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Abstract-A large impact event 500 Ma ago shocked and melted portions of the L-chondrite parent
body. Chico is an impact melt breccia produced by this event. Sawn surfaces of this 105 kg meteorite
reveal a dike of fine-grained, clast-poor impact melt cutting shocked host chondrite. Coarse (1-2 ¢cm
diameter) globules of FeNi metal + sulfide are concentrated along the axis of the dike from metal-
poor regions toward the margins. Refractory lithophile element abundance patterns in the melt rock
are parallel to average L chondrites, demonstrating near-total fusion of the L-chondrite target by the
impact and negligible crystal-liquid fractionation during emplacement and cooling of the dike.
Significant geochemical effects of the impact melting event include fractionation of siderophile
and chalcophile elements with increasing metal-silicate heterogeneity, and mobilization of moderately
to highly volatile elements. Siderophile and chalcophile elements ratios such as Ni/Co, Cu/Ga, and
Ir/Au vary systematically with decreasing metal content of the melt. Surprisingly small (~102) effective
metal/silicate-melt distribution coefficients for highly siderophile elements probably reflect inefficient
segregation of metal despite the large degrees of melting. Moderately volatile lithophile elements
such K and Rb were mobilized and heterogeneously distributed in the L-chondrite impact breccias
whereas highly volatile elements such as Cs and Pb were profoundly depleted in the region of the
parent body sampled by Chico. Volatile element variations in Chico and other L chondrites are more
consistent with a mechanism related to impact heating rather than condensation from a solar nebula.
Impact processing can significantly alter the primary distributions of siderophile and volatile elements

in chondritic planetesimals.

INTRODUCTION

About 500 Ma ago a massive, possibly catastrophic
collision rocked the L-chondrite parent body (Nakamura ef al.,
1990; Bogard et al., 1995; Haack et al., 1996). Petrographic
evidence for one or more large impact events includes shock-
induced partial melting and high-pressure phases such as
majorite and diamond in several L chondrites, indicating shock
stage S6 and transient pressures of 75-90 GPa (see review by
Brearley and Jones, 1998). Highly volatile trace elements
typically are depleted in heavily shocked L chondrites
compared to unshocked or mildly shocked L chondrites (Keays
etal., 1971; Huston and Lipschutz, 1984; Walsh and Lipschutz,
1982). Argon isotopic compositions of L chondrites are often
disturbed or resct, with K-Ar and U-Th-He gas retention ages
providing clear evidence for significant heating at ~500 Ma
that is most plausibly attributed to a collision of the L-chondrite
parent body with another asteroid at that time (Bogard er al.,
1995; Wasson and Wang, 1991 and references therein).
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Impact melt breccias with bulk elemental and oxygen
isotopic compositions similar to L chondrites offer direct
evidence for energetic collisions. Examples include Patuxent
Range (PAT) 91501 (Mittlefehldt and Lindstrom, 2001; Harvey
and Roedder, 1994), Shaw (Taylor et al., 1979), Point of Rocks
(Nakamura ef al., 1990), Ramsdorf (Yamaguchi et al., 1999),
and Chico (Bogard et al., 1995), all of which contain variable
amounts of clast-poor impact melt breccia with igneous textures
and immiscible segregations of metal and sulfide. Rubidium-
strontium internal isochron ages of 460 = 11 Ma (Nakamura
etal., 1990) and 467 = 15 Ma (Fujiwara and Nakamura, 1992)
on melt breccia from Point of Rocks and Chico, respectively,
fix the age of impact melting in these meteorites. 40Ar-39Ar
ages of the Chico impact melt are somewhat older and more
variable, with a minimum age of ~530 Ma (Bogard ez al., 1995).
The older 40Ar-39Ar ages probably reflect incomplete
outgassing, even in samples that were completely melted
(Bogard er al., 1995). The Shaw L chondrite has 40Ar-39Ar
age of ~4.3 Ga (Bogard and Hirsch, 1980) and a U-Th-He gas
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retention age of ~3.5 Ga (Wasson and Wang, 1991) indicating
this impact melt breccia formed in a much earlier event.

The gas retention ages and cosmic-ray exposure ages are
consistent with most L chondrites being derived from one
immediate parent object, although a cosmic-ray age spike at
~40 Ma could indicate that some L chondrites were derived
from a separate object (Marti and Graf, 1992; Wasson and
Wang, 1991). Nevertheless, multiple immediate parent objects
could still have been derived from a single, original L-chondrite
parent body, and we will assume this to be the case. Thermal
models are consistent with disruption and cooling of the
L-chondrite parent body as a self-insulating rubble pile with an
effective thickness on the order of ~1 km (Haack et al., 1996).

To investigate the petrological and geochemical consequences
of a large impact event on a chondritic planetesimal, we studied
the major and trace element composition of Chico, a 105 kg
L chondrite composed of a dike of clast-poor impact melt cutting
heavily shocked chondritic wallrock. Previously recognized
features of Chico that motivated this study include the igneous
texture and centimeter-size globules of metal and sulfide in
the impact melt, variable K/Ca ratios, and depletion of highly
volatile clements such as Cd and Tl in both the impact melt and
the host chondrite (Nakamura ef al., 1990; Bogard ef al., 1995;
Yolcubal et al., 1997). Chico provides a natural laboratory in
which to study siderophile and volatile element fractionation during
collisional processing of chondritic planetesimals.

PETROGRAPHY AND GEOLOGY OF
L-CHONDRITE IMPACT MELTS

La Paz (1954) provided a macroscopic description of Chico
and the circumstances of its discovery, noting the irregular
distribution of metal, a correlation of metal abundance and
texture, and the presence of an extraordinarily large (5.7 x 4.4 cm)
"chondrus" that turned out to be a rounded clast of the chondrite
country rock surrounded by impact melt (Bogard et al., 1995).
Rubin (1985) listed Chico as a chondritic impact breccia, and
Scott et al. (1986) suggested that the Chico and Point of Rocks
meteorites are probably paired based on similar impact melt
textures. Macroscopic and petrologic descriptions of Chico,
including mineral and glass compositions, are given by Scott
et al. (1986), Bogard et al. (1995), and Garrison et al. (1992).

Sawn faces of Chico reveal a 30 cm wide zone of clast-
poor impact melt cutting shocked and brecciated host chondrite.
The impact melt zone is interpreted as an intrusive dike based
on the following evidence: (1) chondrules in the host chondrite
are fractured, sheared, and truncated in sharp contact against
the melt rock; (2) margins of the melt zone are quenched against
the host chondrite; (3) olivine and pyroxene grain size increases
toward the center of the melt zone; (4) clast content decreases
toward the center of the melt zone; (5) metallic globules are
concentrated along the center of the melt zone suggestive of
flow differentiation; and (6) size of metallic globules increases
toward the center of the melt zone (Bogard e al., 1995). These
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features are consistent with injection of the impact melt into
the wall or basement floor of a crater rather than as ejecta on
the surface of the parent body or an in situ partial melt (Stoftler
et al., 1991; also see discussion of PAT 91501 in Mittlefehldt
and Lindstrom, 2001).

Igneous textures of the silicate melt and metallic globules
demonstrate near-total melting of the L-chondrite target by
the impact event. The impact melt in Chico crystallized into
fine-grained, randomly oriented, euhedral olivines and
pyroxenes in a matrix of interstitial albitic glass (Fig. 1).
Olivines in the center of the melt zone are <100 um wide and
pyroxenes are 1-2 mm long. Metallic globules in the impact
melt range in size up to 2 cm in diameter. These globules are
composed of FeNi metal, troilite, and schreibersite, and they
have weakly developed dendritic textures indicating
crystallization of a melt. Many of these metallic globules show
coronae of metal or sulfide in the interstices of the adjacent
silicate melt (Fig. 1), which could represent either quenching
of the melt during the final stages of metal migration and
globule growth, or backflow of liquid metal or sulfide into the
silicate during quenching (E. R. D. Scott and G. J. Taylor,
pers. comm., 1998). The host chondrite is shocked to stage
S6 of Stoffler er al. (1991). It contains pockets of silicate
melt, veins of shock-mobilized metal, and fractured chondrules.

Chico is one of several L-chondrite breccias produced by
large degrees of impact melting. The petrography and age of
Point of Rocks is very similar to Chico (Nakamura e al., 1990;
Scott et al., 1986; Bogard et al., 1995). PAT 9150] has an
igneous texture with a grain size coarser than Chico: olivines
in PAT 91501 are 100-500 xm up to a maximum of 1.7 mm
and pyroxenes are up to ~2.7 mm long (Mittlefehldt and
Lindstrom, 2001). Plagioclase is present in PAT 91501 but
absent in the Chico melt breccia where the plagioclase
component is contained in the matrix glass. The L-chondrite
Shaw consists of a centimeter-scale mixture of impact melt
and chondritic country rock (Taylor e al., 1979). The melt
lithology in Shaw has a grain size similar to PAT 91501. Metal
in Shaw is heterogeneously distributed on the centimeter scale
although a point count of a large slab shows that the bulk
meteorite is not depleted in metal relative to average L chondrites
(Taylor et al., 1979). Ramsdorf consists of a more intimate
mixture of clast-poor impact melt and partially melted
chondritic lithologies that differs from the well-defined cross-
cutting relations seen in Chico (Yamaguchi et al., 1999). The
ghost chondrules observed in Ramsdorf suggests that this
meteorite may represent chondritic country rock that was
internally melted by shock heating rather than being intruded
by impact melt (Yamaguchi et al., 1999).

Chico, PAT 91501, Shaw, and Ramsdorfappear to represent
a continuum of lithologies related to impact melting on the
L-chondrite parent body. Chico may represent either a smaller
volume of melt or a more distal region of a dike that cooled
more rapidly, whereas PAT 91501 represents either a larger
volume of melt or a more proximal region of a dike that cooled
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FIG. 1. Reflected light photomicrographs of the Chico impact melt. (a) Impact melt breccia composed of euhedral olivine, pyroxene, and
interstitial glass. Small blebs of highly reflective metal are adhering to the surfaces of silicate grains. Field of view is 0.25 mm. (b) A
metallic bleb composed of FeNi and FeS surrounded by a corona of metal and sulfide grading outward to regions of melt relatively depleted
in metal. Field of view is | mm. (c¢) Impact melt adjacent to a large metallic globule demonstrating the gradation in abundance of interstitial
metal away from the globule. Field of view is 1 mm. (d) View showing the distribution of metal and sulfide interstitial to olivine and

pyroxene. Field of view is 0.5 mm.

more slowly. Ramsdorf may represent country rock that was
internally heated and melted in situ. The contrasting ages of
Chico and Shaw imply that the L-chondrite parent body
suffered at least two collisions that were sufficiently energetic
to produce clast-poor impact melt, and that multiple generations
of melt are present. Predictions of this model would be that
grain size is variable and metal is distributed heterogeneously
on the L-chondrite parent body, with regions of coarse-grained,
metal-poor silicate melt breccia and other (deeper?) areas
enriched in metal. The scale of this heterogeneity must be at
least the size of PAT 91501 (20 cm).

ANALYTICAL PROCEDURES

Major and trace element compositions of impact melt and
host chondrite from Chico were determined by instrumental

neutron activation analysis (INAA) and inductively-coupled
plasma mass spectrometry (ICPMS) with samples taken from
the same cores previously used for Ar isotopic studies (Bogard
et al., 1995). Handpicked rock chips (20-80 mg) were analyzed
by INAA following procedures described by Mittlefehldt and
Lindstrom (1993). One sample of the Point of Rocks impact
melt, and a metal globule from the Chico impact melt were
also analyzed by INAA (Table 1). Prior to analysis the metal
particle was cleaned in an ultrasonic bath using distilled ethanol
and high-purity water. For the ICPMS analyses (Table 2),
~1 g splits of the cores were crushed to a coarse powder using
a steel piston mortar, and ~100 mg splits were dissolved in
duplicate using distilled HF-HNO5. The solution was brought
to final volume in 2% HNO3 and analyzed with a quadrupole
ICPMS following procedures described by Norman ef al.
(1998).
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RESULTS
Lithophile Elements

Refractory lithophile elements in both the impact melt and
the host chondrite lithologies of Chico are unfractionated
relative to average L-chondrite values (Fig. 2). In the melt
rock, absolute concentrations of refractory incompatible
lithophile elements such as the rare earth elements (REE) extend
to values well above those of average L chondrites, and are
negatively correlated with siderophile elements such as Fe, Ni,
and Ir (Fig. 3). Vanadium, Zn, and Cr behaved as lithophile
elements in the impact melt as shown by their increasing
concentrations with decreasing Ni contents (Fig. 4).

Moderately volatile lithophile elements such as K, Rb, Cd,
and Zn show considerably more dispersion than the REE (Fig. 2).
About half of the dike samples have K contents and K/Ca ratios
similar to those of the host chondrite, whereas others are
enriched in K, with high K/Ca and K/Naratios (see also Bogard
et al.,, 1995). On average, K/Na ratios in the melt rocks are
higher than those of the host chondrite. Rubidium is enriched
in the Chico impact melt compared to the host chondrite and
average L chondrites, producing higher Rb/Sr (Fig. 5) as well
as lower Ca/K, K/Rb and Ba/Rb ratios. In contrast, the Chico
host chondrite is depleted in Rb relative to average L chondrites
(Fig. 5).

Notable in the geochemistry of Chico is the profound
depletion of Cs and Pb in all samples (Fig. 2). Cesium
concentrations are only 1.5 to 3.5 ng/g (Tables | and 2; Fig. 6)
compared to the average L-chondrite value of 280 ng/g (Wasson
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FI1G. 2. Composition of the Chico impact melt and host chondrite
relative to average L chondrites (normalizing values from Wasson
and Kallemeyn, 1988). Refractory lithophile elements in both the
impact melt and the Chico host chondrite are unfractionated relative
lo average L chondrites, with more variability in the moderately and
highly volatile elements such as K, Rb, and Cd. Cesium and Pb are
severely depleted in all samples of Chico relative to average
L chondrites. Using the Cs content of low shock-stage L6 chondrites
rather than the L-chondrite mean still indicates severe depletion in
Chico (see text).
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and Kallemeyn, 1988). Even using the mean of three
determinations of Cs on bona fide low shock stage L6
chondrites for normalization (Keays ef al., 1971; Walsh and
Lipschutz, 1982), Chico is depleted by a factor of ~0.04.
Consequently, Rb/Cs ratios in Chico are remarkably high
(600-1700 vs. the average L-chondrite value of 11; Fig. 6).
Lead is also severely depleted i Chico with concentrations
ranging from 16 to 60 ng/g compared to 370 ng/g for average
L chondrites (Wasson and Kallemeyn, 1988). In contrast to
the volatile alkalies, Pb concentrations tend to be lower in the
impact melt compared to the host chondrite (Fig. 7).
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F1G. 3. Samarium and Yb vs. Ni concentrations of the Chico and
Point of Rocks impact melt (filled circles) and host chondrite (open
circles). Lines indicate compositions produced by subtraction of metal
with a constant Ni content, indicated by the labels on each line, from
an average L-chondrite composition (L). The Chico melt rock
compositions can be produced by loss of metal plus troilite with an
average bulk composition of ~5% Ni. Composition of the PAT 91501
L-chondrite impact melt (hatched rectangle labeled PAT; data from
Mittlefehldt and Lindstrom, 2001) implies loss of a metal phase with
a somewhat higher bulk Ni content (5-10%). Plot includes ICPMS
and INAA data for all analyzed splits (Tables I and 2).
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elements during the impact melting event. Plot includes ICPMS data
for all analyzed splits. Earth primitive mantle composition from
McDonough and Sun (1995).

Siderophile and Chalcophile Elements

Moderately and highly siderophile elements (Fe, Ni, Co,
Ir, Au, As, Cu, Sn, Mo, Ga) in the impact melt span a broad
range of concentrations extending from the host chondrite
composition to more depleted compositions (Figs. 8 and 9).
Siderophile element ratios in the impact melt become
increasingly fractionated with loss of metal, as shown by trends
to lower Ni/Co, Ir/Ni, Ir/Au, Cw/Ga, Cuw/Sn, and higher Se/Co
and Cuw/Mo ratios with decreasing Ni contents (Fig. 10). The
fractionated ratios are not caused by volatility, as Sb/Co and
As/Co ratios do not decrease with decreasing Co content as
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FIG. 5. Histograms of Rb, Sr, and Rb/Sr compositions in the Chico
impact melt (filled bars), host chondrite (open bars) and Point of
Rocks (stippled bars) normalized to average L. chondrites (L) and
plotted on the same scale. The broad range of Rb compared to Sr
reflects redistribution of volatile elements by the 0.5 Ga impact event
on the L-chondrite parent body.

would be expected for thermal mobilization (e.g., Ngo and
Lipschutz, 1980). Abundances of FeO* (total Fe calculated as
FeO), Ni, Co, Ir, Au, and Se in PAT 91501 fall along extensions
of the trends observed for Chico to lower values, reflecting the
metal-depleted nature of PAT 91501 relative to Chico (Fig. 8).
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A metal globule separated from the dike (Table 1) has Co,
N1, As and Au contents similar to those of bulk unmelted metal
from L5-6 chondrites (Rambaldi, 1976; Kong and Ebihara,
1996), but is enriched in Ir and depleted in Sb. Metal with
similar major element compositions (12—14% Ni, 0.3-0.6%
P) has been reported previously for the Chico impact melt (Scott
et al., 1986) and Shaw (Rambaldi and Larimer, 1976; Taylor
et al., 1979). Although Se is depleted in the Chico melt rocks,
where it is well correlated with Ni abundances, it was not
detected in the metal globule. Selenium is undoubtedly
concentrated in the sulfide phase rather than FeNi metal as
shown by the high concentration of Se in a troilite nodule from
PAT 91501 (172 ug/g; Mittlefehldt and Lindstrom, 2001).
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FIG. 7. Ce/Pb ratios vs. Pb concentrations and U/Pb ratios in the
Chico impact melt (filled circles) and host chondrite (open circles).
Lead contents in both the impact melt and the host chondrite are
severely depleted relative to values typical of ordinary chondrites,
resulting in elevated Ce/Pb and U/Pb ratios. Plot includes ICPMS
data for all analyzed splits.

Sulfide may have been incompletely sampled when preparing
the Chico metal globule for analysis, or it may be
heterogeneously distributed. The correlation of Se and Cu
(predominantly chalcophile) with Ni (predominantly
siderophile) in the melt rocks shows that in general, metal and
sulfide are closely associated in the L-chondrite impact melt
breccias.

DISCUSSION
Unfractionated refractory lithophile element abundances in

both the Chico impact melt and in PAT 91501 (Fig. 3; Mittlefehldt
and Lindstrom, 2001) demonstrate virtually complete impact
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are plotted.

melting of the target and negligible crystal-liquid fractionation.
The most significant geochemical consequences of the 0.5 Ga
impact event on the L-chondrite parent body were: (1) mobili-
zation of moderately and highly volatile elements in the impact
melt and the host chondrite, and (2) fractionation of siderophile
and chalcophile elements associated with increased metal-
silicate heterogeneity in the impact melt. Coarse-grained metal
is also evident in the older impact event represented by Shaw
(Taylor et al., 1979) suggesting that such features may be

relatively common on chondritic planetesimals that have
suffered major impact events. In this section we discuss geo-
chemical aspects of the impact-induced volatile element mobility
and metal-silicate fractionation in Chico and other L chondrites.

Volatile Element Fractionation in L. Chondrites by Impacts

Systematic variations of element ratios that emphasize
relative volatilities (e.g., K/Na, K/Rb, Rb/Cs, Rb/Sr, Ce/Pb,
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U/Pb; Figs. 5, 6, and 7) provide clear evidence for differential
mobility of moderately and highly volatile elements in the
L-chondrite impact melt breccias, and the Rb-Sr internal
isochron ages for Chico and Point of Rocks (Nakamura ef al.,
1990; Fujiwara and Nakamura, 1992) link this fractionation to
the 0.5 Ga impact event. Volatile element redistribution by
this event did not simply involve migration from the hot impact
melt into the cooler host chondrite, however, as K and Rb
contents of the Chico impact melt are mostly greater than
average L chondrites, whereas the Chico host chondrite and
the Point of Rocks impact melt (Nakamura et al., 1990) are
depleted in K and Rb, with K/Ca and Rb/Sr ratios lower than
average L chondrites (Fig. 5). In PAT 91501, Na and K are
highly variable in melt inclusions, interstitial glass, and bulk
rock samples although K/Ca and K/Na ratios of bulk rock splits
of PAT 91501 are within uncertainty the same as those of
average L chondrites (Mittlefehldt and Lindstrom, 2001).

The 0.5 Ga impact event apparently created significant
alkali element heterogeneity on the L-chondrite parent body,
with K and Rb being mobilized and redistributed to both higher
and lower values around the average L-chondrite composition.
This contrasts with the relatively constant abundance of more
refractory lithophile elements such as Ca and Sr (Fig. 5), and
shows that the variation in K and Rb contents cannot be due to
a process such as heterogeneous distribution of glass (which
would contain most of the Rb and Sr, and presumably a
relatively constant Rb/Sr), or dilution with a phase such as
olivine or pyroxene (which would not fractionate Rb from Sr).
[mpact-induced thermal volatility appears to be the best
explanation for the broad range of moderately volatile element
abundances in the L-chondrite melt breccias.

In contrast to the other alkalies, Cs is profoundly depleted
in all samples of Chico compared to average L chondrites
(Fig. 2). Our mean host chondrite value (samples 3A, 3B, 6A,
6B, Table 2) is 1.8 ng/g and the mean impact melt value is
2.9 ng/g. These are among the lowest reported for L. chondrites
(Huston and Lipschutz, 1984; Keays et al., 1971; Neal ef al.,
1981; Walsh and Lipschutz, 1982) and represent nearly
quantitative (99%) loss of Cs from Chico relative to average
L-chondrite compositions (280 ng/g; Wasson and Kallemeyn,
1988). Somewhat counter-intuitively, Rb/Cs ratios in Chico
correlate positively with both Rb and Cs contents. This is
opposite to the sense expected for volatility-related
fractionation which predicts preferential loss of more volatile
Cs and higher Rb/Cs ratios in the most depleted samples.
Cesium contents in Chico are relatively constant and may
reflect a lower limit of Cs depletion at about 2-3 ng/g with
less volatile Rb showing more variation and controlling the
measured Rb/Cs ratio. Similar trends of alkali depletion have
been produced experimentally by heating lunar breccias
(Gibson and Hubbard, 1972, 1973).

Other highly mobile elements such as Pb, Cd, Tl, and Bi
are also depleted in both the impact melt and the host chondrite
lithologies in Chico (Fig. 2; Yolcubal et al., 1997), as is Br in
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PAT 91501 (Mittlefehldt and Lindstrom, 2001). Lead
abundances in Chico are consistent with ~90% loss from an
average L chondrite. Ratios of U/Pb and Ce/Pb in Chico are
high relative to values for average L chondrites and are even
greater than those of the volatile-depleted terrestrial mantle:
U/Pb = 0.22-0.61 and Ce/Pb = 18-50 for Chico compared to
values of 0.14 and 11.2, respectively for Earth's primitive
mantle (McDonough and Sun, 1995). Extreme (90-99%)
losses of highly volatile elements imply a highly efficient
fractionation and transport process possibly involving a vapor
or fluid phase.

Moderately and highly mobile element abundances in
L chondrites show a significant range of concentrations that
broadly correlates with shock facies (as defined by Dodd and
Jarosewich, 1979), and with noble gas abundances (Smales e/
al., 1964; Tandon and Wasson, 1968; Keays er al., 1971; Neal
et al., 1981; Walsh and Lipschutz, 1982; Huston and Lipschutz,
1984). L chondrites tend to show decreasing concentrations
of mobile trace elements such as Cs, In, Cd, T1, and Bi with
increasing shock intensity, although this general correlation is
not always evident in every sample. For example, the L6
chondrite Orvinio is highly shocked and yet has elevated Rb
and Cs contents, and some heavily shocked L chondrites are
enriched in elements such as Cs, Br, and TI relative to less
volatile elements, with abundances occasionally exceeding CI
values (Keays er al., 1971; Walsh and Lipschutz, 1982). The
wide range of alkali element compositions in Chico and Point
of Rocks (Fig. 5) shows that volatile element heterogeneity is
to be expected for chondritic planetesimals that experienced
major impact events.

Early studies emphasized correlations between petrologic
grade and volatile element abundance (Tandon and Wasson,
1968; Keays et al.,, 1971), but there appears to be a better
correlation between volatile element depletion and shock
intensity in the L chondrites than with petrologic type or
predictions of condensation models (Smales e al., 1964; Keays
et al, 1971; Walsh and Lipschutz, 1982; Huston and Lipschutz,
1984). Fractionation and depletion of moderately and highly
volatile elements by impacts is a more likely explanation for
their wide variations in many L chondrites than either parent-
body metamorphism or mixing of nebular components.

Numerous volatilization experiments on chondritic and
lunar samples have shown that the pattern of element mobility
produced by impact heating differs from that expected for
condensation from a solar nebula (Smales er al., 1964; Gibson
and Hubbard, 1972, 1973; Wulf et al., 1995; Walsh and
Lipschutz, 1982). For example, Pb appears to be more volatile
during subsolidus heating than predicted for condensation
possibly due to decomposition of sulfides (Silver, 1972; Wulf
et al.,, 1995). Alkali loss during heating also produces large
tractionations of Na/K, K/Rb and Rb/Cs in chondrites and lunar
breccias (Gibson and Hubbard, 1972, 1973; Walsh and
Lipschutz, 1982; Huston and Lipschutz, 1984; Wulf er al.,
1995) whereas the similar condensation temperatures for K,
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Rb, and Cs (942-967 K; Allegre et al., 2001), make it unlikely
that fractional condensation would produce large variations in
the relative abundances of these elements. Evaporation under
reducing conditions seems to be especially effective for
mobilizing alkalies in chondritic materials (Wulf er al., 1995).
The pattern of K and Rb redistribution coupled with the severe
depletion of more volatile elements such as Cs and Pb in Chico
and the other L-chondrite impact breccias suggests mobilization
of these elements under either relatively modest peak
temperatures, perhaps about 800-1000 °C, or during a
geologically brief heating interval.

Metal-Silicate Fractionation in the Impact Melt

Another significant consequence of the 0.5 Ga impact event
on the L-chondrite parent body was the agglomeration of
coarse-grained metal in the impact melt. Size of the metal
phase is one of the most important controls on the effectiveness
of metal-silicate segregation during either static melting of
planets and asteroids, or percolation of metal through a
deforming matrix. This in turn may influence the extent of
siderophile element equilibrium between metal and silicate
(Stevenson, 1990; Taylor, 1992). Impacts probably were not
the primary heat source driving planetary differentiation (Keil
et al., 1997), but they may have contributed to the production
of coarse-grained metal and increased metal-silicate
heterogeneity within planetesimals. The combination of high
strain rates and extensive melting engendered by a sizable
impact event would enhance the physical separation of metal
from silicate, and the development of shock-induced fractures
may help channel the mobilized metal and sulfide (Rushmer et
al., 2000).

At least two collisional events on the L-chondrite parent
body produced an increase in the scale of metal-silicate
heterogeneity in impact melt breccias (>10-100 mm) relative
to the host chondrite (<0.1-1 mm). In Chico, molten
metal + sulfide globules were extracted from a 30 cm wide
zone of impact melt and concentrated along the axis of the
dike (Bogard er a/., 1995). In Shaw and PAT 91501, centimeter-
sized metal sulfide globules typically are separated by several
centimeters (Taylor es al., 1979; Mittlefehldt and Lindstrom,
2001). A natural consequence of impact melting on chondritic
asteroids appears to be the production of coarser grained,
igneous metal from finer grained chondritic precursors. As
collisions between chondritic planetesimals would have been
relatively common during accretion, such events may have
contributed to an early generation of coarse-grained metal
within colliding planetesimals. Large impacts may have created
sufficient metal-silicate heterogeneity in asteroids to be
detectable spectroscopically.

Increased metal-silicate heterogeneity in the Chico impact
melt is also apparent in the geochemical data. The host
chondrite is relatively (although not perfectly) homogeneous
on an ~3 mm scale (the approximate linear dimension of our
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50 mg INAA samples) and similar in composition to average
L chondrites. In contrast, the impact melt is both more
heterogeneous and systematically depleted in siderophile
elements when sampled at the same scale as the host chondrite.
This compositional variability is seen most clearly in the Ni,
Co, and Ir contents of some duplicate samples which are outside
of instrumental precision and vary by almost a factor of 2 among
samples with masses of ~100 mg (e.g., ICPMS data for melt
sample 8; Tables 1, 2), reflecting small differences in the content
or composition of metal. The smaller handpicked samples
analyzed by INAA show a greater range of Ni and Co contents
than do the larger homogenized samples analyzed by ICPMS,
consistent with more representative sampling of metal in the

latter. Compositional variability at this scale is a natural result of
internal heterogeneity in these rocks (Haas and Haskin, 1991).

Details of the metal-silicate fractionation are shown in
Fig. 11, a plot of L-chondrite-normalized Se/Co vs. [t/Ni based
onour INAA data. This diagram qualitatively illustrates the effects
of melting in the Fe-Ni-S system for Acapulco- and Lodran-
like achondrites (Mittlefehldt ef al., 1996), and is applied here
to the L-chondrite impact melts. Meiting in the L-chondrite
Fe-Ni-S system will commence along the alloy-sulfide cotectic,
and the first phase to completely melt will be troilite. Selenium
is a chalcophile element and will be quantitatively partitioned
into the sulfide melt. Iridium is a highly compatible siderophile
element, and will be strongly enriched in the solid metal alloy
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Fi1G. 11. L-chondrite-normalized Se/Co vs. It/Ni ratios for the Chico impact melt (filled circles) and host chondrite (open circles), together
with L-chondrite impact melt from Point of Rocks (open square, this work) and PAT 91501 (filled triangles; Mittlefehldt and Lindstrom,
2001). For comparison, a subset of the data obtained by Haas and Haskin (1991) for ~100 mg chips of the Bruderheim L6 chondrite is also
shown (open diamonds; some of their data extend to lower and higher Se/Co ratios). L-chondrite mean is from Wasson and Kallemeyn

(1988).
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whereas Ni and Co will be less strongly enriched in the solid
metal. Hence, either partial melting or fractional crystallization
in the chondritic metal-troilite system will result in a sulfide-
rich melt phase with high Se/Co and low Ir/Ni, and solid FeNi
metal with the opposite characteristics. Troilite from PAT
91501 has the low Ir/Ni and high Se/Co predicted by this model
(Mittlefehldt and Lindstrom, 2001) and the sulfide-poor metal
globule from Chico has the expected high Ir/Ni (Table 1).

The Chico data show two distinct trends on Fig. 1.
Samples of the chondritic host material predominantly show
variable Se/Co and approximately L-chondritic 1r/Ni ratios.
One or two Chico melt samples and two of the PAT 91501
melt samples also follow this trend which is consistent with
simple heterogeneous distribution of metal (Haas and Haskin,
1991). Indeed, our samples of Chico host chondrite fall within
the rather broad range of data obtained on ~100 mg sized
samples of the Bruderheim L6 chondrite (Haas and Haskin,
1991). One sample of the Chico host chondrite with a low Se
content, low Se/Co, and slightly higher Ir/Ni than mean
L chondrites may have lost a fraction of Fe-Ni-S melt. Some
splits of Bruderheim also have low Se/Co ratios, but all of
these have unusually high Co contents rather than low Se
contents. The second trend on Fig. 11, populated by melt
samples from Chico, Point of Rocks, and PAT 91501, has
increasing Se/Co ratios and decreasing Ir/Ni ratios. This trend
is qualitatively consistent with incorporation or preferential
retention of small amounts of sulfide-rich melt into metal-
depleted portions of the impact melt.

The complexity of metal-silicate fractionation processes that
can occur during impact melting of chondritic planetesimals is
evident from the correlation between siderophile and lithophile
elements in the Chico impact melt. Incompatible lithophile
elements such as the REE correlate inversely with Ni abundance
in the Chico impact melt. One possible cause for this is an
increase in incompatible lithophile element contents in the
residual silicate melt by removal of metal. However, the
observed REE concentrations cannot be produced simply by
loss of metal with 13% Ni (measured composition of the metal
globule separated from the dike; Table 1), as this would deplete
Ni too rapidly and produce Sm and Yb concentrations lower
than are observed at a given Ni content (Fig. 3). Alternatively,
loss of metal plus troilite with an average bulk composition of
5% Ni produces a better fit to the Ni-Sm-Yb trends for Chico.
The compositions for PAT 91501 fall between the trends
expected for loss of metal plus troilite with 5—10% Ni (Fig. 3).
As discussed above, the immiscible metal + troilite globules
observed in the Chico impact melt would be expected to have
bulk Ni contents lower than that of pure FeNi metal, in
qualitative agreement with the Ni-Sm-Yb trends. Variable
composition of the metal phase during crystallization of the
impact melt may also explain these trends. Additional studies
of metal and sulfide compositions in Chico are needed to
evaluate these possibilities.

M. D. Norman and D. W. Mittlefehldt

Siderophile Element Distribution Coefficients:
Inefficient Separation of Metal

Metal-silicate fractionation during impact melting is not
necessarily an equilibrium process. Moderately and highly
siderophile elements are systematically depleted in the Chico
impact melt relative to host chondrite in the samples analyzed
here. However, siderophile element concentrations in the Chico
and PAT 91501 impact melts imply surprisingly small effective
bulk metal/silicate distribution coefficients (Dyealssiticate =
concentration of an element in the metal fragment/concentration
of that element in the most metal-depleted sample of impact
melt). Dpeaisilicate Values inferred for the Chico impact melt
are on the order of 102 for Ni, Co, Ir and Au (Table 1) rather
than 2103-6 as expected from experimental measurements of
low-pressure metal-silicate equilibrium (Righter et al., 1997;
Walter et al., 2000 and references therein). Mass balance
calculations assuming metal with a Ni content similar to that
observed in Shaw and the fragment separated from the Chico
impact melt (i.e., 13%, Table | and Taylor et al., 1979) are
consistent with relatively small Dpetaissilicate values.

The unusually low effective Dypeqarsiticate Values in the Chico
impact melt are plausibly related to incomplete segregation of
metal during crystallization of the melt. Small blebs of metal
adhering to silicate crystals are apparent in backscattered
electron images of the impact melt (Fig. 1) demonstrating
incomplete separation of metal from the silicate during
crystallization. The amount of retained metal appears to be
<<1% based on petrographic observations. Notable is the
relatively inefficient extraction of siderophile elements despite
almost total melting of the silicates and presumably high shear
stresses during injection of the dike. High temperatures
associated with impact melting, and the ultramafic (chondritic)
bulk composition of the Chico impact melt may also have
contributed to the low effective bulk Dyeraissiticate Values
(Righter et al., 1997).

Inefficient segregation of metal has been proposed as a
plausible explanation of the unexpectedly high concentrations
of siderophile elements in the terrestrial mantle (Jones and
Drake, 1986). Although the relatively small (1-10 cm)
lengthscale of metal-silicate heterogeneity in the L-chondrite
impact melts renders a direct comparison with core formation
problematic, here we compare the siderophile element
characteristics of these breccias with those of the Earth's upper
mantle to place the results in a familiar context. Concentrations
of several siderophile and chalcophile elements, including Ni,
Co, Cu, Sn, and Ga, in the melt breccias extend to values similar
to those of the Earth's upper mantle (Fig. 9), as do certain
siderophile element ratios such as Ni/Co and Cu/Ga (Fig. 10).
However, other highly and moderately siderophile or
chalcophile elements (e.g., Ir, Au, Mo, As, Se) are overabundant
in the L-chondrite impact melt compared to the terrestrial
mantle. For example, the most metal-depleted samples of Chico
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impact melt have Ni contents similar to terrestrial peridotites
(Figs. 9 and 10) but 210x more Ir (45-50 ppb vs. 3 ppb;
terrestrial mantle values from McDonough and Sun, 1995).
Although PAT 91501 has Ni contents significantly lower than the
terrestrial mantle (~450 vs. 2000 ppm, respectively), the Ir content
of PAT 91501 (9.2—-17.9 ppb; Mittlefehldt and Lindstrom, 2001),
is still a factor of 3—5x greater than that of terrestrial peridotites.

The classic "excess siderophile” problem (Ringwood, 1966;
Brett, 1971; Chou, 1978; Jagoutz et al., 1979; Morgan, 1986;
Righter et al., 1997) appears to be more severe in the
L-chondrite impact melts than it is in the Earth's upper mantle.
Siderophile element partition coefficients are complex
functions of 7, P, fO,, and melt composition (Righter ef al.,
1997) but even under extreme conditions it is difficult to
produce equilibrium distribution coefficients as small as 102
for highly siderophile elements such as Ir. Excess concen-
trations of siderophile elements beyond those expected from
low-pressure equilibrium partitioning would be expected for
imper fect segregation of metal from a crystallizing silicate melt,
and a similar process might have influenced the siderophile
element composition of planetary mantles if they were partially
molten during the later stages of accretion (Jones and Drake,
1986). Inefficient metal-silicate segregation may have been
more likely in the terrestrial upper mantle if it was partially
molten at the time the late veneer was added, such as might
have been the case if the Moon-forming mega-impact happened
when the protoearth was about 50-70% of its present size
(Ringwood, 1989; Cameron and Canup, 1999).

CONCLUSIONS

An energetic collision at 0.5 Ga shocked and melted portions
of the L-chondrite parent body. The Chico L-chondrite is an
impact melt breccia produced by this event. Geochemical
effects of this collision reflected in Chico include fractionation
of siderophile, chalcophile, and moderately volatile lithophile
elements due to metal-silicate segregation and thermal
volatility. In contrast, refractory lithophile elements in the
impact melt are identical to average L chondrites, indicating
near-total fusion of the chondritic target and negligible crystal-
liquid fractionation during emplacement of the melt. Variable
alkali element compositions and striking depletions of
moderately and highly mobile elements such as Cs and Pb in
Chico and other L chondrites are more consistent with
redistribution and loss of these elements by impact heating
rather than a primary nebular process. Impact melting
contributed to a coarsening of metal and increased lengthscale
of metal-silicate heterogeneity. Effective bulk metal/silicate-
melt distribution coefficients for siderophile elements in the
Chico impact melt are surprisingly small (~102), likely due to
inefficient extraction of metal even at high silicate melt
fractions. Impact processing may have played an important
role in modifying the primary distributions volatile and
siderophile elements in chondritic planetesimals.
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