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At the end of the Pleistocene a Younger Dryas “black mat” was deposited on top of the Pleistocene sediments
in many parts of North America. A study of the magnetic fraction (~10,900±50 B.P.) from the basal section of
the black mat at Murray Springs, AZ revealed the presence of amorphous iron oxide framboids in a glassy
iron-silica matrix. These framboids are very similar in appearance and chemistry to those reported from sev-
eral types of carbonaceous chondrites. The glass contains iron, silicon, oxygen, vanadium and minor titanium,
while the framboidal particles contain calcium as well. The major element chemistry of both the spherules
and the glass matrix are consistent with the chemistry of material associated with meteorite impact sites
and meteorites. Electron microscopy confirms that the glassy material is indeed amorphous, and also
shows that what appear to be individual oxide particles are amorphous as well. The latter appears consistent
with their overall morphology that, while euhedral, typically shows significant fracture. Based on these data,
we argue that these particles are the product of a hypervelocity impact.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Approximately 13,000 years ago the landscape of North America
was very different from that which exists today (e.g., Alley, 2007;
Haynes, 2008). The Clovis people, identified in the archeological re-
cord by large, unique projectile points recovered throughout North
America, were hunting mammoths and other megafauna that roamed
the continent near the close of the Pleistocene (Haynes, 2008). After
12,900 years ago, however, neither these large mammals nor the ma-
terial remains of the Clovis inhabitants appear in the geological or
archeological records. Instead Folsom-style artifacts appear to have
replaced Clovis (Haynes, 2008; Meltzer and Holliday, 2010). This co-
incides with a period in which the Younger Dryas (YD) climate was
significantly colder than either the preceding late-Pleistocene
(Allerød) or the succeeding early-Holocene (pre-Boreal). First recog-
nized in pollen profiles from northern Europe, this cold reversal was
named the Younger Dryas after fossil pollen of the dryas plant
(Dryas octopetala), signifying a tundra flora, commonly found in its
fossil pollen assemblages (Taylor and Lamorey, 1993). Radiocarbon
ages for the YD vary, but dates of approximately 10,900±50 B.P. for
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its beginning and 9800±50 B.P. (12,900 years ago) for its end are
reasonable (Fiedel, 2006; Haynes, 2008; Stuiver et al., 1995). There
have been several hypotheses presented to explain these sudden
changes in climate and human culture, as well as the late-
Pleistocene extinction, and some are highly controversial (e.g., Alley,
2000, 2007; Bradley and England, 2008; Broecker, 2006; Broecker
et al., 1985, 1989; Firestone et al., 2007; Gill et al., 2009; Kennett
et al., 2008, 2009; Marlon et al., 2009; McManus et al., 2004; Pinter
and Ishman, 2008). Nevertheless, it is clear that a major paleoenvir-
onmental event occurred at ~12,900 years ago.

One of the geological markers often associated with the YD onset
is a dark, organic-rich layer of clayey silt called the “black mat”
(Firestone et al., 2007; Haynes, 2008; West and Goodyear, 2008).
Black mats are found in two-thirds of the 97 geoarcheological sites
that bridge the Pleistocene–Holocene transition (Haynes, 2008).
Most black mats are paleosols, but some consist of a layer of organic
material, varying in color from dark gray to black, considered to
have been deposited under moist to wet conditions. Clovis artifacts
and Pleistocene fauna are found directly beneath, but never within
or above, the black mat (Haynes, 2008). Most YD-age black mats are
dark gray to black due to relatively high organic carbon (0.05–8%)
compared with strata above and below (Essene and Fisher, 1986;
Lougheed and Mancuso, 1973). There are both younger and older
black layers (Holliday and Meltzer, 2010), but they do not appear to
be as common, pervasive or as widely distributed over North America
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Table 1
Electron microprobe analysis of spherules and matrix of particles 1 and 2 from the >400 μm size magnetic fraction.

Spherules-particle 1 Particle 2

sph1 sph2 sph3 sph4 sph5 sph6 sph7 sph8 sph9 sph10 sph11 sph12 sph13 sph14 sph15 avg std sph1

Na2O 0.13 0.27 0.34 0.38 0.23 0.18 0.05 0.14 0.25 0.26 0.51 0.15 0.20 0.12 0.14 0.22 0.12 0.19
MgO 0.35 0.24 0.23 0.29 0.28 0.26 0.28 0.25 0.31 0.35 0.32 0.40 0.25 0.32 0.28 0.30 0.05 0.41
Al2O3 0.53 0.98 0.85 0.76 0.69 0.58 0.52 0.57 0.97 1.31 1.45 0.72 0.72 0.63 0.57 0.79 0.28 0.86
SiO2 6.47 8.50 7.18 7.34 6.81 7.01 6.34 6.96 6.98 8.69 10.35 7.83 6.20 6.53 6.57 7.32 1.12 10.19
SO2 0.42 0.42 0.54 0.45 0.58 0.38 0.49 0.91 0.36 0.22 0.35 0.37 1.26 1.35 1.88 0.67 0.47 0.16
K2O 0.01 0.08 0.03 0.04 0.04 0.02 0.02 0.01 0.02 0.04 0.07 0.01 0.03 0.01 0.02 0.03 0.02 0.03
CaO 1.67 1.96 1.69 1.63 1.60 1.82 1.73 1.80 1.98 1.99 2.03 2.19 1.61 1.61 1.55 1.79 0.20 3.08
TiO2 0.02 0.05 0.00 0.02 0.02 0.02 0.01 0.04 0.03 0.03 0.03 0.02 0.02 0.01 0.03 0.02 0.01 0.11
Cr2O3 0.01 0.02 0.02 0.01 0.03 0.02 0.00 0.03 0.01 0.01 0.00 0.08 0.00 0.07 0.02 0.02 0.02 0.05
MnO 0.01 0.00 0.00 0.00 0.03 0.00 0.02 0.00 0.02 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.00
Fe2O3 81.63 67.10 78.69 75.84 82.56 80.18 75.22 79.28 76.69 73.97 71.51 79.59 80.43 82.16 82.35 77.81 4.44 71.24
NiO 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.03 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02
V2O3 1.55 1.23 1.57 1.26 1.56 1.61 1.51 1.58 1.53 1.84 1.51 1.51 1.66 1.58 1.23 1.52 0.17 2.02
Total 92.80 80.85 91.14 88.01 94.43 92.08 86.18 91.60 89.15 88.76 88.14 92.88 92.37 94.38 94.63 90.49 3.73 88.36

Atom percent
Na 0.140 0.319 0.357 0.420 0.235 0.191 0.056 0.146 0.276 0.278 0.547 0.159 0.207 0.119 0.147 0.24 0.13 0.201
Mg 0.285 0.214 0.192 0.245 0.225 0.213 0.243 0.208 0.259 0.294 0.268 0.323 0.204 0.253 0.218 0.24 0.04 0.338
Al 0.340 0.701 0.552 0.507 0.435 0.373 0.355 0.370 0.640 0.861 0.944 0.459 0.460 0.397 0.358 0.52 0.19 0.559
Si 3.516 5.175 3.941 4.161 3.629 3.828 3.703 3.813 3.918 4.837 5.727 4.210 3.375 3.474 3.480 4.05 0.68 5.648
S 0.212 0.242 0.277 0.238 0.289 0.195 0.267 0.468 0.192 0.112 0.182 0.188 0.645 0.675 0.933 0.34 0.23 0.086
K 0.007 0.063 0.023 0.025 0.028 0.013 0.013 0.004 0.014 0.032 0.048 0.005 0.017 0.008 0.017 0.02 0.02 0.019
Ca 0.974 1.279 0.994 0.989 0.912 1.065 1.081 1.057 1.190 1.189 1.203 1.263 0.936 0.916 0.878 1.06 0.13 1.832
Ti 0.009 0.024 0.002 0.010 0.009 0.009 0.003 0.016 0.012 0.012 0.012 0.008 0.006 0.005 0.010 0.01 0.01 0.047
Cr 0.003 0.008 0.007 0.003 0.013 0.007 0.001 0.012 0.004 0.003 0.00 0.033 0.002 0.030 0.006 0.01 0.01 0.021
Mn 0.003 0.002 0.001 0.00 0.014 0.000 0.011 0.000 0.010 0.009 0.00 0.000 0.000 0.00 0.004 0.00 0.01 0.00
Fe 33.41 30.74 32.51 32.37 33.10 32.94 33.06 32.66 32.38 30.97 29.77 32.22 32.94 32.91 32.84 32.32 1.03 29.72
Ni 0.00 0.000 0.004 0.004 0.00 0.00 0.001 0.011 0.00 0.009 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.008
V 0.677 0.598 0.690 0.572 0.667 0.705 0.707 0.693 0.690 0.822 0.671 0.650 0.726 0.674 0.524 0.67 0.07 0.899

sph=spherules

Matrix-particle 1 Particle 2 Spherule 2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 avg std 1 2

Na2O 0.07 0.14 0.19 0.11 0.17 0.16 0.19 0.40 0.15 1.02 0.75 0.78 0.45 0.16 0.14 0.33 0.30 0.00 0.00
MgO 0.56 0.45 0.60 0.51 0.52 0.61 1.43 0.69 0.51 1.56 1.61 1.00 0.93 0.62 0.48 0.80 0.41 0.00 0.00
Al2O3 2.12 2.05 2.50 2.04 1.34 2.96 3.80 2.58 2.91 9.85 8.84 5.09 5.78 2.79 1.43 3.74 2.59 0.01 0.02
SiO2 14.48 13.04 14.42 12.41 12.54 13.94 17.68 14.87 15.75 33.62 24.21 17.45 18.74 15.24 12.30 16.71 5.61 96.20 97.37
SO2 0.12 0.07 0.10 0.06 0.11 0.07 0.10 0.14 0.06 0.41 0.62 0.78 0.33 0.08 0.22 0.22 0.22 0.01 0.00
K2O 0.05 0.07 0.12 0.10 0.01 0.26 0.31 0.15 0.18 2.52 0.75 0.48 0.50 0.20 0.02 0.38 0.63 0.01 0.06
CaO 3.45 2.86 3.28 3.23 4.19 3.18 3.27 3.44 2.52 3.23 4.30 5.70 3.49 3.38 4.17 3.58 0.76 0.06 0.07
TiO2 0.16 0.11 0.15 0.18 0.06 0.13 0.20 0.12 0.18 0.19 0.23 0.18 0.19 0.12 0.08 0.15 0.05 0.00 0.01
Cr2O3 0.10 0.00 0.02 0.00 0.09 0.00 0.04 0.00 0.01 0.00 0.04 0.00 0.03 0.00 0.06 0.01 0.05 0.00 0.00
MnO 0.00 0.02 0.02 0.02 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.00 0.00 0.02 0.03 0.03
Fe2O3 64.15 56.45 55.34 54.30 67.64 52.61 50.33 58.88 49.76 31.68 40.95 44.80 49.02 50.40 56.25 52.17 8.86 0.28 0.48
NiO 0.01 0.01 0.02 0.03 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.02 0.01 0.03 0.00 0.02 0.01 0.00
V2O3 2.49 3.07 2.61 3.14 2.62 2.64 2.19 3.28 2.25 1.34 1.87 2.44 2.47 2.41 2.22 2.47 0.49 0.00 0.01
Total 87.76 78.34 79.37 76.12 89.28 76.55 79.58 84.55 74.26 85.41 84.19 78.69 81.96 75.45 77.39 80.59 4.67 96.61 98.05
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as the YD black mats, nor are they known to be associated with any
major climatic perturbation as is the case with YD cooling.

At Murray Springs (MS), Arizona, a well-studied Clovis site con-
tains a 2–10 cm thick black mat that covers the remains of two com-
plete mammoths and twelve bison along with Clovis-age stone tools
(Firestone et al., 2007; Haynes, 2008; Haynes and Huckell, 2007;
West and Goodyear, 2008). The black mat covers a Clovis-age stream
channel of sand and gravel as thin black stringers separated by sever-
al centimeters of white marl facies (Haynes et al., 2010). Away from
the channel the black mat rises gently over an older surface where
it is up to 10 cm thick (Haynes and Huckell, 2007). Recently, the min-
eralogy of the base of the black mat at this location has become of in-
terest because of the reported occurrence of abundant magnetic
spherules, peaks in iridium, and nanodiamonds considered to have
formed during a cosmic impact event (Firestone et al., 2007;
Kennett et al., 2008, 2009; West and Goodyear, 2008). Other re-
searchers examined the samples from the same unit and suggested
that none of these conclusions were warranted (Haynes et al., 2010;
Paquay et al., 2009; Pinter and Ishman, 2008; Surovell et al., 2009).
We, therefore, obtained magnetic fractions from this sediment to fur-
ther characterize the materials.
2. Methods

In order to analyze the magnetic fraction of the black mat material,
approximately 500 g of sample (26MS07) were obtained from the
Murray Springs site. Sample 26MS07 included about 0.5 cm of basal
black mat and about 1.0 cm of the top of stratum of the brown
sandy clay unit directly below and in contact with the black mat
(see Haynes et al., 2010 for a stratigraphy). These were dried and
lightly disaggregated, and spread thinly on a large flat surface. A
high field Nd magnet was then wrapped in plastic shrink-wrap and
lightly touched to the surface of the powder under water. The mate-
rial adhering to the wrapped magnet was then placed in a separate
container. This magnetic fraction (729 mg) was then sieved into sev-
eral size fractions. Portions of the finer fractions (~50 μm) were then
examined using scanning electron microscopy. Coarser fractions
(>400 μm) were mounted in epoxy mounts and polished for chemi-
cal and petrographic characterization.
2.1. Optical and Scanning Electron Microscope (SEM)

The initial, finer-grained samples were examined using a Hitachi
S3400 variable pressure scanning electron microscope (SEM) in
both backscattered and secondary electron modes. The epoxy mounts
were first examined using a Nikon Eclipse 50i POL polarizing micro-
scope, then coated with carbon to create a conductive surface and an-
alyzed using a Cambridge Stereoscan 120 SEM. The electron
microscope was equipped with a back-scattered electron detector as
well as an energy dispersive X-ray spectrometer (EDS) with digital
imaging capabilities. The SEMwas used to characterize textures, sam-
ple surfaces and obtain backscatter electron images of the samples to
determine the mineralogy of the particles.
2.2. Electron Microprobe (EMP)

Electron microprobe analyses were obtained using a Cameca
SX100 electron microprobe (EMP) with a Princeton Gamma Tech
(PGT) equipped with an energy dispersive spectrometer and five
wavelength dispersive spectrometers. A 5-μm beam operated at an
acceleration of 15 keV with a 20 nA current was used. Thirteen ele-
ments were analyzed and quantitative analyses of the matrix and
spherules are reported in Table 1.



Fig. 1. Petrography of particles and iron spherules from the Murray Springs, AZ Clovis-age site. (a) A back-scattered electron (BSE) image of a particle from the >400 μm magnetic
fraction obtained from the basal portion of the black mat at the Murray Springs Clovis-age site showing iron spherules (bright gray) in an iron–silicon glass matrix (darker gray),
(b) a magnified BSE image showing the texture of the spherules enclosed in glassy matrix, (c) a SEM image of whole iron spherule from the 180 μm size fraction, and (d) a scanning
electron image (SEM) of the grains (often cracked) that constitute the iron spherules.

Fig. 2. A high-resolution transmission electron microscope image (HRTEM) of glassy
matrix showing randomly oriented, nanoparticulate crystalline material with an elec-
tron diffraction pattern showing rings (inset) characteristic of a non-crystalline matrix.
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2.3. High-Resolution Transmission Electron Microscopy (HRTEM)

Following SEM imaging, high-resolution transmission electron mi-
croscopy (HRTEM) and EDS analyses were employed to better charac-
terize both the glass and framboidal particles. To do so, samples were
prepared using an Hitachi FB-5000 dual-beam focussed-ion-beam
(FIB) microsampling mill to obtain electron-transparent samples of
iron oxide subgrains from the framboids and from the glassy matrix
(described below). These were imaged using the Hitachi HF-3300
with a double-tilt sample holder at the High-Temperature Materials
Laboratory at the Oak Ridge National Laboratory (HTML).

3. Results

Fig. 1 shows SEM images of some of the framboids discovered in
these samples (spherules are referred to as framboids or having a
framboidal texture when they appear as a cluster of smaller oxide
particles). These particles are significantly different from the smooth
spheroids previously described by Firestone et al., 2007, which were
reported to form a distinct abundance peak in this layer at Murray
Springs (Firestone et al., 2007; Haynes et al., 2010). While the fram-
boids, approximately 5 and 50 μm in diameter, appear to be spherical
and smooth, closer SEM examination (Fig. 1c, d) revealed that the
surfaces are not smooth, but are rough because they are made up of
small (~1 μm) cubic subgrains. These subgrains have morphologies
consistent with magnetite, consisting of a cube modified in some

image of Fig.�2


Fig. 3. (a) A transmission electron image of a framboid grain showing structurally complex zones, containing significant internal layering and strong fracture patterns consistent
with the SEM results (see Fig. 1). Squares show locations of high-resolution TEM images obtained; (b) HRTEM image of square 15307 in (a) showing the structural complexity
of the framboid and the electron diffraction pattern (inset); (c) HRTEM image of the framboid showing randomly oriented, nanoparticulate crystalline material similar to that of
the glassy matrix, and Fourier transform analysis of this image (inset) with three periodicities and d-spacings consistent with hematite.
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cases by octahedral and/or dodecahedral faces. Energy dispersive
spectroscopy analysis revealed that they are, indeed, iron oxides. In
addition, most of the grains appeared to be cracked (Fig. 1d). Such
magnetite framboids are quite unusual in terrestrial environments,
but are similar to those found in several types of chondritic meteor-
ites, including CI, CR, and CM chondrites as well as CS-type cosmic
dust (see discussion below).

When we examined the larger (>400 μm) size fraction we also
found large particles containing framboidal iron oxide spherules.
In this case, however, the particles were contained within a glassy
matrix (Fig. 1a, b). The results of HRTEM analysis of both the matrix
and framboid particles are shown in Figs. 2 and 3. Electron diffrac-
tion analysis of the glass yielded only faint ring structures at small
d-spacings. This is consistent with high resolution imaging and
showed that the glass is composed of randomly oriented crystalline
nanoparticles approximately 2 nm across in an otherwise amor-
phous matrix.

TEM analysis was also performed on the framboidal particles.
Fig. 3a shows that these particles are structurally complex, containing
significant internal layering and strong fracture patterns similar to
those observed in the SEM. Electron diffraction (Fig. 3b inset), howev-
er, indicates that these particles are iron-rich spinels that are largely
amorphous in character. Only a few, faint diffraction spots and low
d-spacing diffuse ring structures are present. As with the glass,
high-resolution imaging (Fig. 3c) again shows the presence of
orientationally-disordered nanoparticles. Fourier transform analysis
of this image yields only three periodicities, but the d-spacings of
these points are similar to hematite.
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Table 2
Concentrations of selected elements from extra terrestrial and terrestrial material.

Sample description Si Ca Ti Fe Source

Carbonaceous
chondrite

0 0.11 0.11 72.1 Miura et al., 2000
0 0.04 0 72.3
0 0.3 0 72.8
0.01 0 0 70.1
0.05 0.07 0 68.2

Impact material 6.35 0.85 0 62.71 Zhao et al., 2006
20.77 0.92 0 36.27
1.18 0 0 70.12
4.09 0 0 64.66
3.85 0 0 49.3
4.04 0 0 70.51

Impact spherules 5.17 0 0 64.27 Pósfai et al., 2001
5.26 0 0 68.09
1.97 0 0 23.4

18.47 0 0 15.52
2.82 0 0 73.24
5.36 0 0 61.15

Average tektite 34.78 1.56 0.45 3.61 Beckerling and Bischoff,
1995
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The compositions of both the framboids and the matrix were de-
termined by electron microprobe analysis (Table 1). The framboids
are iron-rich, vanadium and calcium-bearing, and largely devoid of
titanium. This is significantly different from that of the spherules pre-
viously documented by Firestone et al., 2007, from the base of the
black mats, but similar to compositions of spinels from chrondrites.

Comparisons of these results with analyses of carbonaceous chon-
drites, impact material associated with meteorite showers and mete-
orite craters, and tektites are shown in Fig. 4a and b (see SI Table 1).
The glass matrix is Fe-oxide rich, and has a Si content consistent
with that of material from meteorite showers (Brett, 1967; Miura
et al., 1999; Miura et al., 2000) (Fig. 4a, b). The Fe/Si ratio is far too
high to be consistent with any known mineral, (Fig. 4c), but is similar
to the composition of the eutectic point in the SiO2–Fe3O4 system
with a melting point of approximately 1500 °C (Bowen and
Schairer, 1932). Such a high formation temperature is only consistent
with impact or fulguritic conditions, but the chemistry of the glasses
(see SI Table 1) is vastly different from that of terrestrial fulgurites
(Essene and Fisher, 1986) (Fig. 4c).
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Fig. 4. Iron vs. silicon diagrams (Data from Table 1). (a) Extra-terrestrial material in-
cluding spherules found in carbonaceous chondrites, impact material from meteorite
showers and craters, and tektites (fused particles of the Earth's surface formed during
a meteorite impact), (b) our data from the Murray Springs material showing both the
matrix compositions as well as the iron spherules, and (c) spherules found in terrestrial
environments such as fulgurites, and Professor Haynes' roof.

Fulgurites 38.45 1.28 0.12 1.48 Pinter and Ishman, 2008
38.25 0.64 0.24 1.4
39.69 0.99 0.3 1.79
45.45 0.14 0.66 0.39
46.48 0 0 0.16
99.7 0 0 0.2
54.9 0 0 45.9
34.6 0 0 0.1
31.4 0 29.8 33.3

Roof spherules 0.06 0.02 0.04 69.50 Haynes et al., 2010
0.12 0.00 0.05 70.44
6.68 0.32 0.24 55.25
0.33 0.02 0.27 66.75
0.09 0.02 4.58 59.26
0.09 0.01 0.09 69.85
0.15 0.03 0.04 69.81
0.33 0.00 0.13 69.00
0.40 0.01 0.17 69.19
0.23 0.01 0.11 68.93
4. Discussion

The data obtained on the framboids fromMS strongly suggest that
they are not only of meteoritic origin, but that they are relicts of a hy-
pervelocity impact. As noted above, it has been suggested that some
of the particles that were reportedly recovered from YD black mats
may have originated as accumulations of cosmic dust. To test this pos-
sible origin for the particles recovered in this study, we examined the
magnetic fraction of samples collected from the roof top of the home
of Professor Haynes in Tucson, Arizona, approximately ~80 miles
northwest of the MS site (Haynes et al., 2010). Although iron-oxide
spherules were found in the roof-top samples, these particles did
not have the framboidal texture observed in the MS samples and
their chemistry (Table 2) (Haynes et al., 2010) was significantly dif-
ferent from that of the particles from MS (Table 2; Fig. 4c). In addi-
tion, none of the particles obtained were embedded in glassy
matrices.

The presence of the glassy matrix is especially significant. Cosmic
dust (Brownlee, 1985) continually falls on the Earth's surface. It is
made up of ET particles such as interplanetary dust particles (IDPs)
(Dai and Bradley, 2001) and micrometeorites (Badjukov and Raitala,
2003; Beckerling and Bischoff, 1995; Kurat et al., 1994). These parti-
cles can consist of smooth iron, silica, and glass and framboidal
micro-spherules and particles in a crystalline matrix (Badjukov and
Raitala, 2003; Beckerling and Bischoff, 1995; Brownlee, 1985; Dai
and Bradley, 2001; Kurat et al., 1994). Framboidal magnetite has, in
fact, been reported from CS-type (chondritic, smooth) cosmic dust.
To our knowledge, however, framboidal magnetites such as those
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reported here have never been reported in a glassy matrix in cosmic
dust.

CS-type cosmic dust is believed to have originated as chondritic
meteorites (Hua and Buseck, 1998). While rare, framboidal spherules
consisting of magnetite crystals are found in a variety of chondritic
extraterrestrial materials. These include the CI-type chondrites, of
which only nine are currently known including Orgueil (Abreu and
Brearly, 2005; Hua and Buseck, 1998), which are believed to have un-
dergone aqueous alteration, the CR chondrites of which only about 15
are known (Hyman et al., 1985), the CM chondrites Essebi and Hari-
pura (Hyman et al., 1985), and other chondrites in which the magne-
tite framboids have sulfide rims (Boctor et al., 2003; Rubin and
Kallemeyn, 1990). Again, to the best of our knowledge these fram-
boids do not occur in glassy matrices in any of these meteorite types.

Magnetite framboids are also found in some terrestrial materials
but, again, these are quite rare. In terrestrial materials, such as iron
ore formations (Lougheed and Mancuso, 1973) and dinosaur bones
(Miura et al., 1999) the Fe-rich framboids are usually pseudomorphi-
cally replacing biogenic sulfides and therefore have high sulfur con-
tents (e.g., Pósfai et al., 2001). Micro-spherules are also found in
fulgurites, which are fused Earth material formed when lightning
strikes the Earth, but these micro-spherules rarely have a framboidal
texture, have an extensive range in chemistry (Fig. 2c) including high
Ti values, and are often highly reduced (Essene and Fisher, 1986).
Iron-oxide framboids have also been described among the many tex-
tures and compositions of “ferrospheres” in fly ashes, possibly as
pseudomorphs after pyrite (Zhao et al., 2006), but these appear to
compare poorly to those in our samples and, again, may contain sig-
nificant sulfur. Thus, the particles described in this study are not con-
sistent with samples from either terrestrial or unmodified extra-
terrestrial sources. Therefore, as the framboidal magnetites in a glassy
matrix reported here are consistent with those found in some chon-
dritic meteorites, and inconsistent with known terrestrial sources, it
is possible that they could have formed as the result of the high-
energy destruction of an appropriate chondritic meteorite. Together,
these data suggest that the framboid particles are the product of a hy-
pervelocity impact event. Its spatial extent remains to be determined
(c.f. Bunch et al., 2011).

5. Conclusions

Analysis of the data presented in this paper clearly shows that the
framboidal particles obtained from the MS site are not consistent
with known cosmic dust or terrestrial materials. These particles
occur in a glassy matrix with an unusual chemical composition, are
structurally complex, and contain significant internal layering and
strong fracture patterns. Such fracturing could reflect shock damage
that occurred during an impact event. While the fracturing of the
oxide particles, and possibly their amorphization could be due to al-
teration and expansion during partial or complete alteration to an
iron hydroxide or oxy-hydroxide in the moist soil environment typi-
cal of the black mat, this is an unlikely origin for the glassy matrices in
which the oxide particles occur. In addition, when glasses are subject
to alteration they tend to devitrify and crystallize. Neither texture is
observed in the glassy matrix of the particles in our study. These
data suggest that the observed textures are not due to hydrational ex-
pansion, but to a shock event that fractured and largely amorphised
the grains as a whole and melted and possibly contaminated the ma-
trix. Therefore, we argue that these particles are the product of a hy-
pervelocity impact event. The exact nature of this event, and its
spatial extent, however, remain to be determined.
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