations of t assume
total equilibration of incoming metal and silicate with the bulk
silicate Earth (BSE) and no change in parent/daughter ratio in the
total and silicate Earth during accretion. Here these assumptions are
examined. It is proposed that the faster rates deduced from decay of
182Hf to 182W probably reflect contrasting behaviour of refractory,
as opposed to volatile, elements. By modelling the data in a parallel
fashion, insight into the conditions, timescales and processes of
Earth accretion can be gained.

Of particular interest is whether accreting material really equili-
brated isotopically with the silicate portion of the Earth—an
essential tenet of accretion rate models. Some accretion and core
formation simulations provide evidence against this6–10. If the
incoming metallic core totally fragments into very small droplets
upon impact9 because of Rayleigh–Taylor instabilities, say, then
equilibration could be relatively efficient. If, however, some of the
incoming core material forms large dense masses10, then equilib-
ration with silicate before core coagulation seems unlikely. A second
issue is whether moderately volatile elements were lost during
accretion11. Much of the depletion in volatile elements in the
terrestrial planets is thought to have occurred in the early solar
nebula12. Whether the additional dramatic differences between the
Earth, Moon and Mars are the product of later losses during
accretion has been less clear11,12. Because Pb is moderately volatile,
late changes in budgets will affect U–Pb but not Hf–W chronology.
Lastly, changes in oxidation state in protoplanetary mantles can be
deduced from time-integrated Hf/W ratios because of the change in
core–mantle W partitioning. Therefore, W isotopes offer a finger-

print of protoplanetary environments, analogously to the recent
modelling of Sr isotopes11.

Realistic accretion models
Large-scale impact-driven accretion is thought to be responsible for
99% of the Earth’s growth13. Much of the impacting material is
thought to have been differentiated planets and planetesimals14,
although undifferentiated volatile-rich objects probably also played
a part. This complex accretion history is not well simulated by
existing isotopic models. Two-stage U–Pb and Hf–W model ages
have long been used to define an artificial time at which the Earth’s
core instantaneously formed or last equilibrated with the silicate
Earth15–17. Although once considered useful, such calculations,
especially when based on short-lived nuclides, are of little meaning
for open systems like the Earth that grew over a significant time
interval5,13. Dynamic simulations indicate that accretion of the
Earth took about 5 £ 106 years in the presence of a minimum-
mass solar nebula18 or 107–108 years with no nebular gas13, render-
ing two-stage model ages meaningless in terms of precise rates or
absolute time. This is particularly true of 182Hf, with a half-life of
9 Myr, because late core formation would have no effect on the W
isotopic composition of the Earth. The two-stage Hf–W model age
for the Earth’s core is 30 Myr (refs 1–3). This defines the last time, if
ever, that the Earth could have globally re-equilibrated. However,
there is no basis for believing that such an event occurred and, as far
as W isotopes are concerned, roughly half the Earth’s core could
have formed much later.

A more practical and realistic approach is to assume what seems
likely, that the core grew in approximately constant proportion to
the Earth’s mass. The isotopic data then define an accretion rate1,5.
There exists a strong basis for this in theory and observation. The
energy from accretion and radioactive decay should result in a rapid
build-up of heat, leading to widespread early melting and core
formation8–10,19. This is confirmed by 107Pd–107Ag and 182Hf–182W
data for iron meteorites, many of which formed at pressures
expected for small planetesimal cores20. Most significantly, continu-
ous core formation is consistent with the approximately constant
mantle–core proportions inferred from iron depletion in silicates
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from Asteroid 4 Vesta, Mars and the Earth21. These objects are
(roughly) 1, 10 and 100% of the mass of the Earth.

Even continuous core-formation models have not addressed in
detail the isotopic effects that arise with large-scale impacts such as
built the Earth. Here it is assumed that accretion starts with runaway
growth of objects up to 1% of the size of the Earth22. Further
accretion proceeds via collisions between such differentiated
objects13,14. It is widely believed that the Moon formed as a result
of such a collision between the proto-Earth and an impacting Mars-
sized differentiated planet Theia6,7, after which very little further
growth occurred. Therefore, the model culminates in a ‘9% giant
impact’ (that is, an impact contributing 9% of the current mass of
the Earth) which was followed by a late veneer of 0.9% of the current
mass of the Earth23. (See Fig. 1 for details.) The smooth curves in
Fig. 1 show the exponentially decreasing rates of growth. The step
function curves define the growth used in the isotopic calculations.
The approximated t and timing of each increment are calculated
from the timing of the giant impact, t GI, to achieve an overall
exponentially decreasing rate of growth. The use of a step function
means that the isotopic results that derive from a particular t only
approximate to that deduced from a truly continuous exponential
function. Furthermore, the actual growth history is largely
unknown. Neither matters for this study because it is the difference
between the chronometers that is of interest.

It is assumed that the impactors and their cores grow at the same

absolute rate as the Earth did when of equivalent size. The isotopic
evolution of metal and silicate reservoirs in the proto-Earth, and of
impacting planetesimals and planets, are tracked in detail with
increasing mass. The metal–silicate partitioning, the degree to
which W and Pb in the cores of the impactors equilibrate with the
silicate Earth, and the 238U/204Pb of the total Earth, mTOTE, which
may change if fractions of volatile Pb are blown-off, can all be varied
at any stage. The proportion of the Moon that forms from core and
silicate material from Theia, and silicate from the Earth, can also be
adjusted.

Timescales for accretion from Pb isotope data for the Earth
The age of the Earth is primarily determined using Pb isotopes15,17,24.
The slope of the line connecting the composition of the present-day
BSE with the Solar System’s primordial Pb in 207Pb/204Pb versus
206Pb/204Pb space defines a model time of fractionation of U/Pb.
However, in an open system like the accreting Earth, the compo-
sition relates to the accretion flux5. Eleven estimates25–35 of the Pb
isotopic composition of the BSE are shown in Table 1. From these
the model t GI and t necessary to achieve a growth profile like those
shown in Fig. 1 have been calculated (model A, Table 1). The values
of t GI range between 52 and 167 Myr with t of 18 to 57 Myr. It is
hard to find a realistic mechanism for shortening these timescales to
achieve agreement with Hf–W. The calculated Pb isotopic compo-
sition depends on the fractionation of 238U/204Pb for the BSE (mBSE)

Figure 1 The change in mass fraction of the Earth as a function of time. For the model

used, two accretion scenarios are shown, calculated from a giant impact at 30 and 55 Myr

after the start of the Solar System. The approximated t is the time taken to achieve 63%

growth. Both this and the timing of each increment are calculated from tGI to achieve an

overall exponentially decreasing rate of growth for the Earth broadly consistent with

dynamic simulations. The smooth curves show the corresponding exponentially

decreasing rates of growth. The step function curves define the growth used in the

isotopic calculations. It is assumed that the earliest stage of growth is a runaway process

that builds the Earth to 1% of its current mass over ,105 years, as suggested by

simulations22. Further growth of the Earth was dominated by stochastic collisions between

these objects13. The overall rate of accretionary growth of the Earth may have decreased

in some predictable fashion with time, but the growth events would have become more

widely interspersed and larger. Therefore, the model simulates further growth by

successive additions of objects of 1% of the current mass of the Earth, until it reached

10% of its current mass, then by 2% objects, up to 30% and then by 4% objects up to

90%. The Moon-forming giant impact is thought to be the last of these major collisions

that affected the Earth6,7. The most widely accepted scenario is that this took place when

the Earth was ,90% of its current mass and involved an impactor planet, Theia, that was

,10% of the (then) mass of the Earth6,7. Therefore, in the model the giant impact

contributes a further 9% of the current Earth mass. There is evidence against large

amounts of accretion after the giant impact. For example, significant further accretion

would probably have disrupted the identical oxygen isotopic compositions of the Earth and

Moon49. In the model, a late veneer, for which some evidence exists23, contributes an

additional 0.9%. There is a final 0.1% added after this. The exact sizes of growth

increments are somewhat arbitrary in this model but this is of little consequence.

 

Figure 2 The age information that can be derived from W isotope data for the Earth

and Moon at the present time is strongly model dependent. All calculations assume

(Hf/W)BSS ¼ 1.136, (Hf/W)BSE ¼ 15, (Hf/W)MOON ¼ 22, e 182WBSSI ¼ 21.9 and a half-

life of hafnium-182, l 182Hf, of 0.077 £ 1026 yr21. (BSS, bulk Solar System.) In a, the

effects on the calculated age of the Moon of not knowing the average amount of

radiogenic, as opposed to inherited or cosmogenic, 182W are shown. The increase in eW

within the Moon as a function of decay of primordial 182Hf, as can be deduced from

currently available data, is almost certainly less than 1 unit and may be less than 0.5. The

data are therefore fully consistent with independent estimates for an age of the Moon

(hence giant impact) .45 Myr after the start of the Solar System. The different curves are

based on differing values3 of the e 182WBSSI, which directly affects the calculated

(182Hf/180Hf)BSSI. In b, the effect on calculated Hf–W timescales for the Earth’s formation

of incomplete mixing and equilibration of impacting core material is illustrated. This plot

shows the true time of the giant impact that generates e 182WBSE of zero as a function of

various levels of incomplete mixing of the impacting core material with the BSE. The lower

curves are for disequilibrium during the giant impact alone. The upper curves correspond

to disequilibrium during the entire accretion process up to and including the Giant Impact.

The different curves for different Hf/WBSI (the Hf/W in the silicate portion of the impactor)

also are shown. All curves are calculated with e 182WBSSI ¼ 23.5. The effect of using

more negative values3 is to yield more protracted calculated timescales for the giant

impact.
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relative to mTOTE during growth. The mTOTE of 0.7 used here is based
on Earth’s K/U ratio (ref. 15). Even if the K/U ratio of the Earth has
been overestimated36, a reduction only serves to increase mTOTE,
extending the timescales. A 10% increase in mTOTE changes tGI from
.52 to .54 Myr. It has been proposed that the mTOTE is much
higher and that core formation only increased mBSE by a factor of 2.5
(ref. 37). This increases the calculated timescales greatly (Table 1,
model B). Incomplete mixing and lack of equilibration between the
Pb of the core of Theia and the BSE during the giant impact would
also increase timescales.

It is conceivable that a fraction of the Earth’s Pb was lost during
accretion. This effect should be small because of Earth’s gravity. A
comparison between the (Rb/Sr)BSE and the time-integrated Rb/Sr
of the material that made the Moon, assuming a similar starting
composition, indicates a ,50% loss of Rb from the Earth11.
Assuming ,90% of Earth’s Pb is partitioned into the core, such
loss is less likely (probably ,5%). In the unlikely scenario that
mTOTE did change from ,0.35 to ,0.7 during the giant impact, the
calculated t GI would still be in the range 40 to 135 Myr (Table 1,
model C).

Therefore, no likely scenarios that might have affected U–Pb
preferentially eliminate the discrepancy with the Hf–W t of 11 Myr
and t GI of 30 Myr. It is possible that all of the Pb estimates are
incorrect, but even the three most recently published25–27 yield
t GI . 50 Myr and t . 20 Myr (Table 1). These timescales are
similar to those deduced from I–Xe and Pu–Xe chronometry38,
which indicate that the last major Xe loss from the Earth’s atmos-
phere took place 50 to 80 Myr after the start of the Solar System39. It
has been proposed that this was caused by atmospheric blow-off
during the giant impact39,40.

The age of the Moon
The age of the Moon itself provides an important test of whether
such model Pb age calculations are correct. However, this is not yet
well defined. Most of the precise estimates for the earliest age of the
Moon are based on U–Pb and Sm–Nd and are 70 to 120 Myr
(ref. 41), 50 to 70 Myr (ref. 42) and 50 to 100 Myr (ref. 43). The
initial Sr isotopic composition of the Moon11,43 also makes sense in
terms of an origin at $50 Myr because this yields a realistic time-
integrated Rb/Sr for the mix of Earth and Theia of#0.07—similar to
or less than the present-day Rb/Sr of Mars, as expected11.

At one time it was thought that there were well-defined W isotope
variations produced by 182Hf decay within the Moon, yielding
model ages of ,55 Myr (ref. 44). A major portion of this was
produced from cosmogenic 182Ta (refs 45, 46). The revised average
Solar System composition has been used to yield a Hf–W model age

of ,30 Myr for the Moon1,2. This does not define the actual age of
the Moon, however, because it assumes that the Moon formed from
undifferentiated (with respect to Hf–W) chondritic material. There
exists a great deal of evidence against this, and using the chondritic
value as a reference merely provides a likely minimum time-span.

Most values of eW (the fractional deviation in parts per 104 from
the 182W/184W for the BSE) values for lunar rocks that are reason-
ably precise (# ^ 1) after crude cosmogenic corrections are in the
range zero to one5,45,46. One sample has a well-defined excess of
eW < 1.5 based on internal systematics46. Some of the remaining
data needed to be treated with caution until more accurate cosmo-
genic corrections can be applied. Nevertheless, there is a prevalence
of eW values close to zero that has been taken as evidence that this
was the initial composition still preserved in lunar reservoirs that
underwent little subsequent radiogenic increase5. The average
radiogenic increase of eW of the lunar mantle is probably ,1.0
and may well be ,0.5. Therefore, the Hf–W age of the Moon is
probably .44 and may be .54 Myr (Fig. 2a). The eWBSSI (where
BSSI is bulk Solar System initial) is also not yet well defined and may
have been lower than recently assumed3. If so, the Moon formed
even later (Fig. 2a).

Tungsten isotopic disequilibrium and mixing during accretion
Given the above tentative but self-consistent evidence that the giant
impact probably occurred .45 Myr after the start of the Solar
System, the eWBSE of zero can now be used to constrain conditions
during accretion. Using (Hf/W)BSE ¼ 15, a t of ,13 Myr and a t GI

at 38 Myr are obtained with the model presented here. This small
difference from t < 11 Myr (ref. 1) mainly reflects the different style
of model that is smooth versus punctuated. If the eWBSSI was lower3,
say24.0, the best estimate for t GI would increase from 38 to 43 Myr.
If (Hf/W)BSE started much lower but then with the loss of volatiles
during the giant impact W became more siderophile, the calculated
t GI would increase slightly from 38 to 41 Myr. All these modifi-
cations to conditions during accretion or the fundamental Hf–W
parameters still result in calculated t GI , 45 Myr.

In contrast, incomplete mixing and equilibration of impacting
core material is a very effective way of producing Hf–W timescales
that seem too short (Fig. 2b). The t GI extends to .70 Myr with
incomplete equilibration of Theia’s core with the BSE. The timescale
is even longer if partial equilibration includes earlier episodes
(Fig. 2b). Therefore, the simplest explanation for faster W isotopic
accretion rates is incomplete equilibration of W.

It is normally assumed that accreted W must approach equili-
brium with the silicate Earth, otherwise the BSE would not be
almost chondritic5. The small (0.2‰) excess 182W that now has

Table 1 Calculated values for the Earth’s accretion timescale based on lead isotopes

Estimate Reference 206Pb/204Pb 207Pb/204Pb mBSE Model A Model B Model C

tGI t tGI t tGI t
...................................................................................................................................................................................................................................................................................................................................................................

MKC-03 25 18.07 15.54 8.66 72 25 196 68 59 20
KC-99 26 18.27 15.60 8.91 90 31 253 87 73 25
KT-97 27 17.44 15.16 8.04 74 25 199 69 60 21
GG-91 28 18.11 15.617 8.67 54 19 147 51 44 15
L-91 29 17.92 15.47 8.50 65 23 177 61 53 18
K-89 30 17.822 15.445 8.38 54 19 145 50 44 15
AL-89 31 18.34 15.551 9.05 119 41 343 118 97 33
A-88 32 18.40 15.58 9.11 120 41 349 120 98 34
ZH-88 33 18.619 15.565 9.44 165 57 503 173 134 46
D-84 34 17.83 15.457 8.38 52 18 139 48 42 14
DZ-79 35 18.252 15.476 8.98 127 44 368 127 103 36
...................................................................................................................................................................................................................................................................................................................................................................

Calculated values for the t and tGI given in Myr as deduced from different estimates of the Pb isotopic composition of the BSE using the type of accretion model shown in Fig. 1. All calculations assume
continuous core formation and total equilibration between accreted material and the BSE. All 238U/204Pb (m) values are present-day equivalent values. The present-day (206Pb/204Pb)BSE can be used
to place accurate limits on the current mBSE because the age of the Earth introduces a trivial uncertainty and early changes in m are insignificant for present-day (206Pb/204Pb)BSE. The single-stage
Pb–Pb model age was used. Model A uses this mBSE to define the Pb depletion caused by core formation and to calculate the accretion timescales. Model A assumes no Pb loss from the Earth and
mTOTE ¼ 0.7 (ref. 15). Model B assumes that Pb is depleted by a factor of only 2.5 by core formation as proposed in ref. 37. The mTOTE is then adjusted to yield the mBSE shown and is in the range 3 to 4.
Model C is the same except that a mTOTE ¼ 0.35 is assumed until the giant impact when half the Earth’s Pb is instantaneously lost. Such a model is dynamically difficult (see text). The m of 0.35 merely
represents the composition of all accreting material in this model. In every model (206Pb/204Pb)BSSI ¼ 9.307, (207Pb/204Pb)BSSI ¼ 10.294, 238U/235U ¼ 137.88, l235U ¼ 9.85 £ 10210 yr21,
l238U ¼ 1.55 £ 10210 yr21.
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been convincingly resolved1–3 may record some extreme event in the
range of conditions, such as the giant impact. This is consistent with
simulations of accretion and core formation6–10. For illustrative
purposes, if tGI were 55 Myr the amount of equilibration of Theia’s
core with the BSE during the giant impact would have been 26%,
assuming 100% before and after equilibration and constant
(Hf/W)BSE and (Hf/W)BSI of 15, where BSI is the bulk silicate
impactor (Fig. 3a). Note that the giant impact would increase
eWBSE. However, the initial W isotopic composition of the Moon
indicates that Hf/W in planetary mantles was anything but constant,
as explained next.

Mars-like protoplanets to the Earth–Moon system
The majority of giant impact simulations generate most of the
Moon’s mass from the silicate portion of Theia6,7. Tungsten isotopes
provide a powerful constraint on the Moon’s precursor materials.
If the Moon was produced from the BSI with (Hf/W)BSI ¼ (Hf/
W)BSE ¼ 15, the initial eW of the lunar mantle would be .15. This
is because Mars-sized planets like Theia are thought to have
completed their growth early, like Mars47.

Instead, the W isotopic composition of the Moon is very similar

to the silicate Earth—slightly more radiogenic than the average Solar
System as determined from carbonaceous chondrites2. Even admix-
ing 5% of metal from Theia’s core and 45% of BSE does not
reproduce the W isotopic composition of the Moon. This is already
beyond the limit of the proportions demonstrated in dynamic
simulations. It is unlikely that accretion of Theia was much longer
than implied by theory and observations of Mars-sized objects. It is
of course possible that a massive reduction in the eWBSI was
produced by a major impact on Theia just before the giant impact.
However, such an ad hoc low-probability explanation is
unnecessary.

The simplest explanation is that (Hf/W)BSI and possibly
(Hf/W)BSE too, were substantially less than in the Moon or silicate
Earth today. If (Hf/W)BSI and (Hf/W)BSE were ,3 times the
chondritic value, an initial eW of zero to þ 1 for the early Moon
could be generated. This time-integrated Hf/W is almost identical to
the Hf/W in the silicate Mars21,47. The explanation usually given is
that the martian mantle was more oxidizing, leading to more
lithophile behaviour of W. Independent evidence for greater oxi-
dation of the mantle of Theia has been found in the higher Fe
content of the lunar mantle48, which again is like that inferred for
Mars21.

The time-integrated Rb/Sr for Theia deduced from lunar samples
is also identical to Mars and is significantly more volatile-rich than
the Earth and Moon11. Therefore, Rb losses and changes in oxi-
dation state were both late (.10 Myr), well within the time realm of
planetary growth via collisions. A simple explanation for the lunar
data then is that volatile loss occurred from the material forming the
Moon during the giant impact.

However, the similarity in oxygen isotopes provides evidence that
the proto-Earth and Theia were made from a similar mix of
materials49. If this is the case, impact-driven losses of volatiles also
contributed to the Rb-depletion and oxidation-state of the terres-
trial mantle. There is indeed a relationship between the Hf/W and
Rb/Sr of inner Solar System primitive mantles, as deduced so far
(Fig. 4). Hafnium and W are both refractory elements and there is
no obvious explanation for this correlation unless the oxidation of
planetary mantles is somehow related to loss of moderately volatile
elements. This could be late, as in the case of the Moon, or very early,
as in the case of Vesta.

The direct loss of heavy lithophile elements against the gravita-

Figure 3 The effects of disequilibrium on tungsten isotopic changes in the BSE can be

large. In both a and b the evolution of the total Earth (chondritic), core and BSE are

calculated, assuming e 182WBSSI ¼ 23.5. e 182W are all expressed relative to the

present day BSE. Note that in both cases the effect of the giant impact is to increase the

e 182WBSE. a, A present-day e 182WBSE of zero can be achieved if only 26% of Theia’s core

equilibrated with the BSE during a giant impact at 55 Myr. This model assumes that the

Moon and Earth formed from protoplanets that had Hf/W in their silicate portions like that

in the present Earth (15), which may be incorrect. b, In this model the Moon and Earth

formed from protoplanets that had Hf/W in their silicate portions that was about a third of

that in the present Earth, that is, more like Mars21,47. A present-day e182WBSE of zero can

be achieved if only 4% of the W in Theia’s core equilibrated with the BSE during a giant

impact at 50 Myr.

Figure 4 Inner Solar System primitive mantles. The Hf/W appears to be negatively

correlated with Rb/Sr in the primitive mantles of inner Solar System planetesimals and

planets. A possible explanation for this is that the loss of moderately volatile elements was

linked to loss of other volatiles during planetary collisions, such that the mantles changed

from more oxidizing to more reducing. The Moon is an extreme example of this. That Theia

is so like Mars in these respects provides evidence that such volatile-rich objects may

have dominated the entire inner Solar System during the early stages of planetary

accretion. The values for Theia are time-averaged (ref. 11 and this study).
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tional force of the Earth is unlikely11,48. Losses from smaller accret-
ing protoplanets are more readily accommodated. Therefore, the
BSE composition shown in Fig. 4 may reflect admixing of planets
and planetesimals that lost different amounts of volatiles at an
earlier stage. However, it may also be that moderately volatile
elements like Rb were partially atmophile because of high surface
temperatures in hot early planetary environments18,39. Early proto-
atmospheres were lost from the Earth, as indicated by Xe data39, and
very probably also from constituent protoplanets—possibly on
more than one occasion. If moderately volatile incompatible
elements were partially circulated through hot atmospheres18 they
may well have been lost during blow-off events40. A partially
atmophile behaviour might also help to explain the greater isotopic
equilibration of moderately volatile Pb versus refractory W during
accretion.

The potential effects of changes in oxidation on the W isotopic
evolution of the Earth could be significant, whether caused by
changes in the composition of accreted material or blow-off
(Fig. 3b). For example, growth from protoplanets with Hf/W ¼ 5
until a giant impact at 50 Myr leading to volatile loss and a
corresponding increase in (Hf/W)BSE to the value of 15 found
today achieves a e 182WBSE of zero with only 4% equilibration
between silicate and newly accreted metal during the giant impact.
The abundances of highly siderophile elements in the upper
mantle50 could then relate to this event, plus the superimposed
effects of the late veneer23,48. Furthermore, much of the variability in
moderately volatile elements and oxidation in the inner Solar
System may be the cumulative effect of collisions between early-
formed planetesimals that were, in general, more Mars-like. A
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