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Abstract

The e182W ages of magmatic iron meteorites are largely within error of the oldest solar system particles, apparently requir-
ing a mechanism for segregation of metals to the cores of planetesimals within 1.5 million years of initial condensation. Cur-
rently favoured models involve equilibrium melting and gravitational segregation in a static, quiescent environment, which
requires very high early heat production in small bodies via decay of short-lived radionuclides. However, the rapid accretion
needed to do this implies a violent early accretionary history, raising the question of whether attainment of equilibrium is a
valid assumption. Since our use of the Hf–W isotopic system is predicated on achievement of chemical equilibrium during core
formation, our understanding of the timing of this key early solar system process is dependent on our knowledge of the seg-
regation mechanism. Here, we investigate impact-related textures and microstructures in chondritic meteorites, and show that
impact-generated deformation promoted separation of liquid FeNi into enlarged sulfide-depleted accumulations, and that this
happened under conditions of thermochemical disequilibrium. These observations imply that similar enlarged metal accumu-
lations developed as the earliest planetesimals grew by rapid collisional accretion. We suggest that the nonmagmatic iron mete-
orites formed this way and explain why they contain chondritic fragments in a way that is consistent with their trace element
characteristics. As some planetesimals grew large enough to develop partially molten silicate mantles, these enlarged metal
accumulations would settle rapidly to form cores leaving sulfide and small metal particles behind, since gravitational settling
rate scales with the square of metal particle size. Our model thus provides a mechanism for more rapid core formation with less
radiogenic heating. In contrast to existing models of core formation, the observed rarity of sulfide-dominant meteorites is an
expected consequence of our model, which promotes early and progressive separation of metal and sulfide. We suggest that the
core formation models that assume attainment of equilibrium in the Hf–W system underestimate the core formation time.
� 2012 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Magmatic iron meteorites are thought to represent the
cores of planetesimals (Wasson and Richardson, 2001; Cha-
bot and Haack, 2006; Schersten et al., 2006). Their tungsten
isotope signatures have been interpreted as indicating that
cores formed within 1.5 million years of the oldest solar sys-
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tem particles (Bizzaro et al., 2005; Carlson and Boyet, 2009;
Kleine et al., 2009; Kruijer et al., 2012). However, these ages
assume that cores formed by equilibrium fractionation of
metal from silicate, which is problematic given the implied
rapidity of core formation. In the more widely accepted core
formation models, immiscible globules of Fe–Ni–S melt
either settled through a partially molten silicate mantle (cf.
Stevenson, 1990; McCoy et al., 2006; Wood et al., 2006;
Sahijpal et al., 2007; Bagdassarov et al., 2009), or migrated
through percolative flow (Yoshino et al., 2003, 2004;
Roberts et al., 2007), allowing equilibrium partitioning of
siderophile and lithophile elements. A third model suggests
that impacts may have played a role in driving melt
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migration (Bruhn et al., 2000; Rushmer et al., 2005), which
could happen on a comparatively rapid timescale and may
not require a silicate magma ocean, or complete equilibra-
tion between metal and silicate. Incomplete equilibration be-
tween segregating metal and silicate would result in mantle
excess of 182W, and thus the ages derived from isotopic anal-
ysis of iron meteorites would underestimate the core forma-
tion time (Nimmo and Agnor, 2006). Thus understanding
whether planetesimal cores formed by an equilibrium, or
partial disequilibrium, process is critical to our understand-
ing of the temporal evolution of the early solar system.

Here, we investigate processes that controlled formation
of enlarged metal accumulations within ordinary chondrite
(OC) meteorites. The parent bodies for these meteorites are
thought to have formed approximately 2–3 million years.
after CAIs (e.g., see Harrison and Grimm, 2010). Thermal
metamorphism in the early solar system is thought to have
been dominantly caused by radiogenic heating through de-
cay of 26Al and 60Fe (e.g., Moskovitz and Gaidos, 2011),
and since the half lives of these isotopes are only 0.717
and 1.5 million years respectively, the OC meteorites es-
caped the most intense period of radiogenic heating.
Although radiogenic metamorphism generated tempera-
tures that may have significantly exceeded 900 �C near the
cores of the OC parent bodies (e.g., Harrison and Grimm,
2010), they are thought to have escaped widespread metal–
troilite melting (Slater-Reynolds and McSween, 2005), and
this is certainly true for less metamorphosed petrologic
types (types 3–5). The OC meteorites thus preserve the ef-
fects of impacts on metal–sulfide–silicate assemblages, with-
out having been overprinted by melting associated with
radiogenic metamorphism, and are consequently our best
record of these processes.

In OC meteorites, many researchers have observed sili-
cate glasses in veins and breccias, which formed through
localised impact heating during collisions between asteroids
(Stoffler et al., 1991). Encapsulated within these silicate
glasses are typically numerous micro- to nano-scale spheri-
cal balls of FeNi metal and/or troilite (FeS), indicating that
these components were also melted during impacts and then
trapped as immiscible melt globules in the silicate melt. Mi-
cro-scale metal ± troilite veinlets have also been observed in
these meteorites, and it is generally accepted that they repre-
sent trapped metal and/or troilite melt (Stoffler et al., 1991).
Rare OC meteorites contain significantly thicker (mm- to
cm-scale) metal-dominated veins, or metal-cemented brec-
cias (Rubin et al., 2001; Ruzicka et al., 2005). This metal
enrichment is thought to be the result of migration of immis-
cible metal ± sulfide melts generated by impact heating (Ru-
bin et al., 2001; Ruzicka et al., 2005). However, the specific
processes responsible for preferential migration and accu-
mulation of metal melt over sulfide melt, and particularly
over silicate melt, have not been clearly demonstrated.

In this study, we start by investigating the physical driv-
ers responsible for this preferential metal migration by
examining the structural setting of metal and troilite veins
in impact-affected OC meteorites. Because these controlling
mechanisms are based on physical principles that apply to
any solid body that contains a metal–sulfide–silicate assem-
blage, the findings apply to asteroids and planetesimals that
formed before the OC parent bodies. This principle allows
us to investigate how impacts in the earliest solar system
might have influenced the process of core formation, and
generate insights into the consequences for the global-scale
geochemistry of planetesimals and ultimately, planets.

2. OBSERVED FEATURES OF IMPACT-INDUCED

MELTING AND METAL/SULFIDE MELT

MIGRATION

The dominant majority of OC meteorites have been af-
fected by shock caused by hypervelocity collisions on their
parent bodies. A well-accepted petrographic classification
scheme (Stoffler et al., 1991) has been used by scientists to
divide numerous OC meteorites into six classes reflecting
increasing intensity of shock from S1 to S6. In this section,
an overview of melt-bearing features attributed to impact
processes is provided, progressing from micro- to macro-
scale, highlighting key aspects that will facilitate discussion
on drivers of melt segregation and associated disequilib-
rium in subsequent sections.

2.1. Isolated melt pockets

Initial signs of shock-induced melting are recognised in
moderately impact-affected meteorites that have character-
istics of shock Stages S3 and S4. In these meteorites, iso-
lated melt pockets preferentially occur at interfaces
between high density metal or troilite, and low density sili-
cate phases, particularly plagioclase (Dodd and Jarosewich,
1979; Stoffler et al., 1991). At low degrees of shock, melt
pockets are not interconnected at scales exceeding 2 mm.
These melt pockets are recognised as irregularly shaped do-
mains containing variable proportions of either (1) glass-
like silicate material (cf. Stoffler et al., 1991; henceforth re-
ferred to as silicate glass) with spherical metal-only, metal–
troilite or troilite-only inclusions (Fig. 1A), or (2) metal
and/or troilite with numerous spherical inclusions of silicate
glass (Fig. 1B). These represent two different liquid emul-
sions with distinct physical properties. To describe the com-
position of these emulsions we will refer to them, for
example, as metal-dominated emulsions, meaning immisci-
ble silicate melt globules contained within metal melt, or sil-
icate-dominated emulsions, meaning the opposite.

The impact heating process responsible for this incipient
melting was typically tightly spatially focused such that
even in conjoined metal–troilite grains, the dense phase in-
volved in melting was either (1) FeNi metal only (Fig. 1A
and B), (2) troilite only (Fig. 1C), or (3) both metal and
troilite, forming mixed metal–sulfide melts (Fig. 1D). With-
in some zoned metal grains there is variability in the way
different metal compositions were incorporated within the
silicate melt (Fig. 2). At shock Stages S5 and S6 there is
more pervasive development of melt pockets throughout a
given OC sample (Stoffler et al., 1991).

2.2. Glassy silicate veins and breccias

A separate melt formation mechanism can also be active
along spatially focused fault planes that are thought to



Fig. 1. Reflected light digital images of melt pockets preserved in NWA 869 an L4-6 ordinary chondrite polymict breccia. (A) Silicate-
dominated emulsion developed at the contact between exsolved kamacite–taenite metal and olivine, with metal globules entrained in silicate
glass. (B) Metal-dominated emulsion developed at the contact between exsolved kamacite–taenite and olivine. (C) Silicate dominated
emulsion with troilite and only trace metal globules in silicate glass. (D) A more complex melt pocket with large irregular globules of metal–
sulfide dominated emulsion entrained in silicate dominated emulsion. The metal/sulfide globules are metal-dominated in some parts and
troilite-dominant in others. In A, B and D, disruption of the exsolved kamacite–taenite texture indicates that the impact responsible happened
after considerable cooling from peak radiogenic metamorphism (see Reisner and Goldstein, 2003; Tomkins, 2009).
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accommodate movement associated with crater formation
(see Stoffler et al., 1991). Sub-millimetre to decimetre-long
fault planes are observed in many meteorites, and these
could conceivably exceed a kilometre within impact struc-
tures (much larger examples are observed on Earth where
the energy released by impacts was greater; see Keil et al.,
1997). Extreme strain rates on these fault planes cause frac-
turing, brecciation and frictional melting. This process pro-
motes development of through-going melt veins, which are
considered to be analogous to pseudotachylite veins in im-
pact structures on Earth (cf. Stoffler et al., 1991; Melosh,
2005). Observations of OC meteorites show that the result-
ing melt veins are complex, containing primarily silicate-
dominated emulsions that transition into metal–troilite
veinlets (Fig. 3).

Glassy silicate melt veins vary considerably in width;
most being <1 mm, although glassy vein networks >5 cm
in width are observed in some OC meteorites (Fig. 4).
Wider veins tend to be filled by silicate-dominated emulsion
and are typically characterised by margins with numerous
miniscule metal/troilite droplets and interiors with fewer
large droplets (Fig. 3A). In some wider melt veins, one or
both margins instead display linked metal–troilite veins
(Fig. 3B; i.e., the micro-droplets have linked together). In
other wider veins, curved droplet trails indicate the direc-
tion of melt migration (Fig. 3C).

2.3. Small-scale metal–troilite veins and breccias

Other glassy silicate melt veins show domains with bou-
dinage or breccia texture, with mixed metal–troilite filling
the boudin necks or breccia matrix (Fig. 5A–C; boudinage
is an extensional structural feature whereby a more compe-
tent layer is pulled apart lengthwise creating sausage-like
boudins separated by thinning or breakages at boudin
necks). The metal to troilite ratio in these fillings varies con-
siderably, some being dominantly metal. Rounded clasts of
unmelted chondrite material caught up in the glassy silicate
veins (Fig. 4) typically contain coarse metal/troilite-filled
extension fractures developed approximately perpendicular
to the length of the glassy vein and numerous fine troilite-
dominant veinlets. In many cases these breccia clasts are
partially surrounded by a thin metal–troilite vein, which
tend to be thicker in what are interpreted to be pressure



Fig. 2. Heterogeneity of melt pocket compositions around a composite metal–troilite grain in NWA 869. (A) Back-scattered electron images
(generated on a JEOL 7001F FEG-SEM) of two different melt emulsions generated at metal–plagioclase interfaces. The metal component is
comprised of a kamacite domain and a zoned taenite domain, which would have formed during cooling after peak radiogenic metamorphism
(see Reisner and Goldstein, 2003; Tomkins, 2009). In the upper region a metal-dominated emulsion contains numerous spherical silicate
globules, and a silicate-dominated emulsion developed in the lower area has numerous spherical metal globules. (B) Element map (generated
on a JEOL 8500F CL HyperProbe operating at 10 kV, 50 nA, dwell time 30 ms, pixel size = 200 nm) showing the variability in Ni/Fe ratio in
the metal domains in A (yellow to red = increasing Ni/Fe = taenite to tetrataenite, blue = low Ni/Fe = kamacite). It can be seen that the Ni
content of metal in the two melt emulsions is significantly different and reflects the metal composition adjacent to each melt pocket. (C) Close-
up Ni–Fe element map (collected at 7 kV, 40 nA, dwell time 60 ms, pixel size = 100 nm) of taenite (yellow; brighter = higher Ni) and kamacite
(blue) distribution in the metal-dominated emulsion. D. Element map for Ni, Fe and S (same probe conditions as C; green, increasing
brightness = increasing Ni in taenite–tetrataenite, blue = high Fe kamacite, red = high S = troilite). In C and D, significant compositional
heterogeneity is evident in the melt domain, varying as a function of mixing between melt from the zoned taenite domain and that from the
kamacite domain. The melt domain is not enriched in Ni relative to the unmelted metal residue. A small proportion of troilite at the edge of
this domain has melted, but the melt is not remotely near the FeNi–FeS eutectic composition of �85% FeS.
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shadow regions developed perpendicular to the melt flow
direction. Where linked metal–troilite veins occur adjacent
to, or sometimes within a silicate glass vein, fault relay
structures are in some cases developed that link between
nearby metal–troilite veins (Fig. 6A and B; fault relay struc-
tures are cross-cutting failure planes that link approxi-
mately parallel faults; they develop to equilibrate
movement across the parallel fault system). These boudi-
nage and breccia textures, extension fractures and fault re-
lay structures are considered to be transitional to metal–
troilite vein networks that are not clearly connected to the
glassy silicate veins.

2.4. Troilite-dominated micro-veins and micro-breccias

Troilite-dominated sub-micron vein or micro-breccia
networks are typically observed adjacent to thicker metal–
troilite veins (Fig. 6). The breccias typically contain angular



Fig. 3. Glassy silicate veins, comprised of silicate-dominated emulsion, in the Chergach meteorite (an H5 ordinary chondrite; these are
reflected light digital images of the dark domains in Fig. 4A, though from a different sample). All of the globules in the silicate-dominated
emulsions are comprised of quench-textured mixed metal–troilite. (A) An example of the globule size distribution across a vein, with coarse
metal–troilite globules at the centre, grading to fine droplets at the margins. (B) and (C) Examples of linked fine metal–troilite droplets at vein
margins (better developed in B) and curved droplet trails indicate silicate melt flow direction (better developed in C).

Fig. 4. Examples of the impact melt breccias preserved in the Chergach (A; the scale cube is 1 cm) and Gao–Guenie (B) meteorites (Gao–
Guenie is an H5 ordinary chondrite). The dark domains are the glassy silicate melt veins shown in Fig. 3. Note the well-rounded morphology
of the unmelted silicate clasts in both examples. The Gao–Guenie example has been angled to highlight the metal distribution, which shows
coarse spherical metal–troilite globules at the centre of the largest melt vein. The photograph of Chergach was provided by Dr. Svend Buhl of
Meteorite Recon.
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silicate fragments separated by films of troilite (Fig. 6C;
narrowest measured are 20 nm wide), and sparse FeNi me-
tal tends to occur at junctions between fragments (Fig. 6D).
Within these systems, metal tends to be concentrated in
thicker veins, so the process responsible for troilite micro-
breccia development caused sulfide to separate from metal.



Fig. 5. Examples of localised dilational settings developed within the frictional melt vein systems preserved in the Chergach (A and C) and La
Criolla (B) meteorites (La Criolla is a L6 ordinary chondrite). (A) A silicate dominated melt emulsion with metal–troilite veins on both
margins that has been boudiaged. Dilational sites are developed at boudin necks, resulting in metal–sulfide melt infiltration and accumulation.
(B) A troilite–metal cemented breccia with jig-saw fitting largely unmelted silicate clasts. Poorly resolved at this scale are patches of troilite-
dominated micro-breccias adjacent to the main breccia (more are present than outlines; see example in Fig. 6). (C) A metal-cemented breccia
adjacent to one of the glassy silicate veins shown in Fig. 3. All are reflected light digital images.
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2.5. Meso-scale metal veins and nodules in samples largely

lacking silicate glass

Other meteorites lack the glassy silicate veins, but in-
stead contain metal-dominant veins and sometimes troi-
lite-only micro-veins. These metal veins can be many
centimetres long and typically 5 lm to 3 mm wide, and in
samples with multiple veins these are usually oriented par-
allel to one another or at conjugate angles (Fig. 7), or can
show curvilinear orientations. Some of these veined samples
also contain incipient silicate melt pockets, although others
do not. In some of these samples, large isolated metal glob-
ules (some >5 mm) are found, which may have been con-
nected to the vein system. Metal veins and nodules have
been studied previously by Widom et al. (1986), Kong
et al. (1998), Rubin (1999) and Rubin (2002) who found
that the metal is typically depleted in the most refractory
siderophile elements (PGE) and Cu, but are not depleted
in Ni, Co, W, Mo, Au, As and Sb relative to fine-grained
metal. These authors are in general agreement that metal
nodules form through impact-related processes, although
the exact mechanism is not well constrained. Current theory
suggests that they formed through vapour deposition after
impact vapourisation (Widom et al., 1986; Rubin, 1999),
although no physical evidence or thermodynamic argument
has been presented to show that this was the case.

2.6. Large-scale metal veins and breccias

In rare impact affected OC meteorites these larger metal
veins can be several centimetres thick, and even form a
breccia matrix. In the H6 ordinary chondrite, Portales Val-
ley, the vein and breccia matrix metal is sulfide-depleted
(Fig. 8A), whereas the angular, jig-saw-fitting breccia clasts
are sulfide-enriched and metal-depleted (Kring et al., 1999;
Rubin et al., 2001; Ruzicka et al., 2005). The coarse metal
veins in this meteorite have Widmanstatten texture, which
evolves through slow cooling, indicating that they were
insulated deep within the H chondrite parent body (Rubin
et al., 2001). It has been suggested that pre-shock tempera-
tures for Portales Valley were high (age data are consistent
with an early impact event) and that this may have facili-
tated melting and melt segregation (Ruzicka et al., 2005),
which again implies that the brecciation event took place
deep within the H chondrite parent body. These authors
used equilibrium-based modelling to suggest that liquid
and solid metal were mobilised in a shearing-related pro-
cess, although the mechanism by which deformation caused



Fig. 6. Examples of structures that facilitate metal/sulfide melt migration and accumulation; developed in the La Criolla (A–C) and Chergach
(D) meteorites. In A and B troilite metal–troilite filled vein networks are developed within interpreted fault relay structures. The interpretation
is based on our previous experience, and that of many others, in studying hydrothermal quartz veins in orogenic gold deposits, which form
during compressional deformation through hydraulic fracture-driven fluid infiltration (e.g., see Cox, 2005, and Fig. 10 in Miller and Wilson,
2005). In C is a BSE image showing a close-up from the small box at the middle-right of B, highlighting the fine structure of the troilite-coated
fractures (generated on a JEOL 7001F FEG-SEM with 5 nm resolution). (D) An example of the troilite-dominant micro-breccia, which is
developed marginal to a metal-dominated vein, which is itself developed at the margin of one of the silicate-dominated emulsion veins shown
in Fig. 3. Note that at this resolution many of the troilite films between angular silicate fragments are <100 nm thick, and that sparse metal
(brighter) tends to occur at junctions between silicate clasts; metal is also more abundant closer to the metal-rich vein.

Fig. 7. Coarse parallel and conjugate metal-only veins in the
Windimurra H4/5 ordinary chondrite. Dark spherical chondrules
can be seen sitting in a highly porous matrix. There are no silicate-
bearing melt veins in this sample.
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metal mobilisation and separation of sulfide from metal was
not discussed.

2.7. Nonmagmatic iron meteorites

As noted by others (see Ruzicka et al., 2005), the breccia
textures in Portales Valley are reminiscent of the textures of
some nonmagmatic iron meteorites (types IAB and IIE).
These meteorites comprise 23% of grouped iron meteorites
and, with a large number of sub-groups (Wasson and Kal-
lemeyn, 2002), thus represent a widespread geochemical
process of metal segregation that was taking place early
in the evolution of the solar system. In contrast to the mag-
matic iron meteorites, the trace element compositional
trends of nonmagmatic iron meteorites cannot be explained
by simple fractional crystallisation (Scott, 1972; Scott and
Wasson, 1975; Haack and McCoy, 2003). It is generally
agreed that these meteorites formed by partial melting then
migration and accumulation of metallic melt during impact



Fig. 8. Large-scale metal cemented breccias and veins. (A) The Portales Valley meteorite with angular clasts of H6 ordinary chondrite
material within an FeNi metal matrix. Some highly sulfide-enriched domains amongst silicate material are outlined with yellow dashed lines.
(B) and (C) Silicate-rich samples from the Campo del Cielo suite of IAB (nonmagmatic) iron meteorites (total mass >100 tonnes). Metal veins
(bright) can be seen transecting the silicate material (dark grey), together with abundant graphite (lighter grey). Metal veins in these samples
typically have euhedral hexagonal graphite crystals in the metal, and margins that are rimmed by graphite. (D) Abundant chondritic clasts in
NWA 5549, another IAB (nonmagmatic) iron meteorite. Some of the chondritic clasts have domains that are sulfide enriched (dashed yellow
outlines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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events (see Haack and McCoy, 2003; Ruzicka and Hutson,
2010), although again, the mechanism responsible for melt
migration is poorly defined. The e182W ages of nonmagmat-
ic iron meteorites are slightly younger than magmatic irons
(Qin et al., 2008; Carlson and Boyet, 2009), implying that
the formation of both groups was influenced by radiogenic
heating.

We have examined two silicate-bearing IAB iron mete-
orites as part of this study: Campo del Cielo and NWA
5549. Both of these meteorites contain angular chondritic
clasts, and rare samples of Campo del Cielo consist domi-
nantly of silicate material with metal + graphite veins
(Fig. 8). As with Portales Valley, the metal is sulfide-de-
pleted and the silicate domains are comparatively troilite-
rich in both of these samples, with some clasts in NWA
5549 being highly troilite-enriched (Fig. 8D). The silicate
clasts have embayed and occasionally indistinct margins,
like some of those in Portales Valley (Ruzicka et al.,
2005), and the troilite in the silicate domains dominantly
consists of an interconnected network amongst silicate
grains rather than veinlets. Others have described similar
chondritic fragments amongst metal in more comprehen-
sive studies on nonmagmatic iron meteorites (e.g., Casa-
nova et al., 1995; Benedix et al., 2000; Bogard et al.,
2000; Ruzicka and Hutson, 2010).

Models for the genesis of nonmagmatic iron meteorites
include gravitational segregation and ponding of FeNi melt
in response to impact heating (Wasson et al., 1980; Wasson
and Wang, 1986; Olsen et al., 1994; Choi et al., 1995; Was-
son and Kallemeyn, 2002), incipient parent-body melting
during endogenic heating (McCoy et al., 1993; Bogard
et al., 2000), or a hybrid combination of these where im-
pacts into an already hot parent body drove mixing be-
tween metal and silicate (see references in Ruzicka and
Hutson, 2010). A key feature of the nonmagmatic iron
meteorites that any model must be able to explain is their
siderophile element signatures, which imply limited trace
element partitioning between solid metal and melt and thus
possibly segregation of metallic melt from a partially mol-
ten source (see Wasson and Kallemeyn, 2002). Other than
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assuming that separation of metal from silicate was driven
by gravitational segregation (e.g., ponding), none of the
existing models examine in detail the mechanisms responsi-
ble for migration of FeNi melt.

3. THE DRIVING MECHANISMS OF MELT

MIGRATION

In the following discussion, and in subsequent sections,
we consider impact melting and melt migration from the
perspective of three separate stages: Stage 1 – associated
with the impact pressure wave (discussed in Section 4),
Stage 2 – associated with rock movement and deformation
in response to crater formation, and Stage 3 – associated
with cooling after cessation of movement.

3.1. Pressure gradients in deforming environments

The driver for migration of any fluid is a pressure gradi-
ent. Understanding causes of melt migration in asteroids
and planetesimals is therefore about understanding how
pressure gradients are generated. Fluids migrate through
porous rocks (e.g., the fracture networks shown in Fig. 6
represent porosity, and a permeable network while melt is
present) towards regions of comparatively low pressure,
according to Darcy’s Law:

Q=At ¼ ðk=lÞðdP=LÞ ð1Þ

where Q/At is the fluid flux (fluid volume, Q, across cross-
sectional area, A, per unit time, t; ms�1), k is the permeabil-
ity of the rock (m2), l is the viscosity of the fluid (Pa s), dP/
L is the pressure gradient (Pa m�1).

During deformation associated with an impact event, re-
gions of comparatively high and low pressure are developed
as some regions are compressed and other regions either re-
main the same, or actively dilate. In deforming rocks, large
differences in pressure are typically focused on or in the
vicinity of faults and fractures (Cox, 2005). Impact craters
develop these zones of dilation and compression at every
range in scale from microfractures up to large fault systems.
The process of fracture dilation induces a localised pressure
drop within the fracture, or fracture zone, which promotes
inward migration of mobile components. Zones of com-
pression create regions of higher pressure that mobile
phases move away from, through whatever permeable
paths exist within the rock mass. In a deforming environ-
ment with a gravitational gradient and an existing fracture
network Darcy’s Law becomes:

Q=At ¼ ðk=lÞ½@ðP � qghÞ=@x� ð2Þ

where [o(P � qgh)/ox] is the hydraulic gradient for fluid
flow via fractures along path x (Manning and Ingebritsen,
1999).

However, fluids also create permeability in deforming
systems through hydraulic fracturing (e.g., Barnhoorn
et al., 2010). Increased pressure in regions of compression
on a fluid-filled fracture can cause the fracture tip to rup-
ture where the fluid pressure exceeds the fracture toughness
of the rock. This hydraulic fracture propagation process en-
hances the existing fracture-controlled permeability of the
system and thus facilitates migration of metal/sulfide melt
towards lower pressure domains.

The distance that can be covered during melt migration
through a given fracture is a function of the period of time
that the melt remains liquid (see Section 4 for discussion
of melt lifetimes), the period of time that the pressure differ-
ential exists, the square of the fracture width, and inversely
proportional to the viscosity of the melt (Poiselle’s Law).
For a given localised instance of melting all of these factors
will be the same, except for the viscosities of the different
melts. Thus, for a given pressure gradient, low viscosity me-
tal melt (g = 0.004 Pa s�1; Shimoji and Itami, 1986) will mi-
grate �50 times faster than melted troilite (g = 0.2 Pa s�1;
Dobson et al., 2000), �2500 times faster than basaltic melt
(g � 10 Pa s�1 at 1250 �C; Villeneuve et al., 2008), and
�8 � 109 times faster than liquid plagioclase (g � 3.2 �
107 Pa s�1 for An10 chondritic plagioclase at 1250 �C;
Hummel and Arndt, 1985). Composite FeNi–FeS melts
have viscosities comparable to Fe and FeS liquids, so metal,
sulfide and metal–sulfide melts would migrate significantly
further than silicate melt along any short-lived pressure gra-
dient generated through impact. In addition, pressure gradi-
ents, and thus fluid flux, are proportional to the deformation
rate, so during high energy impact events the pressure differ-
entials generated are likely to be very high, thus maximising
oP/ox in Eq. (2). Therefore, on asteroids and planetesimals,
where low gravity minimises qgh, the influence of gravita-
tional gradient on fluid flow in Eq. (2) becomes negligible,
and fluid flow is controlled dominantly by deformation-
driven pressure gradients.

3.2. Progressive metal melt extraction across a range of

scales (Stage 2)

Once friction-generated silicate-dominated melt emul-
sion networks form (e.g., Fig. 4), melt migration is con-
trolled by the physical characteristics of silicate melt, as
evidenced by the curved metal–troilite droplet trails in
glassy silicate veins (Fig. 3). The marginal metal–troilite
veinlets associated with these probably evolved by viscosity
segregation (Fig. 9), where the lower viscosity of the metal–
sulfide melt caused it to migrate to the wall of the melt con-
duit, minimising shear stress and maximising the energy
efficiency of the system (see Carrigan and Eichelberger,
1990).

Before the micro-droplets at the vein margins become
linked, the velocity of melt migration is highest at the centre
of the conduit, and progressively lower towards the mar-
gins, defining a parabolic velocity profile (Fig. 9A). How-
ever, once the metal–sulfide droplets migrate to the
margins and link to form the marginal veins, they will dom-
inate subsequent melt migration velocity because the much
lower viscosity of metal–sulfide melt allows it to respond
more rapidly to pressure differentials. Thus lubricated, sili-
cate melt-filled conduits become piston-like and migration
becomes more rapid, with nearly all of the strain taken
up by the marginal metal/sulfide melt (Fig. 9B). Where this
piston-like behaviour departs from ideality due to struc-
tural heterogeneities in three dimensions, the silicate-domi-
nated component is forced to deform rapidly and its glass
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Fig. 9. Schematic representation of the physical response of silicate-dominated emulsion-filled veins to rapid melt migration. Based on the
concepts of Carrigan and Eichelberger (1990).
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transition can be exceeded (Fig. 9C), allowing it to fracture
and then be boudinaged (e.g., Fig. 5A) or brecciated (e.g.,
Fig. 5B and C; extension at the narrower boudin necks cre-
ates pressure gradients that cause mobile liquid phases mi-
grate towards these sites). Solid clasts of silicate material
between melt veins are also placed under stress during this
process and numerous fractures are observed in these.

Once the metal–sulfide melt has become independent of
the silicate melt, evidence shows that it is able to migrate
into unmelted silicate domains (Fig. 6). The migration path-
ways may be a distributed fracture network (see Barnhoorn
et al., 2010), which may be somewhat permeable while
deformation is active, and are likely to be enhanced by
hydraulic fracturing in areas where high fluid pressure can
be generated within fractures. In these settings, we have ob-
served fault relay structures that developed between adja-
cent metal/sulfide melt-lubricated faults (Fig. 6A and B).
In each of the settings shown in Figs. 5 and 6, localised
structural dilatancies developed as fracture margins pulled
apart, which allowed formation of wider, more permeable
and thus longer-lived metal–sulfide-filled vein systems. Vein
structures and fractures that form in deforming systems
tend to be somewhat fractal (Johnston and McCaffrey,
1996; Bonnet et al., 2001; Nortje et al., 2006; Fagereng,
2011), where structural features developed at the small scale
are to some extent replicated at the larger scale. In meteor-
ites, we can see that impact-induced deformation created
linked networks of metal–sulfide melt at the micro- to
meso-scale, increasing the permeability of the system, and
allowing more rapid (see Rushmer and Petford, 2011) and
larger scale migration from zones of overall compression
to nearby zones where deformation was largely dilational.
We suggest that this pattern would be to some extent mim-
icked at the larger scale that cannot be sampled in entirety
by meteorites (represented schematically in Fig. 10).

In some meteorites (Figs. 7 and 8A), a dominantly dila-
tional setting is inferred from the observation of jagged mar-
gins to metal-only veins and enlarged nodules (some have
minor sulfide) in samples that have not undergone signifi-
cant recrystallisation, as evidenced by the presence of well-
preserved chondrules. These metal-only veins can be several
centimetres long, and penetrate chondrite material that is
not metal-depleted, implying that metal migrated into these
fractures from elsewhere (i.e., there appears to have been
volume increase). In these samples, there may be little or
no evidence for melting of silicate phases, again implying
that the vein- and nodule-hosted metal is externally derived.
Vapour deposition of the metal in these veins and nodules,
as suggested by Widom et al. (1986) and Rubin (1999), is
considered highly unlikely because OC meteorites typically
have considerable porosity (Britt and Consolmagno, 2003;
Sasso et al., 2009), and there can thus be little structural
control on vapour localisation. The conjugate nature of
some of these vein sets (Fig. 7) is clearly deformation-in-
duced, and we consider these structures to be transitional
to larger-scale systems (as represented by Fig. 10C).

Because melt migration during impact events is con-
trolled by deformation-induced pressure differentials with
minimal influence of gravity (see discussion concerning
Eq. (2)), metal melt can entrain chondritic fragments with-
out their being excluded by buoyancy (e.g., Fig. 5B). In con-
trast, melt segregation that is driven by gravity would
inherently exclude chondritic clasts due the large difference
in density between metal and silicate chondrite material that
drives melt percolation. The observation of angular chon-
dritic clasts enveloped in a metal matrix in Portales Valley
thus suggests that deformation-induced metal melt migra-
tion was responsible for formation of this texture. The exis-
tence of angular chondritic clasts in many of the IAB and
IIE nonmagmatic iron meteorites has been a conundrum
for many years because of the recognised buoyancy issue
(see Ruzicka and Hutson, 2010). We suggest that these
chondritic clasts imply that nonmagmatic irons also formed
by deformation-induced melt migration. Thus, Portales
Valley and the nonmagmatic iron meteorites are considered
to be representatives of the larger scale end of the metal-
melt accumulation process (Fig. 10D and E respectively).

To form a large accumulation of metal liquid, metal
must be extracted from a certain volume and focused into
a structural feature during a short-lived impact-induced



Fig. 10. Schematic representation of the different scales and stages in the impact-driven segregation of large Fe–Ni–S melt accumulations. (A)
is equivalent to Figs. 1 and 2. (B) is equivalent to Figs. 3, 5 and 6. (C) is equivalent to Fig. 7. (D) is equivalent to Fig. 8A. (E) is equivalent to
Fig. 8D and other nonmagmatic iron meteorites. (F) is aimed at indicating the position of a given accumulation within a planetesimal that
continues to grow after its formation, and then eventually undergo silicate melting.
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deformation event. In Portales Valley, Rubin et al. (2001)
found that metal-depleted silicate clasts had lost 30–80%
of their metal. A typical H chondrite contains �10 vol.%
metal, so at an extraction efficiency of 50%, a 1 m3 volume
of liquid metal would need to be sourced from 20 m3 of
chondritic material within the few minutes duration of an
impact driven deformation event. Eq. (2) indicates that
the rate of liquid metal extraction will vary as a function
of the cross-sectional area through which it is being ex-
tracted. So as an example, given a 5 � 2 m fault plane bor-
dered by a 1 m thick volume of fractured chondritic
material on either side of the fault (so 20 m3 of rock volume
and 20 m2 of fault plane surface area since there are two
sides), with a permeability of 9.87 � 10�11 m2 (appropriate
for highly fractured rock), extraction of this volume of low
viscosity metal in the time available would require a
hydraulic pressure gradient of 1.44 � 105 Pa m�1 for migra-
tion of 1 m3 liquid metal in 2 min. In other words, the pres-
sure differential between chondrite at 1 m away from the
fault and chondrite at the fault plane needs to be only
1.44 bar, and this changes to 2.89 bar if the pressure differ-
ential is maintained for 1 min (17.32 bar for 10 s). These
pressure gradients are expected to be achievable during high
energy impact events, although more complex modelling is
needed to show that this is indeed so. More important ef-
fects are likely to be the extent of melting of the metal
and the permeability of the chondritic material. Impact
fractured rocks can be highly permeable, and become more
so with hydraulic fracturing. Extensive metal melting would
also generate silicate melt, and this would create complexity
in the permeability of the system.

3.3. Separation of sulfide from metal (Stage 3)

A mechanism is required to explain the observed troilite
enrichment in silicate material that almost invariably occurs
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adjacent to zones of metal–sulfide melt accumulation. In
Fig. 6D it can be seen that thicker veins tend to be relatively
metal-rich, linked with numerous troilite-dominated sub-
micron veinlets and micro-breccias developed in silicate
minerals, indicating that sulfide-rich melt separated from
metal to migrate into lateral fracture networks. This order
of migration is preferred (rather than sulfide-dominated
microfractures feeding into metal-rich melt accumulations)
because the eutectic in the Fe–FeS system is at 85% FeS, so
melts should fractionate towards sulfide-rich rather than
metal-rich compositions.

It has been suggested that the troilite-enriched nature of
chondritic clasts in Portales Valley formed when S2 vapour
was reintroduced along fractures and reacted with remain-
ing metal to form troilite (Rubin et al., 2001). Troilite
should partially devolatilise to Fe metal + S vapour in re-
sponse to impact heating (see Lauretta et al., 1997; Tom-
kins, 2009). For this mechanism to work, Fe would be
needed from the silicate minerals to form troilite, and since
our microprobe work found no evidence of Fe-depleted
vein margins, and some troilite-filled fractures occur in
Fe-free plagioclase, we suggest that a S2 vapour alone could
not be responsible for the troilite-dominated veinlets and
micro-breccias observed in this study. Rubin et al. (2001)
also suggested that sulfide-rich melt infiltrated along frac-
tures, migrating away from the metal veins, and Ruzicka
et al. (2005) agreed, although neither study suggested a
mechanism that would drive this melt migration. The
hydraulic fracturing process drives vein and breccia forma-
tion, but this does not provide a completely satisfactory
mechanism for separating sulfide from metal, particularly
at larger scales.

Instead, we suggest the following. As metal–sulfide melt
cooled and crystallised in larger fractures, probably after
cessation of deformation, it evolved towards the FeNi–
FeS eutectic. In cases where the liquid metal contained a
small proportion of carbon, crystallisation of cFeNi would
drive the liquid composition towards exsolution of immisci-
ble iron carbide and iron sulfide liquids (see Fig. 4 in Corgne
et al., 2008). Sulfide liquid is known to wet olivine (Gaetani
and Grove, 1999; Barnes et al., 2008), whereas liquid Fe is
known to be non-wetting against olivine (Minarik et al.,
1996), although the wetting properties of sulfide-rich FeNi
melts are not known. We suggest that as metal–sulfide melt
fractionates and becomes sulfide-dominant its wetting prop-
erties against silicate material switch from being non-wet-
ting to wetting, causing its dispersive adhesion properties
(where one material is attracted and adheres to another
via van der Waals forces; see Lee, 1991) with respect to
the silicate material to switch from being repulsive to attrac-
tive. Such a switch would cause narrow fractures and grain
boundaries in and between silicate minerals to start acting
as capillary tubes for sulfide-dominant melt, drawing it
away from crystallised metal (Fig. 11). In this case, the pres-
sure differential driving melt migration is capillary pressure,
and its magnitude increases with decreasing fracture width,
so the finest fractures are the most effective at drawing in
sulfide. It may be that some S2 vapour is able to migrate
into fractures and along grain boundaries together with sul-
fide-dominated melt, and in this case, reaction with small
amounts of crystallising metal to form new troilite would
further increase the FeS/FeNi ratio therein.

This tendency of sulfide to adhere to and infiltrate silicate
material appears to exist at all scales where metal–sulfide
melt coexisted with solid silicate: (1) at the smallest nano-
scale fractures in silicate (Fig. 6C and D), (2) at the meso-
scale in Portales Valley (Rubin et al., 2001; and Fig. 8A),
(3) in the chondritic fragments in IAB iron meteorites
(Fig. 8D), and (4) in pallasites, where troilite is invariably
in contact with olivine and typically forms films between
adjacent olivine crystals, whereas metal does not (the Bren-
ham meteorite is an excellent example). Because sulfide-
dominant melt appears to have migrated into chondritic
clasts and vein margins at all scales of vein development,
the entrainment of chondritic clasts in accumulations of
molten metal is interpreted to promote purification of the
metal. The wetting properties of sulfide melt allows chon-
dritic clasts to act as sponges that soak up available sulfide
via capillary action, removing chalcophile elements from the
metal melt (e.g., see the sulfide-enriched chondritic clasts in
NWA 5549; Fig. 8D). Presumably this would occur at the
final stages of melt crystallisation, probably after impact-re-
lated deformation has ceased and when there may be some
buoyancy-controlled separation of entrained silicate clasts
from the metal (Fig. 10E).

4. CHEMICAL DISEQUILIBRIUM DURING

MELTING AND MELT MIGRATION

4.1. Melt pocket formation (Stage 1)

Preferential melting of metal, and to a lesser extent FeS,
over silicates, particularly olivine and pyroxene, during pas-
sage of an impact-associated shock wave occurs mainly be-
cause impact-induced heating is maximised at interfaces
between high and low density phases (Stoffler et al.,
1991). The greatest density contrast occurs between tetrata-
enite (Fe50Ni50: q of 8275 kg m�3; low-Ni kamacite has q of
7900 kg m�3) and pore spaces (see Stoffler et al., 1991), and
then plagioclase (q � 2680 kg m�3). Other large density
contrasts occur at contacts between troilite
(q = 4610 kg m�3) and silicates. These density contrasts
translate proportionately to shock impedance contrasts
during impact events, with higher impedance contrasts
resulting in greater heating (Stoffler et al., 1991). Thus,
the grain boundary interfaces between FeNi metal and pla-
gioclase are the focus of heating in preference to other
phases. However, shock heating is dependant on the orien-
tation of these grain boundaries with respect to the shock
wave, and is maximised at orientations perpendicular to
the shock front, which is why not all metal–plagioclase con-
tacts, for example, are melted.

The combined requirement of high impedance contrast
and perpendicular grain boundary orientation for maxi-
mised impact heating implies that heat generation will be
highly spatially focussed. Fig. 2A shows an example of this,
where high temperature taenite–tetrataenite melting (at
�1425 �C; the lower melt pocket) took place only 22 lm
(possibly closer in the third dimension) away from an un-
melted troilite–tetrataenite contact (the eutectic in the Fe50-
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Ni50–FeS system is at �855 �C; see Tomkins, 2009), indicat-
ing extremely localised heating that created temperature
gradients of at least 26 �C/lm. Clearly, the resulting melt
pockets were not in thermochemical equilibrium with their
surroundings, and therefore their compositions are not
dominated by the FeNi–FeS eutectic, but instead vary con-
siderably within the impact-affected volume. This was also
suggested by Leroux et al. (2000). Our observations indicate
that it is possible for FeNi–silicate, FeS–silicate and Fe-
Ni + FeS–silicate melts to form independently of each
other even at distances of <50 lm.

These small melt pockets would cool quickly and thus
there should be little time for chemical equilibration be-
tween the residual metal and the melt. We tested this con-
cept by comparing the Fe and Ni contents of residue and
melt by electron microprobe element mapping. During
chemical equilibration, Ni should preferentially partition
into the melt from the residue metal (see Scott, 1972; Ni dif-
fuses faster in FeNi metal than trace siderophile elements;
Righter et al., 2005; see further discussion on diffusion rates
below). Therefore our element maps, which record no
enrichment in the melt of Ni over Fe (Fig. 2B–D), indicate
chemical disequilibrium (see also Leroux et al., 2000). This
is particularly so for the silicate-dominated emulsions,
where metal/sulfide melt was almost instantaneously sepa-
rated from its residue. Fig. 2B–D shows an example of
how the chemistry of metal in melt pockets is controlled
by mixing processes, rather than equilibrium-driven diffu-
sion; here, metal derived from melting of Ni-rich taenite
has partially mixed with metallic melt from kamacite, with
distinct compositional domains preserved.

This incipient melting, with its heterogenous heat distri-
bution, is the starting point of a series of processes involv-
ing periods of thermochemical disequilibrium. This initial
disequilibrium condition is caused by the rapidity of the im-
pact-induced pressure pulse that arrives during the contact
and compression stage of crater development, which lasts
from milliseconds to seconds (Stoffler et al., 1991). This
melt formation mechanism is different to that associated
with the subsequent rebound and collapse stages of crater
development.
4.2. Melt vein and breccia formation (Stage 2)

From studies of impact craters on Earth we know that
the later stages of crater formation generate spatially fo-
cused fault planes that experience extreme strain rates,
which result in frictional melting along the plane of the
fault and development of pseudotachylite (Melosh, 2005).
On Earth this pseudotachylite can consist of a thin plane
of silicate glass, or commonly, a dyke-like volume of
rounded unmelted clasts cemented by glass. However, im-
pact craters on Earth are different to those observed on
asteroids in that on the former craters with diameters larger
than �4 km are complex craters with a central uplift,
whereas on asteroids there are only simple craters, due
mainly to the large differences in gravity (although see the
Rheasilvia Impact Basin on Vesta). More prolonged and
vigorous fault movement is associated with complex crater
formation because of the uplift process. On Earth, large-
scale rock faulting and frictional melting is thought to con-
tinue for several minutes for craters of 10–100 km diameter
(Melosh, 2005). However, since impact craters on asteroids
are likely to be considerably different to those on Earth
(Keil et al., 1997; Rubin, 2005), the duration of violent fault
movement associated with impacts may be considerably
shorter, providing little time for chemical equilibration be-
tween melt and residue. Nevertheless, pseudotachylite-like
impact melt veins and breccias (e.g., Fig. 4) are relatively
common amongst the recovered meteorite population,
and these extended melt zones would have promoted link-
ing between the early-formed melt pockets.

The life spans of different melt volumes will vary greatly
from seconds for the tiniest droplets that form in cold rocks
near the surface of a planetesimal, to many years for the
largest accumulations that are insulated within already
warm rocks at depth in larger bodies (see Monteux et al.,
2007). Since silicate rocks are excellent thermal insulators
only the smaller melt domains can quench in the few min-
utes that impact deformation occurs over.

The diffusion rates of siderophile elements in kamacite
show that impact events are too brief for equilibrium to
be achieved between metal melt and residue metal



54 A.G. Tomkins et al. / Geochimica et Cosmochimica Acta 100 (2013) 41–59
(although there are no published data for W and Hf). For
example, the diffusion rate of Ni in kamacite is about
0.1 lm2 s�1 at 1400 �C and trace metals diffuse at the same
rate as Ni or significantly slower (Righter et al., 2005).
These authors indicate that diffusion of Ni in kamacite is
about two orders of magnitude faster than in taenite. This
may be fast enough for some diffusional equilibration to oc-
cur in places where molten metal stays in contact with res-
idue kamacite for a period of longer than several tens of
seconds (partial equilibration with taenite would take sev-
eral tens of minutes); achievement of total equilibrium
would take longer, varying as a function of grain size. How-
ever, the observed textures imply that molten metal in veins
was separated from restitic metal almost instantaneously,
thereby precluding all but the smallest degree of partial
equilibration. The high closure temperature of the Hf–W
system (for solid state diffusion between pyroxene and me-
tal; Kleine et al., 2008) relative to that of Fe and Ni in metal
indicates that W diffusion between silicate and metal is sig-
nificantly more sluggish than Ni diffusion within metal.
Thus, if Ni was not equilibrated in our observed examples,
then neither will have W.

Electron microprobe analysis shows that in our samples
there is no measurable chemical variability preserved be-
tween the melt phase and unmelted metal in areas where
part of a metal grain can be seen to have melted and mobi-
lised into a glassy silicate melt vein (e.g., Fig. 12). The melt
was thus not enriched in incompatible siderophile elements
relative to the residue metal, as it would be if chemical
equilibration had occurred during melt separation. There-
fore, the rapidity of melt migration was such that the small
metal veins examined here formed under disequilibrium
conditions. At larger scales, and/or at greater degrees of im-
pact melting, the physical process driving melt migration is
the same, so the rate of melt separation would be compara-
ble, or faster if the impact event was larger. However, if a
large fraction of melt was produced during a larger impact
event, it is likely that unmelted components would be phys-
ically carried along by migrating melt; this would provide
opportunity for some equilibration within the migrating
melt–solid mixture.

4.3. The cooling period and melt crystallisation (Stage 3)

After deformation has ceased, melt accumulations that
separated from their residue would be surrounded by un-
melted regions at a range of scales, and the system would
thermally equilibrate by radiative cooling. The amount of
time that such a system remains partially molten is a func-
tion of the energy input, in that the larger the impact, the
more energy in the system, and thus the longer the partially
molten period. Furthermore, impacted regions that were al-
ready hot, from radiogenic metamorphism for example,
would cool more slowly and stay molten for longer. There
is also some indication that impact-induced melting can oc-
cur at considerable depths (e.g., Rubin et al., 2001; Ruzicka
et al., 2005), and this insulated setting would also cool more
slowly. This cooling period would have lasted considerably
longer than the deformation period, in some cases orders of
magnitude longer. Therefore, some chemical equilibration
between metal and separating sulfide and silicate might be
expected during this period; note that this is different to
equilibration between the melt source and the melt accumu-
lations. Furthermore, the differences in size and timing of
impact events, and depth of melting, would have imparted
considerable variability in the degree of chemical equilib-
rium achieved.

The quench textures between metal and troilite in melt
pockets (e.g., Fig 1D) indicate that these would have had
little time for chemical equilibration with surrounding or
entrained silicate material as they cooled. However, the
interpretation that troilite-dominated veinlets evolved dur-
ing cooling of the melt towards a eutectic requires equilibra-
tion between metal and separating sulfide. The same applies
to fractionation of troilite into chondritic fragments in Por-
tales Valley and nonmagmatic iron meteorites. Elements
that are chalcophile (e.g., Cu, and to some extent, Ni)
should be depleted from the metal and enriched in the sul-
fide where these were able to separate. This is consistent
with the observations of Portales Valley, which show that
the sulfide-enriched silicate breccia clasts are also Cu-rich
(Rubin et al., 2001). Elements that are siderophile (Ir, Os,
Re in particular) will tend to be enriched in the metal by
this process.

If some large metal–sulfide melt accumulations remain
molten for long enough there may be time for gravitational
separation of entrained silicate clasts. In this case there may
be some chemical equilibration between metal and particu-
larly smaller silicate particles (although smaller particles
would be less efficiently separated), which would partition
lithophile elements from the metal.

In systems where there was partial equilibration at some
stage along the process of separating metal from silicate
and sulfide, the separated metallic melt would have only
partially partitioned the siderophile elements from the resi-
due. The resulting siderophile element signature of such a
metal melt would therefore be somewhere between an equi-
librium melt and the residual metal composition. If one was
modelling such a system by assuming equilibrium, the metal
melt would look, chemically, like it had entrained some un-
melted residual metal as it separated from the source, which
is exactly the preferred model of Ruzicka et al. (2005) for
the coarse metal veins of Portales Valley. Similarly, non-
magmatic IAB iron meteorites are best modelled as frac-
tionating mixtures of solid residue metal and liquid metal
in models that assume equilibrium partitioning (see Wasson
and Kallemeyn, 2002). This suggests that the chemistry of
Portales Valley and nonmagmatic iron meteorites could re-
flect variability in chemical disequilibrium developed during
rapid impact-induced metal migration and subsequent
cooling.

5. IMPLICATIONS FOR CORE FORMATION IN

PLANETESIMALS

At the completion of the impact-related sequence of me-
tal and sulfide melt migration processes, enlarged accumu-
lations of relatively sulfide-free metal are left encapsulated
in a volume of chondritic material that may be sulfide-en-
riched, and that may retain fine-grained unmobilised metal
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particles. This process would have happened numerous
times for each large body as they progressively grew to
planetesimal size; with every impact large enough to gener-
ate significant melting. Some metal accumulations may
have been very large; for example, the nonmagmatic iron
meteorite that formed Meteor Crater in Arizona (Canyon
Diablo) may have been on the order of 3 � 105 tonnes (Me-
losh and Collins, 2005).

Stokes Law indicates that the gravitational settling rate
of metal particles towards a core through a molten or par-
tially molten silicate mantle scales with the square of the
metal particle diameter. Therefore, if enlarged FeNi metal
accumulations were able to form within planetesimals prior
to the onset of widespread silicate partial melting, these
would be segregated far more rapidly to cores upon silicate
melting than the small metal particles typical of chondritic
meteorites. This contrast in settling potential is even greater
between enlarged metal accumulations and fine troilite
microfracture coatings.

The old ages of magmatic iron meteorites imply that
radiogenic heating was critical to their formation, and that
planetesimals needed to undergo widespread silicate partial
melting for cores to form (cf. Bagdassarov et al., 2009). Be-
fore widespread partial melting could begin, planetesimals
needed to grow large enough to insulate the required
amount of heat generated by radioactive decay of 26Al
and 60Fe (Moskovitz and Gaidos, 2011). As the apparent
age of magmatic iron meteorites is within 1.5 million years
of CAIs (Carlson and Boyet, 2009; Kruijer et al., 2012), this
growth likely happened very rapidly, which implies that
energetic collisions would have been a feature of this time.
Thus, it is almost unavoidable that impact-driven FeNi seg-
regation would have been occurring on some scale during
this growth phase.

Settling of metal globules through a partially molten
mantle in the time available on the largest asteroids requires
globule sizes at least an order of magnitude larger than the
typical metal grains found in chondrites (Scott, 1972), and
this scales to several orders of magnitude on smaller plane-
tesimals. This early work is consistent with the findings of
(Bagdassarov et al., 2009), who showed experimentally that
even the rate of percolative flow for Fe–S liquid through
significantly partially melted peridotite was too slow by
two orders of magnitude to form the core of Vesta in the
time required by geochronology; again, the problem is
greater for smaller asteroids. Impact-driven FeNi melt seg-
regation provides a mechanism for early formation of lar-
ger metal accumulations with the gravitational potential
needed to migrate rapidly to planetesimal cores upon wide-
spread radiogenic silicate melting. Using a modified Had-
amard–Rybczynski equation for settling of inviscid
spheres (V = 1/3[(Dqgr2)/g]; see Weinberg and Podladchi-
kov, 1994) and the temperature and melt fraction corrected
viscosity of peridotite with 26% melt from Bagdassarov
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et al. (2009), we find that increasing the metal particle diam-
eter to 2 m allows core formation on Vesta via settling in
the time available. Since our study has identified a mecha-
nism by which metal particle sizes are formed that can be
considerably larger than this (some nonmagmatic iron
meteorites represent larger bodies), we have identified a
process that allows far more rapid core formation with less
radiogenic heating. A further consideration is that the vis-
cosity of molten peridotite drops by several orders of mag-
nitude in the melt fraction (/) range 0.25–0.30 (Scott and
Kohlstedt, 2006), and so only moderately enlarged metal
particles are needed when melting is this extensive.
Although not well constrained, the data from these authors
indicate that at / = 0.30 the bulk viscosity of molten peri-
dotite is <108 Pa s; at this upper bound, metal particle sizes
>�12 cm would settle to the core of Vesta in the time avail-
able, whereas FeS particles would need to be >�20 cm. At
/ > 0.35 peridotite bulk viscosity varies according to the
Einstein–Roscoe equation (gbulk = gliq(1.35 / �0.35)�2.5;
Scott and Kohlstedt, 2006), such that when / reaches
0.35, metal particle sizes >�500 lm would settle to the core
of Vesta in the time available, whereas FeS particles would
need to be >�900 lm (using gliq = 10 Pa s; see Villeneuve
et al., 2008). Given that we see metal grains in HED mete-
orites larger than 500 lm, core formation in Vesta likely
proceeded at / < 0.35 (although the argument can be made
that this is late veneer material; Day et al., 2012), in the
range where the existence of large metal particles is needed
for accelerated core formation.

Widespread settling of small metallic melt globules
throughout a molten silicate body (i.e., the equilibrium-
based model) would promote incorporation of a significant
amount of FeS, possibly eutectic proportions (85% FeS).
Cores that formed through this process would crystallise
large masses of eutectic composition material, dominated
by FeS, at the final stage of solidification. Thus, the rarity
of troilite-rich and eutectic (FeNi–FeS) meteorites, and
the comparative abundance of magmatic iron meteorites,
has been seen as a significant paradox. The current explana-
tion for this paradox suggests that the low resistance of
troilite to space weathering, its high ablation-rate during
passage through the atmosphere, and its high rate of weath-
ering on the Earth’s surface (although troilite weathers
slower than FeNi metal in meteorites), combined to com-
pletely destroy these meteorites before they could be col-
lected (Haack and McCoy, 2003). We have shown that
the impact-driven melt segregation process involves re-
moval of sulfide from enlarged metal accumulations at a
range of scales. Once planetesimal mantles started to under-
go widespread melting these enlarged metal accumulations
would have significantly reduced capacity to chemically
interact with their surroundings as they settled because;
(1) the surface area to volume ratio of spherical globules
diminishes with increasing radius (r) as a function of 3/r,
and (2) there is less time available for equilibration with
surroundings during faster settling. The largest metal glob-
ules would therefore accumulate the lowest proportion of
sulfide, and partition the least siderophile elements from
their surroundings, during settling. Cores formed through
this process would contain some sulfide, but would generate
a comparatively small volume of eutectic composition li-
quid through fractional crystallisation. Thus, in contrast
to existing equilibrium-based models of core formation,
the observed rarity of sulfide-dominant meteorites is an ex-
pected consequence of our model.

A further possibility is that once the metal accumula-
tions are sulfide depleted and have crystallised (i.e., shortly
after impact-driven melt mobilisation), they will be rela-
tively resistant to remelting (S-free FeNi metal melts at
1425 �C, whereas silicate melting starts at �1150 �C), and
so some metal accumulations may have settled to cores as
largely solid masses rather than as liquids. The geochemis-
try of magmatic iron meteorites indicates that they crystal-
lised from fractionating metallic melt (Scott and Wasson,
1975), but this does not constrain when or where the melt
formed. Transfer of FeNi metal to cores would transfer
radiogenic 60Fe into a more insulated setting, and this
would enhance core heating (Yoshino et al., 2003; Mostefa-
oui et al., 2005; Moskovitz and Gaidos, 2011), potentially
promoting melting of solid components. If some metal mi-
grated to cores in solid form, this would preclude equilibra-
tion between metal and silicate mantle.

If it is true that metal segregated to the cores of planetes-
imals under conditions of partial disequilibrium, then inter-
pretations on the timing of core formation based on the Hf–
W isotopic system (e.g., Carlson and Boyet, 2009) are incor-
rect. If there was no equilibration between metal and sili-
cate mantle during core formation, metal would not be
able to partition any of the 182W that formed in silicates
through decay of 182Hf. In this case, the metal would con-
tain only the initial e182W that it inherited from the solar
nebula, and its isotopic age would be the same as CAIs.
Fig. 4 in Kruijer et al. (2012) (see also Carlson and Boyet,
2009) shows that the e182W data of most magmatic iron
meteorites are within error of the e182W of CAIs in Allende.
We therefore suggest that the e182W data of magmatic iron
meteorites are supporting evidence that the cores of plane-
tesimals formed out of equilibrium with their mantles.
Planetesimal cores must have formed rapidly and early,
consistent with the necessarily short timescale of radiogenic
heating and conductive cooling (Moskovitz and Gaidos,
2011), but we suggest that the e182W data should not inter-
preted as indicating core formation within 1.5 million years
of CAIs because this model assumes equilibrium.

6. IMPLICATIONS FOR THE GEOCHEMISTRY OF

PLANETARY MANTLES

Highly siderophile element abundances in the upper
mantles of Earth and Mars are too high, by up to three or-
ders of magnitude, for these mantles to have been in equi-
librium with their cores (Taylor, 2001). By itself, the late
veneer hypothesis (e.g., see Maier et al., 2009) does not ade-
quately explain this problem because it requires plate tec-
tonics to circulate late-accreting material into the Martian
mantle since HSE in the Earth’s upper mantle and the Mar-
tian mantle are broadly the same (Walker, 2009); a require-
ment in opposition with the observed lack of surface
features consistent with subduction-related plate tectonics
on Mars.
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The timescale of radiogenic heating and conductive
cooling for small bodies (Moskovitz and Gaidos, 2011) re-
quires that plantesimal core formation was ubiquitously
brief. Since gravitational settling rate scales with the square
of metal particle size, small metal/sulfide particles would
tend to be left behind while only enlarged metal accumula-
tions settled rapidly enough, particularly in smaller bodies,
to form cores in the short time windows available. Indeed,
small metal and sulfide particles are relatively common in
diogenites (e.g., Gooley and Moore, 1976), which represent
samples from deep within the 525 km diameter asteroid
Vesta (de Sanctis et al., 2012). These small metal particles,
together with sulfide trapped in silicate material, would
contain a considerable budget of highly siderophile ele-
ments (HSE). Accretion of these incompletely differentiated
planetesimals, with HSE-rich mantles, would likely transfer
some of this disequilibrium condition to planetary mantles
(see Rudge et al., 2010; Rubie et al., 2011), potentially
explaining their elevated HSE signatures. If this was the
case, the consequences for the Hf–W isotope systematics
of the Earth need to be considered. This idea is consistent
with the observation that Earth’s mantle siderophile ele-
ment abundances are in approximately CI proportions
(Taylor, 2001) in that equilibrium partitioning would
change these ratios (Walker, 2009).

7. CONCLUSIONS

Impact events between asteroids and planetesimals cause
metal, sulfide and silicate melting in a deformational envi-
ronment. Through examining impact-related textures in or-
dinary chondrites we have shown that this deformation
creates localised pressure gradients, which drives segrega-
tion of enlarged accumulations of Fe–Ni–S melt. The rapid-
ity of this process means that the Fe–Ni–S melt separates
from silicate material under conditions of thermochemical
disequilibrium. As these accumulations cool towards FeS-
dominated eutectic compositions, the liquid appears to
change from having non-wetting to wetting properties
against silicates, and this is interpreted to cause sulfide-rich
melt to migrate away from metal into any permeable net-
work in adjacent chondritic material. At the end of this pro-
cess enlarged S-depleted FeNi accumulations, some
possibly as large as many tonnes, are encapsulated within
S-enriched silicate material.

This process should have proceeded as the earliest plane-
tesimals grew by rapid collisional accretion. Once these
bodies grew large enough to insulate the requisite radio-
genic heat for silicate melting, the enlarged FeNi accumula-
tions would migrate far more rapidly to cores than the
small metal particles typical of chondritic meteorites be-
cause settling rate scales with the square of the particle
diameter. In this way, at least some of the chemical disequi-
librium that developed during deformation driven segrega-
tion would be transferred to planetesimal cores. Therefore,
the isotopic models that assume equilibrium in the Hf–W
system (see Carlson and Boyet, 2009) would underestimate
the core formation time for any planetesimals that evolved
by this process. Furthermore, unlike existing models of
planetesimal core formation, this process would explain
the relative lack of FeS-rich meteorites that should occur
in our collections if equilibrium-based core formation was
important.
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