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ABSTRACT

‘We have done lithophile- and siderophile-element analyses of a large suite of target
rocks, ballistically dispersed impact-melt particles and ballistically dispersed metallic
spherules from Meteor Crater, Arizona. The Moenkopi Formation (topmost unit) has a
unique lithophile-element signature that confirms it as a major component of the impact-
melt particles. The Kaibab Formation is very heterogeneous, containing dolomite-rich
and quartz-rich layers. The lithophile-element compositions of the impact-melt particles
can be entirely explained as mixtures of Moenkopi and Kaibab depleted in CO,. The
Toroweap and Coconino Formations (lowest units) are not required components, but
small contributions from them cannot be excluded. We conclude the impact-melt parti-
cles were formed entirely in the upper portion of the section, above the lower two units.

The impact-melt particles average ~14 wt% projectile material. Most siderophile-
element ratios of the impact-melt particles are unchanged from those of the projectile.
Many samples are depleted in Au; the most extreme depletions are in impact-melt par-
ticles with the highest Kaibab component. Kaibab rocks are highest in Br, and we sug-
gest loss of volatile Au halides may have caused the fractionation.

Ballistically dispersed metallic spherules are enriched in Co, Ni, Ir, and Au compared
to Canyon Diablo metal. Element/Ni ratios deviate slightly from projectile ratios, and are
inversely correlated with susceptibility to oxidation relative to Ni. We attribute this to par-
tial oxidation of molten metal spherules during flight. Spherule compositions suggest some
selective melting of graphite-troilite-schreibersite inclusions of the projectile, consistent
with enhanced shock melting of these lower density phases.
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“Special features, such as the presence of layering or vola-
tiles in the target are not shown here. The effects of such circum-
stances are largely unknown at present.”

—H.J. Melosh, Impact Cratering: A Geologic Process, p. 48

INTRODUCTION

The study of impact processes has progressed along a
five-pronged front: (i) field and petrologic study of terrestrial
impact craters and their products; (i) laboratory-scale impact
experiments; (iii) large-scale explosion experiments; (iv) theo-
retical modeling of the impact process; and (v) astronomical
and spacecraft study of craters on planets, moons and asteroids
(see Melosh, 1989). Geochemical studies have contributed to the
identification of meteoritic signatures in impact melts (e.g., King
et al., 2002), attempted to identify the type of impactor (Morgan
et al., 1975; Palme, 1982; Palme et al., 1978), or established the
process of mixing of target rocks to form unusual impact-melt
rocks (e.g., Dence, 1971; Grieve, 1982; Simonds et al., 1978).
Chemical studies aimed at a more detailed understanding of the
cratering process have been limited for several reasons. Older
structures have been eroded and/or buried, making detailed
reconstruction of the pre-impact chemical stratigraphy diffi-
cult. Impact-melt sheets in larger structures may have suffered
hydrothermal alteration (see Hagerty and Newsom, 2003), which
affected the composition of the melt sheet. Finally, older and
larger structures do not have preserved meteoritic material avail-
able for study (Grieve, 1991), precluding unambiguous identifi-
cation of the impactor. As a consequence, the depth of the melt
zone is poorly defined, and little is known regarding fractionation
of impactor and target rocks during melting.

A few younger, smaller impact craters with preserved
projectile material have been studied. Attrep et al. (1991) did
geochemical studies of a few samples from Henbury and Wolfe
Creek Craters. These authors showed that siderophile-element
ratios in “impactites” are fractionated relative to those of the
preserved projectile material. We did an extensive study of
samples from Wabar Crater that confirmed that siderophile-ele-
ment fractionations occurred during formation of impact-glass
particles (Mittlefehldt et al., 1992). We suggested that because
lithophile elements were not fractionated in the glasses, the
siderophile-element fractionation must have occurred before
mixing of projectile and target materials. We also inferred that
projectile material was preferentially mixed with the upper
stratigraphic horizons of the target.

We have continued our study of natural impacts through
field, petrologic, and geochemical studies of Meteor Crater,
Arizona, the largest crater with preserved projectile material
(Grieve, 1991). Meteor Crater is almost ideal for this study.
The stratigraphy is variegated, allowing a more detailed look at
the projectile-target interaction; it is young and fresh; abundant
impact-melt materials already reside in collections; and remnants
of the projectile have been well characterized. The results of our

D.W. Mittlefehldt et al.

detailed study of the mineralogy and major-element chemistry of
the target rocks and the petrology of the impact glasses have been
reported (Horz et al., 2002; See et al., 2002). Here we present our
completed study of lithophile and siderophile elements for target
rocks, impact-melt particles, and metallic spherules.

GEOLOGIC SETTING AND BACKGROUND
Target Rocks

Meteor Crater is one of the best-studied terrestrial impact
structures. The synopsis given here is taken from Roddy (1978),
Roddy et al. (1975) and Shoemaker (1963; 1987). See et al.
(2002) presented details of the major-element chemistry and
mineralogy of a stratigraphic sequence systematically collected
from the crater walls.

Meteor Crater was formed in a sequence of flat-lying Meso-
zoic and Paleozoic sediments. The uppermost unit, the Triassic
Moenkopi Formation, consists of calcareous sandstone and silt-
stone, estimated to have averaged ~8.5 m in thickness in the target
area (Roddy, 1978). The Moenkopi is more carbonate-rich at the
top and more quartz-rich at the bottom (See et al., 2002). Below
the Moenkopi is the Permian Kaibab Formation, an ~80 m thick
carbonate sequence consisting largely of sandy dolomite, but
including some sandstone. The composition of this unit is highly
variable, reflecting wide ranges in quartz and dolomite content;
calcite is a minor component. The upper half of the unit is richer
in carbonate than is the lower half (See et al., 2002). Below the
Kaibab is the ~1.5 m thick Toroweap Formation consisting domi-
nantly of dolomitic sandstone. The crater bottoms in the ~220 m
thick Coconino Formation of very pure sandstone (Kieffer, 1971).
Below the Coconino is the Permian Supai Formation of sandstone
and siltstone. There is no evidence that the transient crater exca-
vated this formation.

Canyon Diablo Iron Meteorite

The projectile was the Canyon Diablo IAB iron meteorite,
estimated to have been ~33 m in diameter for an assumed impact
velocity of 15 km/sec (Roddy, 1978). The IAB irons, especially
Canyon Diablo, have been extensively studied. Wasson and Ouy-
ang (1990) have done a detailed compositional study of Canyon
Diablo, while Choi et al. (1995) have presented a thorough study
of the composition of the metal phase of most IAB irons. Choi
et al. (1995) present an average composition of Canyon Diablo
metal which we use for our discussions (Appendix 1). The com-
position of the Canyon Diablo iron, with 70 mg/g Ni, is typical of
that of the majority of IAB irons (Choi et al., 1995).

Buchwald (1975) gave a detailed description of the petrology
of Canyon Diablo. It is a coarse octahedrite containing ~8.5%
by volume of graphite-troilite inclusions. These inclusions have
varying ratios of troilite to graphite, but Buchwald (1975) esti-
mated that on average, they have roughly equal amounts of troilite
and graphite by volume. The inclusions are typically surrounded
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by schreibersite and cohenite (Benedix et al., 2000; Buchwald,
1975). Silicate inclusions are present in many members of the
IAB group and are mostly chondritic in composition (e.g., Bene-
dix et al., 2000; Bunch et al., 1970; Mittlefehldt et al., 1998).
Buchwald (1975) reported that rare silicates are present in some
graphite-troilite nodules in Canyon Diablo.

Meteor Crater and Impact Products

Meteor Crater is a bowl-shaped impact crater ~1 km in
diameter. Structural controls in the target rocks give it a squarish
shape in map view (Roddy, 1978). The crater was formed ~50
k.y. ago (Nishiizumi et al., 1991; Phillips et al., 1991). Shocked
and frothy Coconino sandstone occurs in the crater floor below a
layer of alluvium, but no continuous impact-melt sheet is present
(Roddy et al., 1975). Shocked and brecciated target rock occurs
on the crater floor, in the walls and in the overturned flap (Roddy
et al., 1975). Impact melt composed of mixtures of target rock
and projectile are confined to particles up to a few cm in size bal-
listically dispersed over the surrounding plains (Nininger, 1956).
Metallic spherules a few mm in diameter are also found on the
surrounding plains (Nininger, 1956). These are melt-droplets of
the Canyon Diablo iron and are not mixed with target rock (Blau
etal., 1973). Some samples of Canyon Diablo show petrographic
evidence for shock deformation superimposed on the normal
structure of the iron. These are solid fragments of the impactor
spalled from the backside of the projectile as the shock wave
reflected off the free surface (Buchwald, 1975).

SAMPLES AND ANALYTICAL METHODS
Samples

We have analyzed three types of materials for this study: (i)
representative samples of target rocks, mostly from within the
crater or the overturned flap, (if) ballistically dispersed impact-
melt particles, and (ii7) ballistically dispersed metallic spherules.
A few of the target-rock samples analyzed early on are repre-
sentative hand samples of the Kaibab and Coconino Formations,
but are from undocumented locations. A set of documented
samples from the crater was collected to obtain a representative
suite of target rocks; these are briefly described in Appendix
2. A final set of samples was collected to obtain a continuous
stratigraphic sequence from within the crater for geochemical
and mineralogical characterization. Major-element analyses by
X-ray fluorescence (XRF), and mineralogy determined by X-ray
diffraction (XRD) of these samples are given in See et al. (2002).
The impact-melt particle and metallic spherule samples were
obtained from the collection of the Center for Meteorite Studies,
Arizona State University. H.H. Nininger collected these samples
from the plains surrounding the crater, but their precise collection
locations are not known. The impact-melt particles were selected
by one of us (FH) to represent the range of materials in the col-
lection. Brief macroscopic descriptions of these are given in
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Appendix 3. The petrology of the impact-melt particles has been
discussed in detail in Horz et al. (2002).

Analytical Methods

The target-rock and impact-melt particle samples were
analyzed by instrumental neutron activation analysis (INAA) at
Johnson Space Center (JSC) in a series of irradiations. The target
rocks labeled Ma, Ka, Ta, Ca, etc., are splits of the pooled sub-
section samples of See et al. (2002). For the other target rocks,
several grams of each sample were ground and homogenized,
and splits taken for analysis. Some of the impact-melt particles
contained variable amounts of adhering alteration material, or
fine-grained soil particles. These contaminants were removed by
scraping with a dental pick and ultrasonication in distilled water.
The impact-melt particles were coarsely crushed and the cleanest
material was handpicked. Many of the impact-melt particles are
finely vesicular, and alteration material was found even in inte-
rior vesicles. (It is possible that the alteration phases in interior
vesicles represent material mobilized during quenching and cool-
ing of the particles, and not later, secondary alteration phases.) It
proved impossible to eliminate all alteration material. The occur-
rence of alteration material in tiny interior vesicles indicates that
it likely formed from elements leached out of the glass. Samples
of alteration material from three impact-melt particles were ana-
lyzed in order to evaluate the potential effects of this material
on analyses. For large impact-melt particles, clean material was
crushed and homogenized and splits taken for INAA. For small
particles, the entire clean sample was used for INAA.

Samples, standards, and international standard rocks used as
controls were sealed in ultra-pure silica glass tubes, and irradi-
ated at the University of Missouri Research Reactor Facility. The
samples were counted several times after irradiation to obtain
data for nuclides of differing half-lives. Irradiation times, neutron
fluxes, and counting schedules were slightly different for the dif-
ferent irradiations. Data reduction was done using standard JSC
procedures (Mittlefehldt and Lindstrom, 1991, 1993). The impact-
melt particles and some target rocks have high Mg and low Na
contents. A correction to the data was applied to account for Na
produced by (n,p) reactions on Mg. The ultra-pure silica contains
a tiny amount of La that can significantly affect the data for very
low La samples. A blank correction was made when needed.

The metallic spherules were analyzed by INAA at the
University of California at Los Angeles (UCLA) in the mid
1970s. The samples consisted of metal cores with oxide coat-
ings. Following Kelly et al. (1974), the samples were abraded
in a mixer-mill with a sandpaper lining until the oxide coatings
appeared to have been removed. The spherule samples, six
samples of the North Chile hexahedrite (ITA iron) Tocopilla
serving as standards, and the IVA iron meteorite Rembang
serving as a control, were irradiated at the Ames Laboratory
Research Reactor at a flux of 2 x 10" n em™ sec™! for 10 h, and
counted several times to obtain data for elements of differing
half-lives. Subsequently, four of the samples were reirradiated
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at the UCLA reactor for radiochemical determination of Ga and
Ge following the procedures of Wasson and Kimberlin (1967).

Splits of the larger impact-melt particles were powdered and
fused to glass on a Mo metal strip in an Ar atmosphere (Brown,
1977) for major element analysis by electron microprobe
(EMPA). We experienced two problems using this procedure.
First, the impact-melt particles are not in internal equilibrium,
especially with respect to oxidation state—they contain Fe*',
Fe?*, and Fe® (Horz et al., 2002). This caused some oxidation
of Mo which dissolved in the glass at up to a few wt%. Second,
some of the Fe remained in the metallic state, and was not part of
the homogeneous glass. Thus, there is poor agreement between
FeO determined by INAA and EMPA. However, major-element
data are only used to determine which of the target rocks (all
Fe-poor) contributed to the impact-melts. Most of the Fe in the
impact-melt particles is derived from the impactor (See et al.,
2002; this study). To first order, FeO can be ignored in evaluating
target-rock contributions to the impact-melt particles. The glass
beads were analyzed with the JSC SX100 electron microprobe
using a 15 kV potential, 15 nA sample current, and the electron
beam rastered over a 10 x 10 um area.

See et al. (2002) presented major-element analyses by XRF
of many of the target rocks studied here. Additional target-rock
samples plus a composite of 15 impact-melt particles were ana-
lyzed as part of this study. The analytical methods follow stan-
dard procedures used at Franklin & Marshall College, described
in detail by Boyd and Mertzman (1987) and Mertzman (2000).
An exception to these procedures is that the samples were first
ground and homogenized in an agate mortar and pestle at JSC,
and splits sent to Franklin & Marshall College for analysis. Final
grinding and sieving were done at Franklin & Marshall. Major-
element contents were determined by XRF analysis, with all Fe
determined as Fe,O,. The ferrous iron content was determined
by titration, and loss on ignition was determined by heating an
aliquot at 950 °C for one hour.

RESULTS

Table 1 presents the major-element analyses of the target
rocks plus the composite impact-melt particle (H11; see Appen-
dix 3). The XRF analysis determines major elements on a vola-
tile-free basis, and all Fe as Fe,O,. In Table 1, the data have been
recast to a volatile-bearing basis, and with Fe split between FeO
and Fe,O, as determined by titration. The low sum quoted for
the composite impact-melt particle is an artifact of the recalcula-
tion—the XRF sum was 99.31. The INAA data on target rocks,
including those studied by See et al. (2002) are given in Table 2.
Our INAA data on impact-melt particles are given in Table 3,
and major-element analyses of select impact-melt particles deter-
mined by EMPA on fused beads are presented in Table 4. These
latter analyses are normalized to 100%. The analyses included
variable amounts of MoO, (<0.01-4.56 wt%) derived from the
strip heater, and the Fe in the glass likely is a mixture of FeO and
Fe,O,. These analyses are used to evaluate which target rocks
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dominate in the impact-melt particles, and devolatilized, Fe-free
(projectile-free) compositions are used for this. Table 5 contains
our INAA data on the ballistically dispersed metallic spherules.
We have also done INAA on a few miscellaneous samples from
the impact-melt particle suite—a lithic clast, samples of second-
ary alteration products and an oxide bead. These data are given in
Appendix 4 for completeness.

DISCUSSION

Comparing geochemical data on the target rocks with those
on impact-melt particles is not straightforward. The high-temper-
ature formation of the impact-melt particles caused devolatiliza-
tion of carbonates and hydrous phases of the target components,
and mixing with projectile material diluted the target compo-
nents. To overcome these problems, we use normalized composi-
tions. The impact-melt particle compositions are normalized to
an Fe-Ni-Co-free basis. The volatile content of these particles
is not known, but they should be nearly volatile-free. We use
the loss on ignition (LOI) determination on the composite of 15
impact-melt particles (H11, Table 1) to correct for volatile con-
tent. The target-rock compositions are normalized to a volatile-
free basis using the LOI determinations, and to an iron-free basis
to make them directly comparable to the impact-melt particles.
These corrected impact-melt and target-rock compositions are
referred to as adjusted compositions. The impact-melt particles
studied here are bulk particles, including glass, quenched mineral
phases, undigested clasts, and remnant metal and sulfide beads,
and thus are not directly comparable to the pure glass composi-
tions reported by Horz et al. (2002).

Geochemical Stratigraphy of Meteor Crater

The upper portion of the target stratigraphy shows substan-
tial major-element compositional heterogeneity (Horz et al.,
2002; See et al., 2002). The Moenkopi Formation shows gener-
ally decreasing CaO and LOI, and increasing SiO, with depth,
indicating increasing sand and decreasing carbonate. The Kaibab
exhibits substantial fluctuation in SiO, and MgO+CaO through-
out the section reflecting variations in quartz and dolomite. On a
finer scale, we found that the quartz content of the Kaibab varies
from ~100% to ~15% within the section (Horz et al., 2002; See
et al., 2002). These variations are non-systematic—the Kaibab
sample with the lowest quartz content is adjacent to a sample
with one of the highest (see Horz et al., 2002; Figure 15; samples
K106.2 and K104.7). The Toroweap and Coconino are distin-
guishable from other target rocks by their high SiO, contents.

Variations in adjusted major-element content of the target
rocks with depth in the crater are shown in Figure. 1. The Moen-
kopi is distinct in having much higher Ti and Al contents, while
the Kaibab is distinct in having a much higher Mg content, and
generally lower but variable Si content. The high Al content of
the Moenkopi indicates a higher terrigenous component (clays).
This is also seen in Sc, rare-earth elements, and Ta contents
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(Fig. 2). The two lowest Moenkopi samples are also rich in Hf,
but the upper portion has Hf contents like those of the Kaibab.
The Kaibab is distinct in showing a general increase in U content
with depth, and the lower portion of the section has the highest U
content in the depth profile (Fig. 2).

The Toroweap and Coconino have lower adjusted contents
of all major and trace elements, excluding Si (Figs. 1 and 2).
Hence, these units would only act as diluents in lithophile-ele-
ment mixing relations should they be a component of the impact-
melt particles. (The Toroweap is a minuscule volume fraction of
the section, and could not significantly affect the composition of
impact-melt particles.)

Lithophile Elements and Target Rock Mixing

Kargel et al. (1996) suggested that impact-melt particles
from Meteor Crater are composed of mixtures of projectile and
rock from the Kaibab Formation, with no clear signature for
either Moenkopi or Coconino rocks. Our preliminary synopsis

of target rock and impact-melt particle compositions led us to
suggest that both Moenkopi and Kaibab strata are important ter-
restrial components of the particles (Mittlefehldt et al., 2000).
This was supported by our modeling of the major-element com-
positions of glasses contained in the impact-melt particles. We
identified three distinct melt compositional types and concluded
that mixtures of Moenkopi and Kaibab in variable proportions
could explain the glasses, with Moenkopi composing as much
as half of the target component in some (Horz et al., 2002). We
could not exclude Toroweap or Coconino as minor components
of some glasses, however. We suggested that the melt zone was
a relatively small fraction of the transient crater volume, and that
melting occurred at depths of <30 m for many, and possibly all,
of the glasses (Horz et al., 2002).

Mixing relations for major elements Mg-Al, Ca-Al and Ti-Si
between target rocks and bulk impact-melt particles are shown
in Figure 3. All impact-melt particles fall between the fields of
Moenkopi and Kaibab samples, and none have compositions that
would require addition of Toroweap or Coconino into the mix.

TABLE 1. MAJOR-ELEMENT COMPOSITIONS OF TARGET ROCKS AND A COMPOSITE OF SEVERAL IMPACT-MELT PARTICLES
DETERMINED BY XRF AND IRON TITRATION.

Moenkopi Kaibab Toroweap

MC-01 MC-07 K-1 K-2 MC-06 MC-10 MC-12 MC-08

Sio, 83.94 57.76 14.52 2.41 45.36 35.31 4412 95.74
TiO, 0.44 0.49 0.04 0.01 0.12 0.10 0.09 0.08
AlL,O, 6.95 6.14 0.78 0.13 2.09 2.28 1.48 1.62
Fe,O, 0.86 1.58 0.11 0.28 0.19 0.16 0.70 0.00
FeO 0.34 0.14 0.07 0.20 0.07 0.16 0.06 0.11
MnO 0.03 0.06 0.02 0.03 0.04 0.03 0.02 0.00
MgO 0.39 1.44 18.12 20.77 10.60 12.18 10.70 0.03
CaOo 2.01 16.05 26.82 30.83 15.60 19.25 16.65 0.54
Na,0 0.02 0.04 0.07 0.07 0.07 0.06 0.07 0.00
K,0 1.24 117 0.15 0.03 0.44 0.45 0.26 0.46
PO, 0.13 0.13 0.03 0.03 0.17 0.45 0.46 0.03
LOI 3.72 15.23 39.19 44.43 24.88 28.93 25.11 1.31
sum 100.07 100.23 99.92 99.22 99.63 99.36 99.72 99.92

Coconino impact-melt

C-3f MC-02 MC-04 MC-05 MC-05 MC-09 MC-11a H11#

SiO, 71.83 97.81 95.48 96.30 96.12 92.15 99.12 48.27
TiO, 0.02 0.04 0.09 0.06 0.07 0.14 0.02 0.20
ALO, 0.96 1.14 2.63 217 2.26 4.11 0.72 2.90
Fe,O, 0.02 0.05 0.20 0.29 0.08 0.13 0.14 7.05
FeO 0.05 0.06 0.11 0.05 0.06 0.06 0.06 16.48
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08
MgO 0.78 0.00 0.04 0.05 0.06 0.22 0.00 8.24
Cao 14.55 0.10 0.13 0.10 0.11 0.45 0.05 12.00
Na,O 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.09
K,0 0.13 0.18 0.52 0.59 0.60 0.60 0.07 0.32
PO, 0.13 0.02 0.03 0.03 0.03 0.04 0.02 0.44
LOI 12.01 0.53 0.96 0.75 0.75 1.77 0.37 1.40
sum 100.48 99.93 100.19 100.39 100.15 99.67 100.57 97.47

tThis sample from an undocumented location is anomalous in CaO content, likely reflecting secondary calcite cement.

*H11 is a composite of 15 impact-melt particles. See Appendix 3.
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TABLE 4. MAJOR-ELEMENT COMPOSITIONS OF IMPACT-MELT PARTICLES DETERMINED BY

ELECTRON MICROPROBE ANALYSIS OF FUSED BEADS

IG-1a 11G-2a I1G-3a IG-4 M1 M3 M4 M7 M8 M10

Sio, 47.9 51.8 50.9 417 43.0 47.7 43.4 45.3 54.4 47.6
TiO, 0.19 0.20 0.18 0.22 0.17 0.19 0.18 0.19 0.20 0.23
ALO, 3.10 3.47 3.30 3.41 2.54 3.04 2.74 2.92 3.88 3.23
Cr,0, 0.01 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.01
FeO 25.3 27.4 25.5 22.7 26.3 28.4 247 27.7 20.9 25.2
MnO 0.12 0.17 0.10 0.12 0.03 0.07 0.05 0.05 0.06 0.06
MgO 8.67 5.93 7.83 12.0 10.7 9.44 10.9 9.06 8.6 8.70
CaO 13.6 9.38 11.0 19.2 16.6 10.4 17.4 13.8 1.1 14.0
Na,0 0.07 0.08 0.07 0.02 0.03 0.03 0.03 0.05 0.03 0.05
K,0 0.39 0.42 0.37 0.19 0.19 0.27 0.15 0.21 0.42 0.42
PO, 0.74 1.14 0.63 0.47 0.35 0.43 0.44 0.77 0.37 0.46

M11 M13 M14 M15 M16 M17 M18 M19 SIG-4
SiO, 55.6 50.0 51.9 52.0 51.9 52.1 54.5 57.9 44.6
TiO, 0.24 0.22 0.16 0.20 0.26 0.18 0.21 0.16 0.18
ALO, 3.40 3.19 2.70 2.95 3.24 2.79 3.25 2.68 2.86
Cr,0, 0.01 0.02 0.02 0.01 0.05 0.01 0.01 0.01 0.02
FeO 9.05 26.0 24.9 1.3 20.3 20.7 7.93 12.7 30.3
MnO 0.07 0.09 0.05 0.08 0.11 0.03 0.04 0.03 0.07
MgO 12.4 8.78 9.09 13.2 10.6 10.2 13.8 1.1 8.47
Cao 18.5 11.0 10.7 19.4 12.8 13.3 19.5 14.7 12.5
Na,O 0.06 0.06 0.03 0.04 0.03 0.04 0.12 0.06 0.03
K,0 0.43 0.29 0.21 0.32 0.38 0.26 0.39 0.37 0.38
PO, 0.25 0.38 0.30 0.48 0.30 0.33 0.33 0.31 0.58

TABLE 5. COMPOSITIONS OF METALLIC SPHERULES AND THE REMBANG IVA IRON DETERMINED BY

INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS*
Spherule #: 1 2 3 4 5 6 7 8 9 10 1 12 14
mass (mg): 9.03 12.58 8.53 9.35 11.24 332 12.83 8.60 9.40 5.08 3.96 4.36 212
Fe mg/g: 818 716 815 714 800 570 768 740 772 834 759 637 614
Co mg/g: 7.6 9.3 8.9 5.6 9.1 7.5 10.4 111 10.0 7.3 10.7 3.1 3.2
Ni mg/g: 128 152 152 86.6 148 124 169 181 166 115 171 50.2 38.9
Ga pg/g: 92.3F  88.2" 120 83.5" 110 170 81.8f - 50 - - 80 90
Ge pg/g: 514t 772% - 485t - - 795t - - - - - -
As pg/g: 441 49.5 48.0 24.0 48.2 66.8 51.9 63.8 52.1 25.8 64.9 19.0 27.5
Ir pg/g: 4.48 5.53 5.4 3.14 4.9 9.15 6.07 6.62 5.83 4.18 6.75 2.61 1.96
Au pg/g: 3.17 3.85 3.86 2.1 3.74 1.99 4.3 4.57 4.26 2.72 4.69 1.28 0.63
3(Fe, Co, Ni) : 954 877 976 806 957 702 947 932 948 956 941 690 656
Spherule # : 15 16 17 18 19 20 21 23 Rembang*
this work  WRO1 WRO1 S96

mass (mg): 5.21 5.24 0.72 3.25 9.39 3.80 2.21 2.38 16.7
Fe mg/g: 820 748 676 783 726 745 653 788 943 - - -
Co mg/g: 8.0 11.3 3.3 9.7 12.6 9.6 2.8 7.7 4.0 4.03 4.03 4
Ni mg/g: 130 182 411 155 216 164 31.3 137 89.6 85.4 88.4 -
Ga pg/g: - - - - - - - - - - - -
Ge pg/g: - - - - - - - - - - - -
As pg/g: 41.7 94.9 20.7 47.9 84.8 44 .4 13.7 43.0 9.4 8.85 8.93 9
Ir pg/g: 4.73 6.77 2.24 5.69 7.57 5.76 1.59 5.09 1.19 1.16 1.16 1.14
Au Hg/g: 3.51 457 075 4M 559 409 055 358 1.19 1.78 1.75 1.91
3(Fe, Co, Ni): 958 941 720 948 955 919 687 933 1037

*Typical instrumental neutron activation analysis 1c relative uncertainties are: 1%—Fe, Co; 2%—Au; 1-3%—Ni; 2—4%—Ir; 5-10%—As; 30—

50%—Ga.

These analyses done by radiochemical neutron activation analysis, typical 1o relative uncertainties are 4%.

fWRO01 — Wasson and Richardson (2001); S96—Scott et al. (1996).
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Figure 1. Variation in major-element compositions of Meteor Crater target rocks with depth demonstrating the geochemical characteristics of the
different formations. On all figures, lithophile element data are adjusted to a volatile- and Fe-free basis to correct for differences in CO, and H,O
in the target rocks, and differences in projectile components in impact-melt particles. See text for a discussion of this. Note that Mg and Ti are

plotted on log scales. Data from See et al. (2002).

However, the scatter in the data would permit a small Toroweap
or Coconino component. The expansion of the impact-melt field
in the Mg-Al plot demonstrates that the data distribution could
obscure at most ~10% Coconino contribution. Because there are
no distinguishing elements in the Toroweap or Coconino, they
are difficult to fingerprint in impact melts.
Lithophile-trace-element contents of impact-melt particles
and target rocks are in accord with the above inference. In
Ca-Sc and Ca-Ta plots, the impact-melt particles plot between
the fields occupied by Kaibab and Moenkopi rocks and away
from the trace-element-poor Toroweap and Coconino (Fig. 4).
The Toroweap and Coconino rocks have the lowest lithophile-
trace-element contents (Table 2, Fig. 2), and these elements are
generally correlated in the target rocks. Thus, on diagrams such
as Ta versus Sc (Fig. 4), Toroweap and Coconino rocks could be
interpreted as one end member of a mixing trend. However, their
stratigraphic location argues against this. The Ta-Sc plot clearly
shows that the topmost unit, the Moenkopi, is a significant com-
ponent of the impact-melts, and that all of them lie between the
fields for Moenkopi and Kaibab rocks. Because the Kaibab is a

thick unit between the Moenkopi and Toroweap/Coconino, it is
more plausible that the Kaibab is the most significant trace-ele-
ment-poor component in the impact-melts.

The impact-melt particles exhibit substantial heterogeneity
in lithophile element contents (Figs. 3 and 4). Some particles fall
within the field of Kaibab rocks in major element composition
(Fig. 3) and could contain only this target component. None fall
within the field of Moenkopi rocks for major elements (Fig. 3),
although some do so for trace elements (Fig. 4). (We have trace
element data for a larger suite of samples than we do for major
elements.) The Moenkopi and Kaibab rocks each show substan-
tial ranges in composition, thus impact-melt particles that plot
within the fields for either of the target rocks are not necessar-
ily composed of only that target component. Note that all of the
impact-melt particles (this work) and pure glasses (Horz et al.,
2002) that we have analyzed contain substantial Al and Si; none
of them are pure carbonate melts.

The lithophile-element contents of some impact-melt par-
ticles are outside the ranges for Moenkopi and Kaibab rocks.
For example, the adjusted La content of a few are higher than
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Figure 2. Variation in trace-element compositions of Meteor Crater target rocks with depth demonstrating the geochemical characteristics of the

different formations.

observed in our suite of Moenkopi rocks, while the U and K
contents of many are lower than those of Kaibab or Moenkopi
rocks (Fig. 5). The high La contents determined for a few impact-
melt particles likely indicates that our sampling of the Moenkopi
formation at ~2.5 m scale was inadequate to fully define its com-
positional variations.

The low K and U contents for many impact-melt particles
suggest possible fractionation during or after formation. Potassium

could have been partially volatilized during the high temperature
phase. Uranium is normally considered a refractory element,
but some U halides are quite volatile (Lide, 2001). The Kaibab
formation typically contains 1-2 pg/g Br (Table 2) and likely
much higher Cl contents (seawater CI/Br ~290). Hence, loss of
species such as UCI, (boiling point 1064°K, Lide, 2001) may have
occurred. Alternatively, the low K and U contents might indicate
loss during low-temperature alteration of glasses in the particles.
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We documented late oxidation of Fe in glasses (Horz et al., 2002),
and interior vesicles in some impact-melt particles contain sec-
ondary phases indicating leaching from the particles. Uranium is
subject to oxidation and mobilization during alteration, and alkali
elements are typically easily mobilized. Regardless, the K and U
contents of the impact-melt particles do not indicate that Toroweap
or Coconino are significant components. Those impact-melt par-
ticles with K and U contents like those of Toroweap and Coconino
rocks nevertheless contain high Ca contents demonstrating a domi-
nant Kaibab component.

Based on the somewhat variable major-element compositions
of glasses in impact-melt particles, we concluded that incomplete
mixing rocks from the upper 30 m of the target formed many, if
not most of them (Horz et al., 2002). We have not attempted to
do mixing calculations for bulk impact-melt particles presented
here because the compositional ranges in the target rocks (Fig. 2)
preclude unique solutions. We also concluded that the higher SiO,
contents of some of the glasses may indicate a small component
of Coconino is present, but this was not required by the data (Horz
et al., 2002). The major-element contents of the impact-melt
particles would allow for as much as ~10% Coconino (Fig. 3).
However, because all major- and trace-element data (excluding
potentially mobile elements) for the impact-melt particles lie
between the fields for Moenkopi and Kaibab, we believe it to be
more plausible that only these two rock units were mixed in the
melt zone to form the particles, and thus the melt zone extends no
deeper than the base of the Kaibab, ~85 m.

Siderophile Elements and Projectile-Target Mixing

The impact-melt particles contain a substantial projectile
component. Their Co, Ni, and Ir contents normalized to the mean
Canyon Diablo metal composition (Appendix 1) reach 22%—27%
that of the projectile (Fig. 6). However, CO, was volatilized from
the carbonate-rich target rocks, and the actual maximum projectile
component is less. There is a reasonably good correlation between
target-rock CaO+MgO and LOI (See et al., 2002). We have used
this to estimate the mass of target rock lost during impact melting
for particles for which we have major-element data (Table 4, plus
H11, Table 1). We estimate that between 7% and 15% of the mass
was lost, and that the maximum projectile component based on
Co, Ni, and Ir was between 20% and 22%. Using an average
mass correction of 11%, we find that the impact-melt particles
average 14% projectile component. This is higher than we found
for ballistically dispersed impact-melt particles from Wabar Cra-
ter (Fig. 6), where average projectile components were ~7% and
~9% for large and small glass beads, with a maximum of ~17%
for one small bead (Mittlefehldt et al., 1992). As was the case for
lithophile elements, the impact-melt particles are quite heteroge-
neous in siderophile element contents (Fig. 6).

Few other craters have both impact melts and impactor pre-
served, and very few analyses of impact melts have been done.
Attrep et al. (1991) found projectile components of ~4% and
~10% (based on Co and Ni) for two impact melts from Wolfe
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Coconino samples with very low Ca contents. Secondary mineral data
are from Appendix 4.

Creek Crater (Fig. 6), and <1% for three impact melts from Hen-
bury Crater. The types of impact melts analyzed were not speci-
fied. The very low projectile component in the Henbury Crater
samples most likely indicates that they represent massive-melt
objects. We previously showed that large melt specimens (>100
g) from Wabar contain a much smaller projectile component than
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do ballistically dispersed, mm-sized melt beads (Mittlefehldt et
al., 1992). The Henbury samples will not be discussed further.

The Meteor Crater impact-melt particles have relatively
unfractionated Co/Ni and Ir/Ni ratios, but Au is strongly fraction-
ated as exemplified by Au/Ir ratios (Fig. 6). The Au fractionation
is independent of the amount of projectile component in the par-
ticles. Samples with projectile-normalized Au/Ni ratios as low as
0.03 have normalized Co contents ~20% that of the Canyon Dia-
blo iron, and two samples with normalized Au/Ni of 0.82 and 0.90
have normalized Co contents of 7% and 10% that of the projectile
(Fig. 7). This shows that the Au fractionation is independent of
the target-projectile mixing process, i.e., fractional condensation
from a vapor cloud, or selective vaporization of siderophile ele-
ments from impact melts, is not the cause (see Gibbons et al.,
1976; Kelly et al., 1974 for discussions of proposed fractionation
processes). Hydrocode simulations of the Meteor Crater impact
also show that for plausible impact velocities, projectile vaporiza-
tion seems unimportant (Schnabel et al., 1999).

Two samples have anomalous siderophile-element char-
acteristics. Particle M20 has high Co/Ni and Ir/Ni ratios due
to depletion in Ni—its Ir/Co ratio is within the range of other
impact-melt particles. Particle M20 contains clear glass and two
types of altered glass intimately mixed (Horz et al., 2002). The
clear glass contains ~7% projectile component (total Fe as FeO,
8.43 wt%) and has an Fe/Ni ratio like that of the projectile, while
the altered glasses are more iron-rich (total Fe as FeO, 11.1-14.2
wt%) with Fe/Ni ratios much greater than that of the Canyon
Diablo iron (Horz et al., 2002). The bulk sample of M20 studied
here is like the clear glass in Fe content, but like the two types of
altered glass in Na, K, and Ca. Possibly, the anomalous charac-
teristics of M20 may simply reflect heterogeneous distribution of
siderophile elements among different glass types. Particle M12
has a very low Ir/Ni ratio due to an anomalous Ir content. This
particle has a Au/Ir ratio like that of Canyon Diablo, but this is
anomalous compared to all other impact-melt particles with low
Ir and Au contents (Fig. 6). Particle M12 contains only clear
glass and the lowest projectile component found (Horz et al.,
2002). This is also observed in the bulk impact-melt particle,
with ~3.5% projectile based on Co and Ni, but only ~0.1% based
on Ir and Au (Fig. 6).

The siderophile-element characteristics of the Meteor Crater
impact-melt particles show some similarities and some differ-
ences with those from Wabar and Wolfe Creek Craters (Fig. 6).
Most Wabar samples have Co/Ni ratios significantly elevated
above that of the impactor, while only Meteor Crater particle
M20 is so endowed. The single Wolfe Creek Crater sample plots
close to the impactor line. Most Wabar impact-melt particles
have Ir/Ni ratios like that of the impactor. A few have anoma-
lously low Ir/Ni ratios, but none are as anomalous as M12. Both
Wolfe Creek Crater samples show anomalous Ir/Ni ratios, but
again, not to the extent of M12. All samples from Wabar Crater
and the single sample from Wolfe Creek Crater have Au/Ir ratios
less than that of the projectile. Although only three craters have
been sampled, with only a single Au determination for one, the
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data suggest Au fractionation may be a common process occur-
ring during formation of ballistically dispersed impact melts at
terrestrial craters.

Attrep et al. (1991) and Mittlefehldt et al. (1992) noted
that because siderophile-element ratios are fractionated at some
terrestrial craters, attempts to identify impactor types from ter-
restrial and lunar impact melts should be treated cautiously. We
still believe this to be true for terrestrial craters, but the observed
fractionations may be uniquely terrestrial. There is a general
tendency for those Meteor Crater impact-melt particles with
the highest molar (Ca+Mg)/Si (highest Kaibab content) to have
lower normalized Au/Ir ratios (Fig. 8). Kaibab samples have
higher Br contents (Fig. 8), and Se, a proxy for S, was detected
almost exclusively in Kaibab rocks (Table 2). The Au fraction-
ation may be tied to the volatile content of the target, and thus
loss of volatile Au complexes may have caused the fractionation.
If true, then siderophile-element fractionation may not occur dur-
ing impact melting on the volatile-poor Moon.

The case is not clear-cut; substantial scatter in the Meteor
Crater data (Fig. 8) obscures compositional correlations. This
may result from the heterogeneous nature of the Kaibab (Figs. 1
and 2; Horz et al., 2002; See et al., 2002), the heterogeneous
melting process, or signify that the trend is not real. Wolfe Creek
Crater was formed in Precambrian quartzite, but we have no
detailed compositional information on the target rocks. Wabar
Crater was formed in sandstone. The low Ca contents of Wabar
impact glasses and target materials indicate that there was little
carbonate in the target (Horz et al., 1989; Mittlefehldt et al.,
1992). We do not have Br or Se data for the Wabar target-rock
samples, and thus, cannot compare possible halogen or sulfate
contents with Meteor Crater. Similar data sets from additional
craters with preserved projectiles are needed to further evaluate
the cause of Au fractionation.

We deduced that more projectile material was mixed into
melts formed in the upper portions of the melt zone at Wabar crater
(Mittlefehldt et al., 1992). The Meteor Crater data give some sup-
port to this. The Kaibab rocks have the highest molar (Ca+Mg)/Si
and (Ca+Mg)/Al ratios among the target rocks (Fig. 9). These
ratios should then increase in impact-melt particles formed as the
melt zone penetrates deeper into the section. Impact-melt particles
with (Ca+Mg)/Si and (Ca+Mg)/Al ratios less than or at the low
end of the range for the Kaibab rocks have projectile-normal-
ized Ir contents, on average, higher than those with the highest
(Cat+Mg)/Si and (Ca+Mg)/Al ratios (Fig. 9). Those samples with
higher (Ca+Mg)/Si and (Ca+Mg)/Al ratios had higher carbonate
contents and have lost the most mass through CO, devolatiliza-
tion. Thus, their normalized Ir contents have been enhanced more
by this process than those with low (Ca+Mg)/Si and (Ca+Mg)/Al.
The data are thus consistent with a generally decreasing projectile/
target mixing ratio as the projectile penetrates. Samples with the
highest normalized Ir contents have intermediate (Ca+Mg)/Si
(~0.5-0.6) and (Cat+Mg)/Al (~7-8) ratios (Fig. 9), and may indi-
cate that the peak projectile/target mixing ratio was reached at
some intermediate depth.
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Two impact-melt particles, M12 and M20, have lithophile-
element contents indicating a higher Moenkopi component, yet
have very low normalized Ir contents (Fig. 9), contrary to the
general trend just discussed. The data for these are from clear
glass analyses of Horz et al. (2002); the samples were too small
for bulk major element analysis. These authors inferred that the
M12 and M20 glasses contained a higher Moenkopi component
than most clear glasses, and that their low FeO contents indicated
a low projectile component. Our data for K, Ca, and Fe on bulk
M12 match well the clear glass data (Horz et al., 2002, Table 3)
suggesting that most of the bead was composed of such glass.
As discussed above, M12 has anomalous siderophile-element
contents compared to all other impact-melt particles. The bulk
data for M20 do not match the glass data. Bulk particle M20
has the lowest CaO content (Table 3), yet the clear glass has
among the highest (Horz et al., 2002, Table 3). Altered glass in
M20 has much lower CaO contents (Horz et al., 2002), similar
to what we found for the bulk particle. However, the altered glass
has much higher Fe contents than the clear glass, and our bulk
particle datum matches the clear glass. M20 also has somewhat

anomalous siderophile-element contents (Fig. 6). Thus, M12 and
M20 should be treated cautiously when attempting to infer pro-
jectile-target mixing details.

We have major-element compositions for bulk particles
(Table 4) and clear glasses (Horz et al., 2002) from M18 and
SIG-4. Bulk SIG-4 has (Ca+Mg)/Al and (Ca+Mg)/Si very simi-
lar to those of the clear glass (Fig. 9). Bulk M18 is very different
from its clear glass in major-element contents (Fig. 9). It contains
higher CaO and MgO, and lower Al O, than does the clear glass,
suggesting incorporation of dolomite clasts, an additional Kai-
bab component not present in the clear glass. Thus, it is difficult
to determine whether M18 violates the projectile-target mixing
generalization discussed above.

Horz et al. (2002) showed that there are two basic types of
glasses in the impact-melt particles: those with low Fe and Ni
and Ni/Fe like that of the projectile, and those with high Fe, low
Ni, and Ni/Fe much lower than that of the projectile. The bulk
particles have a continuum of Fe contents covering the total range
observed for glasses, but all have Ni/Fe like that of the impactor.
Thus bulk impact-melt particles have variable contents of finely
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disseminated, unfractionated (except for Au) projectile material.
Some glasses on the other hand, contain a fractionated projectile
component that must be compensated by other phases, probably
metal or sulfide blebs, in the bulk particles. Electron microprobe
analyses of metal blebs in impact-melt particles show that they
can be highly enriched in Ni and Co relative to Canyon Diablo
metal (Brett, 1967; Kelly et al., 1974; our unpublished data), and
can balance the low Ni contents of pure glasses with low Ni/Fe
observed by Horz et al. (2002).

Metallic Spherules and Melting of the Projectile

Blau et al. (1973) studied a suite of metallic spherules
from Meteor Crater. They concluded that the dendritic texture
demonstrated that the spherules solidified by quenching of mol-
ten droplets, and that the textures of some are similar to those
observed for Fe-Ni alloys containing C. They also noted that
the spherules are enriched in Ni, S, and P compared to Canyon
Diablo metal and suggested that this was due to slight selective
melting of troilite-schreibersite-rich regions of the meteorite.
Finally, Blau et al. (1973) argued that high Co contents of the
spherules compared to Canyon Diablo metal was the result of
oxidation of the spherules, enhancing the Ni and Co contents
through loss of Fe oxide. This process also led to some oxida-
tive loss of S and P (Blau et al., 1973).

In contrast, Kelly et al. (1974) noted that the S content of
the spherules—9-28 mg/g (Blau et al., 1973)—is not enhanced
relative to an estimated bulk meteorite S content of 22 mg/g, and
that Ni/Co and Ni/Cu ratios are like those of the bulk meteorite.
Kelly et al. (1974) concluded that the spherules were formed by
melting bulk Canyon Diablo material, not selective melting of
troilite-schreibersite-rich regions. Kelly et al. (1974) explained
the high Ni, Co, and Cu contents relative to bulk meteorite by
oxidation and removal of Fe.

Buchwald (1975, p. 392) estimated the bulk meteorite S con-
tent is ~9—10 mg/g, about half that estimated by Kelly et al. (1974)
using older modal data. Thus the S content of the spherules may be
enhanced by up to a factor of ~3 compared to the bulk meteorite.
Buchwald (1975, p. 392) also estimates a bulk meteorite P content
of 2.5 mg/g. The spherules contain 7-14 mg/g (Blau et al., 1973),
suggesting they may be enriched up to ~6 times in P. This seems
to support the contention of Blau et al. (1973) that some selective
melting of troilite-schreibersite-rich regions occurred. However,
Blau et al. (1973) did their analyses by electron microprobe using
an “integrated line scan technique” on heterogeneous samples.
True bulk spherule S and P contents need to be determined.

Figure 10 shows our metallic spherule data and those of Xue
et al. (1995). Most spherules form a trend away from Canyon
Diablo toward higher Ni but lower Fe, consistent with simple loss
of Fe (arrow, upper panel). A few spherules plot below the Fe-loss
trend. Either these samples contained some iron oxides—hydrous
oxides that were not removed prior to analysis, or they are richer
in C, P, and/or S than bulk Canyon Diablo. Note that the oxide-
shell samples analyzed by Xue et al. (1995) plot at a lower nor-
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malized Fe abundance than “ideal” limonite (FeO*OH-2.1H,0)
and with higher Fe/Ni than the metal spherules they were taken
from (tie lines). This is consistent with enrichment in Fe relative
to the metallic core coupled with dilution by H, O, C, P, and/or S.
Because the oxide shells have lower bulk Fe than “ideal” limo-
nite, some dilution by C, P, and/or S is indicated.

Cobalt-Ni, Ir-Ni, and Au-Ni are well correlated in the spher-
ules (Fig. 10). Kelly et al. (1974) argued that the Co/Ni ratios of
the spherules were identical to the bulk metal of Canyon Diablo.
We find subtle variations in siderophile-element/Ni ratios in the
spherules. The Co-Ni trend has a slightly lower slope than the
Canyon Diablo ratio, while Au/Ni has a slightly higher slope.
Regression lines pass through the mean Canyon Diablo com-
position (Fig. 10). This is consistent with the oxidation model
of Kelly et al. (1974). Cobalt is more readily oxidized than Ni.
Those spherules with the highest Ni, having suffered the most
oxidation and loss of Fe, have also experienced some oxidative
loss of Co and have low Co/Ni ratios. Gold is less readily oxi-
dized than Ni and shows the opposite—high Au/Ni for the most
Ni-rich spherules.

Four spherules have Ni contents lower than bulk Canyon
Diablo (numbers 12, 14, 17, 21; Table 5). They also have among
the lowest sums of Fe, Co and Ni (Table 5), indicating that they
contain larger amounts of diluents than do most other spherules.
Finally, they have high Co/Ni and low Au/Ni ratios (Fig. 10).
All of these characteristics are consistent with their containing a
substantial amount of the Fe-rich, Ni-Au—poor oxides produced
during spherule formation. One would expect the oxide to form
on the outer surface of the spherule. Thus, should these four
spherules be enriched in oxides, the Co-Ni-Ir-Au—rich metallic
core of the spherule somehow was lost during formation.

All of the spherules have As/Ni ratios in excess of that of
Canyon Diablo (Fig. 10), contrary to expectations. Arsenic is
more easily oxidized than Ni and should be depleted relative
to it, but Ni-rich spherules have As/Ni ratios of 1.89-2.79 times
Canyon Diablo. The As-Ni data also scatter considerably com-
pared to the very linear Co-Ni array (Fig. 10). Our As-Ni data
closely mimic the P-Ni data of Blau et al. (1973) (Fig. 10), sug-
gesting that the anomalous enrichment of As may be a result of
slight selective melting of schreibersite-troilite—rich regions of
the impactor. Arsenic and P are incompatible elements during
crystallization of molten Fe-Ni, and will be correlated in irons
(e.g., Scott, 1972). We did not find data on the As content of
schreibersite, but As is in the same chemical group as P, suggest-
ing that schreibersite exsolved from the metal may be enriched in
As. The high As contents of the spherules may thus support slight
selective melting of troilite-schreibersite-rich regions of Canyon
Diablo as the explanation for enrichments in P and S.

Canyon Diablo contains graphite-troilite inclusions that
are typically rimmed by schreibersite and cohenite (Buchwald,
1975). These inclusions have lower mean density than the sur-
rounding metal. This will cause a passing shock front to reverber-
ate (e.g., Kieffer, 1971), resulting in localized stress and tempera-
ture concentrations along metal-inclusion margins (e.g., Melosh,
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Figure 10. Siderophile-element data for metallic spherules compared
to the Canyon Diablo iron. Most spherules have Fe and Ni contents
that follow a trend of Fe loss (arrow, upper diagram). Some samples
with low Fe are consistent with dilution by oxides. Equivalent normal-
ized Fe contents for hematite, goethite and limonite are shown for
comparison. Co-Ni, Ir-Ni and Au-Ni are highly correlated, with most
samples enriched in these elements compared to the Canyon Diablo
iron. Dashed lines are regression lines through the Co-Ni and Au-Ni
data. The slopes of these lines are consistent with expectations from a
simple oxidation model (see text). The metallic spherules show enrich-
ments in As that are inconsistent with a simple oxidation model, but
closely mimic the P-Ni trend. This suggests that some enhanced melt-
ing of graphite-troilite-schreibersite-rich regions of Canyon Diablo
may have occurred (see text). Some data are taken from Blau et al.
(1973) and Xue et al. (1995).
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1989; Stoffler et al., 1991), leading to enhanced localized melt-
ing at metal-inclusion interfaces. Hydrocode simulations of the
Meteor Crater impact show that this can occur along the trailing
edge of the impactor at moderate shock pressures, i.e., moderate
depths below the rear surface (Schnabel et al., 1999).

We conclude that both enhanced melting of graphite-troilite-
schreibersite inclusions and oxidation and removal of Fe (and
other elements) played roles in producing the chemical character-
istics of the metallic spherules. Kelly et al. (1974) and we ground
off the oxide coating on the spherules before analysis under the
assumption these represented low-temperature rusting of the
spherules. In retrospect, this most likely biased the data. The
oxide coatings likely represent original high-temperature oxides
produced as the spherules were airborne immediately after the
impact. By grinding these off, we artificially increased the con-
centrations of the less oxidized elements that are concentrated in
the metallic cores. True bulk analyses of spherules, including the
oxide coatings, are needed to further evaluate their origin.

Geochemical Constraints on the Impact Process

We have shown that impact-melt particles contain material
from the upper part of the target stratigraphy, that all are consis-
tent with mixtures of Moenkopi and Kaibab rocks, and that those
particles that seem to have been derived from lower portions of
the melt zone contain less projectile material. These observations
allow us to constrain the mechanism of impact melting.

One mechanism for producing dispersed impact-melts is
through jetting, a process that occurs during the earliest phase
of cratering when the free surface of a hypervelocity projectile
forms an oblique angle with the target and results in target-pro-
jectile mixing (see Kieffer, 1977; Melosh, 1989). At Meteor
Crater, this geometry occurred when a roughly spherical Canyon
Diablo meteoroid contacted the target surface (Fig. 11), and con-
tinued until the projectile penetrated about halfway into the target
(Melosh, 1989). Roddy (1978) calculated the kinetic energy of
formation of Meteor Crater, and the projectile size for various
assumed impact velocities. The lowest velocity assumed results
in a maximum projectile radius of ~16 m, which sets the approxi-
mate maximum depth for jetting. We previously favored a shallow
zone of melting for formation of some of the impact-melt glasses,
<30 m (Horz et al., 2002), compatible with jetting as the forma-
tion mechanism. However, none of the impact-melt particles
(this study) or the clear glasses (Horz et al., 2002) contains only
Moenkopi and projectile components. Roddy (1978) estimated
the Moenkopi averaged ~8.5 m thick in the target zone. We thus
expect that some impact melts should be free of Kaibab material
if jetting was a major formation mechanism. Because of this, we
do not believe jetting was the dominant mechanism for production
of the impact-melts. The bulk particles we have studied are mostly
large, roughly cm-sized (Appendix 3). If jetting predominantly
produced finer impact-melt spray, our studies could have missed
those particles composed only of Moenkopi plus projectile. Thus
we cannot rule out jetting as an important mechanism.
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Another mechanism for formation of ballistically dispersed
impact-melt particles is along the contact between the deform-
ing projectile and the transient crater floor (Fig. 11). In this case,
melting may extend to depths a few times the projectile radius
(e.g., Melosh, 1989). Impact-melts produced would flow up the
transient crater wall and could mix with solid target material dur-
ing flow. Thus, melts formed after the deformed projectile was
entirely below the original target surface would have the pro-
jectile component diluted by inclusion of clasts of target mate-
rial. This is compatible with our data on bulk particles. Those
particles with the lowest normalized Ir content (lowest projectile
component) have the strongest Kaibab signature, suggesting
formation deeper in the transient crater.

Because the melt compositions are variable, the melt-mixing
process must have been chaotic, and clear signatures were not pre-
served in the impact-melt particles. We believe our data are com-

jetting

Moenkopi

Figure 11. Schematic diagrams indicating two possible mechanisms
for formation of impact-melt particles at Meteor Crater. Jetting (upper)
occurs while the contact between the projectile and target remains at an
oblique angle, and will continue until the projectile deforms substan-
tially, roughly at a depth equal to its radius (Melosh, 1989). The thick-
ness of the Moenkopi is estimated to have been 0.5 the projectile radius
(Roddy, 1978). Thus jetting ought to have produced some impact-melt
particles composed dominantly of Moenkopi plus meteorite. We have
not found any of these, but the compositions of some melts indicate
formation at shallow levels (<30 m) of the target (Horz et al., 2002). Im-
pact-melts will also form at the interface between the deforming projec-
tile and the transient crater floor (lower), and the melt zone will extend a
few projectile radii below the surface (Melosh, 1989). Flow of the melt
up the transient crater wall will promote mixing. The data suggest that
many of the particles were formed by this latter mechanism.
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patible with both jetting and melting at the transient crater-deform-
ing projectile interface as being important in the formation of the
ballistically dispersed impact-melt particles at Meteor Crater.

CONCLUSIONS

Ballistically dispersed impact-melt particles from Meteor
Crater are heterogeneous in composition and are dominantly
composed of three components: Canyon Diablo meteorite,
Moenkopi Formation and Kaibab Formation. The compositions
of the impact-melt particles do not require that rocks from the
lower portions of the target section—the Toroweap and Coconino
Formations—be mixed in. The data do not rule out up to 10%
contribution from these rocks, but it is more plausible that these
sandstones are not components.

The bulk impact-melt particles contain on average ~14%
Canyon Diablo iron, with a maximum of 20%-22%. This is higher
than we previously found for ballistically dispersed impact-melts
from the much smaller Wabar Crater (Mittlefehldt et al., 1992).
Siderophile-element ratios are essentially unchanged from those
of the Canyon Diablo iron, except for Au. Many samples have
Au/Ni and Au/Ir ratios much lower than those of the projectile.
The lowest ratios are found for impact-melt particles with the
highest Kaibab component. The Br contents of Kaibab rocks are
higher than those for other target rocks, and we suggest that loss
of volatile Au halides may have caused the fractionation.

Metallic spherules are generally enriched in Co, Ni, Ir, and
Au compared to Canyon Diablo metal. Element/Ni ratios show
subtle deviations from Canyon Diablo ratios that are inversely
correlated with ease of oxidation of the element relative to Ni.
We attribute this to partial oxidation of molten metal spherules
during flight. Because we ground off oxide coatings from the
spherules prior to analysis, our data are biased in favor of the
metallic cores. The spherule compositions are consistent with
slight enhanced melting of schreibersite-troilite-rich regions
of the projectile, and this can be explained by enhanced shock
melting of lower density graphite-troilite-schreibersite inclusions
present in Canyon Diablo.
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APPENDIX 1. CANYON DIABLO METEORITE

TABLE A1. AVERAGE COMPOSITION OF THE METAL
PHASE OF CANYON DIABLO IRON METEORITE
AND KEY ELEMENT RATIOS*

Cr yg/g 25

Fe mg/g 922
Co pg/g 4660

Ni mg/g 70.1
Ga yg/g 81.8
Ge pa/g 327

As pg/g 13.1

Sb ng/g 290

w ng/g 1110

Ir ng/g 2320
Au ng/g 1560
Fe/Ni 13.2
Co/Ni 6.65 x 107
Ir/Ni 3.31x10°
Au/Ni 2.23x10°®
Au/lr 0.672

*Average composition is taken from Choi et al. (1995)
except for Fe. Iron is determined by difference from 1000
mg/g by subtracting Co and Ni from above, and C (1.6
mg/g) and P (2.0 mg/g) estimated from Buchwald (1975).

APPENDIX 2. TARGET ROCKS

Samples K-1, K-2, and C-1 through C-4 (Table 2) are representa-
tive samples of Kaibab and Coconino collected by Horz from undocu-
mented locations. Samples labeled Ma, Ka, Ta, Ca, etc., are from a
continuous stratigraphic section collected by Horz and See for this
study (See et al., 2002). The samples described below were collected
by Mittlefehldt from the crater and its vicinity.

Moenkopi Formation

MC-01: Light pink, massive sandstone; north crater wall, ~2-2.5 m
above Kaibab contact.

MC-07: Reddish siltstone/clay-rich facies; block in talus, south-
west crater wall.

Kaibab Formation

MC-06: Shattered gray dolomite; southwest crater wall, ~15 m
above formation base.

MC-10: Gray dolomite; overturned flap, west crater rim.

MC-12: Gray dolomite; boulder float in stream, Oak Creek Canyon.

Toroweap Formation

MC-08: Gray sandstone; overturned flap, southwest crater rim.
MC-13: Knobby gray sandstone; overturned flap; southwest crater rim.

Coconino Formation

MC-02: White, frothy, and powdery sandstone fallback deposit; shaft
dump, crater floor.

MC-03: Shattered gray sandstone; southwest crater wall, ~70 m
below Kaibab.
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MC-04: Clast-free gray matrix of brecciated sandstone; ~10 m above
MC-03.

MC-05: Gray sandstone; southwest crater wall, ~5 m below Kaibab.

MC-09: Highly shocked sandstone ejecta debris; south crater rim.

MC-11: Gray sandstone; stream cut, Oak Creek Canyon.

APPENDIX 3. IMPACT-MELT PARTICLES

H11: Composite of 15 individual irregularly shaped cm-sized
impact-melt particles. The particles are vesicular, with dark gray inte-
riors and thin brownish rims. The particles were individually ground
and the powders mixed and homogenized to produce a bulk sample of
about 4 grams.

Hlla: Individual cm-sized irregularly shaped impact-melt par-
ticle from the same group used to prepare H11.

IIG-1: Irregularly shaped dark brown vesicular impact-melt
particle ~1.8 x 1.3 x 1.3 c¢m in size. Vesicles are up to ~4 mm in size.
Numerous small clasts are present. Some secondary minerals are pres-
ent on the surface and in interior vesicles. 1IG-1a and IIG-1b were
hand-picked from the freshest material.

IIG-2: Irregularly shaped dark brown impact-melt particle ~1.8
x 1.4 x 1.4 cm in size containing very few vesicles, ~1-2 mm in size.
Numerous small clasts are present. Some secondary minerals are pres-
ent on the surface and in interior vesicles. IIG-2a and IIG-2b were
hand-picked from the freshest material.

IIG-3: Irregularly shaped dark brown impact-melt particle ~1.9
x 1.1 x 1.1 cm in size containing few vesicles <1 mm in size. Little
clastic material is present. Some secondary minerals occur on the
surface and in interior vesicles. Samples 1IG-3a through 11G-3d were
hand-picked from the freshest material.

1IG-4: Smooth, highly irregularly shaped impact-melt particle.
The particle is composed of black to red-black glass and yellow-
brown, melted clastic debris. The interior is cored with melted clastic
material. Nearly pure impact-glass (IIG-4) and clast (IIG-4c) samples
were hand-picked.

M1: Large (7 mm) accretionary sphere of black glass with many
accretionary promontories and splashes, some flattened and transi-
tional to the dark matrix glass. The bead is vesicular, almost a hollow
shell. Some interior surfaces and small vesicles contain fine-grained
secondary minerals.

M2: Large (5 x 3 mm), dense, black, shiny spheroid with sugary
surface texture. It contains no prominent accretions, but has one hemi-
spherical depression. The bead is very magnetic, and is an oxide bead.

M3: Large (9 mm) rounded brownish bead. The interior is highly
porous and weathered with a distinctly orange, oxidized skin. The
exterior surface is dull and pitted with sugary appearance. Quartz
clasts are present. Samples M3a and M3b are two different samples of
hand-picked material.

M4: Large (8 mm) ellipsoid of dark glass with grayish hue. It is
a mixture of dark glass and a lighter grayish glass. Many accretionary
particles are present. The interior is vesicular, nearly hollow, and con-
tains secondary minerals. A patch of fine-grained, white sugary mate-
rial may be a glassy clast. Sample M4a is hand-picked, glassy material;
M4b is hand-picked material enriched in secondary minerals.

MS5: Stubby ellipsoid (4 mm) of dark colored, fresh-appearing
glass. The surface is dull and sugary with many small pits. The interior
is very porous, essentially frothy. Accretionary features are abundant.
Interior vesicles contain some secondary minerals.

M6: Large (12 mm), broken, ropy, and cylindrical lapillus of dull
glass with pitted surface with many accretionary particles on the sur-
face. Few clasts are present. The interior displays a dark, very porous
glass matrix and tan inclusions of melt or finely crystalline material.

M7: Round sphere (3 mm) of dark glass with numerous accre-
tionary beads. Slightly lighter colored glass makes distinct promonto-
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ries. The interior contains numerous microscopic pores, some clasts,
and a small amount of fine-grained secondary minerals.

M8: A highly porous, slag-like, very friable weathered brown
glass containing numerous clasts and pockets of different colored
melts. The rim is modestly oxidized. Sample M8a is hand-picked
coarse fragments; M8b is the fine debris produced during crushing.

M10: A dull, dark colored impactite. It is coarsely porous and
somewhat weathered with an oxidized rim, but only a small amount of
fine-grained secondary minerals.

M11: A large (12—-15 mm) flattened ellipsoid of porous, tan melt.
The surface is unusually sculptured with polygons forming a cauli-
flower-like texture. The sample is highly altered.

M12: An unusual particle of tektite-like, dense black glass;
almost volcanic in appearance. The sample is very fresh, and clast-
poor; possibly clast-free.

M13: A very large (14 mm) aerodynamically shaped impactite of
rusty-brown colored glass. The surface is dull and sugary in appear-
ance with no good accretionary features. The interior is frothy and
has a red colored weathering rind surrounding a dark gray/black core.
Sample M13a is reddish rind glass; M13b is black interior glass.

M14: A large (8 mm long) elongated, ropy lapillus fragment. The
surface has numerous weathered knobs of dull, secondary material and
some clasts. The interior is frothy, containing dark and honey-yellow
glass with little clastic material.

M15: A large, ropy lapillus fragment (~15 mm long) with many
accretionary features of dark glass. Some secondary minerals are pres-
ent on the surface. The interior shows yellowish weathering rind glass
with a fresh black glass core. Some clastic material is present. The
sample was very tough to break.

M16: A distinctly rusty-colored, highly porous aerodynamically
shaped melt object. Most of the particle is altered, with little fresh,
dark gray to black glass in the interior. It contains some clastic quartz.

M17: A large (11 mm) ropy, elongate lapillus of dense dark melt
with many accretionary knobs on the surface. The interior includes
fresh black glass and reddish, altered glass.

M18: A large ovoid lapillus (16 mm) with a grayish-white surface
of secondary minerals and bleached glass. Numerous honey-colored
pockets are visible. The interior displays intimate mixing of the dif-
ferent colored glasses. The particle contains a distinct, bleached rind.
Sample M18a is hand-picked interior glass containing some bleached
glass; M18b is enriched in bleached glass; M18c is exterior material
enriched in secondary minerals.
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M19: A flat, pancake shaped object displaying prominent ridges
showing material flow and aerodynamic shaping. The interior is
porous, somewhat weathered black glass with distinctly rusty-colored
oxidation rim. Secondary minerals are present on the exterior.

M20: Small irregular fragment of a ballistic bead of dense mostly
honey-colored glass.

M21: A very fresh appearing bead of yellow glass with accre-
tionary promontories of black and yellow glasses—a mixed melt. No
secondary minerals are present.

M22: A hollow hemisphere—a fragment of a hollow sphere—
with a smooth outer surface. The interior glass is dark and contains
numerous microvesicles.

M23: An elongate bead of yellow glass with prominent accretion-
ary knobs. Some black glass is present in the interior.

M24: A large (9 x 2 mm) dumbbell of relatively dense, dark glass,
somewhat sugary, and with a pitted surface. A very thin weathering
rind is present.

M25: A fresh, small (3—4 mm) bead of dark glass with a distinctly
shiny surface with an uneven distribution of accretionary features. The
interior contains some vesicles, and a few clasts.

M26: A cylindrical object of unusual dark wine-red color. The
particle is fresh with shiny surfaces and no prominent accretionary
features. The interior contains some black glass.

M27: A sphere of very fresh dense dark glass with a smooth,
shiny surface, fresh, dark, frothy glass in the interior, and with a thin
alteration rind.

SIG-1: An oblong hollow spheroid ~5 x 4 x 4 mm in size with
few protuberances. One end contains many <1 mm size vesicles. The
interior cavity is filled with secondary minerals. Several fresh, black
glass fragments were hand-picked for analysis.

SIG-2: A hollow sphere ~4 mm in size with a few protuberances and
many <0.5 mm size vesicles. This sample contained relatively little sec-
ondary material. One piece of fresh glass was hand-picked for analysis.

SIG-3: Flattened (on one side) spheroid ~5 mm in size with a
large protuberance on the flattened side. There are a few <1 mm size
vesicles. This sample was partially hollow—a clast occupies part of
the center. Fragments of impact glass (SIG-3) and a sample of second-
ary minerals (SIG-3w) were selected for analysis.

SIG-4: Slightly vesicular, smooth, brown, hollow glass ball. A
red-brown weathering rind surrounds fresh black glass. The interior
cavity is small, and partially filled with white secondary minerals.
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APPENDIX 4. INAA DATA ON MISCELLANEOUS SAMPLES

TABLE A2. COMPOSITIONS OF MISCELLANEOUS SAMPLES FROM METEOR CRATER
DETERMINED BY INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS

11G-4¢ SIG-3w M4b M18c M2
clast? sec min# sec min# sec min# oxide*
mass’ mg 16.73 + 3.99 + 1.05 + 20.91 + 54.58 +
Na ug/g 324 1800 20 169 1010 10 12.6 0.8
K,O wt% 0.91 0.02 1.25 0.03 0.28 0.01 0.014 0.007
CaO wt% 18 1 3.9 0.5 50 2 17.4 0.6
Sc yg/g 4.05 0.05 4.25 0.05 0.12 0.01 2.11 0.02 0.11 0.03
Cr ug/g 46 1 34 2 56.7 0.9 15 1
Fe mg/g 54.6 0.6 13.2 0.4 2.1 0.2 56.5 0.6 712 7
Co ug/g 213 2 18.0 0.2 15.6 0.3 254 3 2730 30
Ni mg/g 3.27 0.08 0.11 0.02 0.2 0.1 3.53 0.07 141 0.3
Zn yg/g 23 3
As yg/g 3.15 0.08 3.0 0.2 2.6 0.3 3.3 0.1 0.9 0.2
Br ug/g 0.48 0.05 1.3 0.2 28 1 2.4 0.1
Rb ug/g 28 4 42 5 11 2
Sr ug/g 120 60 350 20
Zr yg/g 260 40 450 60 240 30
Sb ng/g 220 20 480 40 210 10
Cs Hg/g 2.39 0.06 2.76 0.08 0.85 0.03
Ba ug/g 690 20 310 30 1000 200 3440 80
La Hg/g 14.2 0.2 16.6 0.2 4.4 0.1 7.77 0.09 0.35 0.01
Ce ug/g 28.0 0.5 29.6 0.8 16.2 0.3
Nd yg/g 12 3 9 3
Sm ug/g 3.04 0.04 2.72 0.04 0.51 0.03 1.62 0.02 0.053 0.005
Eu Hg/g 0.65 0.02 0.54 0.02 0.377 0.009
Tb ug/g 0.42 0.03 0.38 0.04 0.24 0.01
Yb Hg/g 1.60 0.04 1.49 0.08 0.94 0.03
Lu ug/g 0.245 0.008 0.22 0.02 0.10 0.05 0.145 0.008
Hf ug/g 75 0.2 12.2 0.3 7.0 0.1
Ta ng/g 480 40 470 40 300 20
W ng/g 380 80 1100 300 700 300
Ir ng/g 38 3 92 2
Au ng/g 4.7 0.7 24 9 10.9 0.9 33 2
Th ug/g 4.0 0.1 4.3 0.2 2.10 0.06
u ug/g 1.56 0.06 1.4 0.1 1.52 0.06

Note: In this table, Ni is given in units of mg/g. Individual uncertainties are given in the + columns.

tMass refers to mass in mg of analyzed material and represents most or all of the mass of sample prepared.
*Clast—lithic clast separated from impact melt particle [1G-4; sec min—secondary minerals found in impact melt particles SIG-3, M4 and

M18; oxide-rounded oxide bead.
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