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Analysis of the Younger Dryas Impact Layer

R.B. Firestonel, A. Westz, Zs. Revay3, J. T. Hagstrum4, T. Belgya3, S.S. Que Hees, and A.R.
Smith'

"Lawrence Berkeley National Laboratory, Berkeley, Ca 94720, 2GeoScience Consulting, Box 1636,
Dewey, Arizona 86327, *Institute for Isotope and Surface Chemistry, P.O. Box 77, H-1525 Budapest,
Hungary, *U.S. Geological Survey, 345 Middlefield Road MS 937, Menlo Park, CA 94025,

3 University of California, Los Angeles, ICP-MS Facility, Los Angeles, CA 90095

We have uncovered a thin layer of magnetic grains and microspherules, carbon spherules, and
glass-like carbon at nine sites across North America, a site in Belgium, and throughout the rims
of 16 Carolina Bays. It is consistent with the ejecta layer from an impact event and has been
dated to 12.9 ka BP coinciding with the onset of Younger Dryas (YD) cooling and widespread
megafaunal extinctions in North America. At many locations the impact layer is directly below a
black mat marking the sudden disappearance of the megafauna and Clovis people. The
distribution pattern of the Younger Dryas boundary (YDB) ejecta layer is consistent with an
impact near the Great Lakes that deposited terrestrial-like ejecta near the impact site and
unusual, titanium-rich projectile-like ejecta further away. High water content associated with
the ejecta, up to 28 at.% hydrogen (H), suggests the impact occurred over the Laurentide Ice
Sheet. YDB microspherules and magnetic grains are highly enriched in TiO,. Magnetic grains
from several sites are enriched in iridium (Ir), up to 117 ppb. The TiO,/FeO, K/Th, TiO,/Zr,
AL O3/FeO+MgO, Ca0O/Al,0O3;, REE/chondrite, FeO/MnO ratios and SiO,, Na,O, K,0, Cr;03;,
Ni, Co, U, Th and other trace element abundances are inconsistent with all terrestrial and
extraterrestrial (ET) sources except for KREEP, a lunar igneous rock rich in potassium (K),
rare-earth elements (REE), phosphorus (P), and other incompatible elements including U and
Th. Normal Fe, Ti, and **U/*°U isotopic abundances were found in the magnetic grains, but
24U was enriched over equilibrium values by 50% in Murray Springs and by 130% in Belgium.
YK abundance is enriched by up to 100% in YDB sediments and Clovis chert artifacts. Highly
vesicular carbon spherules containing nanodiamonds, glass-like carbon, charcoal and soot found
in large quantities in the YDB layer are consistent with an impact followed by intense burning.
Four holes in the Great Lakes, some deeper than Death Valley, are proposed as possible craters

produced by the airburst breakup of a loosely aggregated projectile.

We have reported' a narrow layer of magnetic grains and microspherules, dated to 12.9 ka, at

seven Clovis sites across North America, glacial Lake Hind in Manitoba, Canada, a drumlin in
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Alberta, Canada, a comparably dated site in Lommel, Belgium, and throughout the 1-5 m thick rims of
15 Carolina Bays. Additional markers found in the YD boundary layer (YDB) at most sites include
high concentrations of iridium, glass-like carbon containing nanodiamonds and fullerenes with ET *He
abundance, carbon spherules, soot, and charcoal. At many sites, a “black mat” lies directly above the
YDB layer, which has also been identified by C. Vance Haynes at 57 sites in North America’. Haynes®
reported that no evidence of extinct megafaunal remains or in situ Clovis artifacts is found above the
black mat and suggested that “the sudden extinction of the Pleistocene megafauna would be
dramatically revealed by explaining that all were gone an instant before the black mat was
deposited”. The age of the YDB layer was determined as 12,938%25 cal yr BP from the average of
youngest dates determined at various sites summarized in Table 1. This age coincides with the onset
of YD cooling ~12,900 yr BP determined from GISP2 methane and paleotemperature analysis (Fig.
1). We propose that the YDB layer is an impact ejecta layer. This impact appears have been an
airburst near the Great Lakes possibly over the Laurentide Ice Sheet. In this paper we discuss our
analysis of the composition and distribution of magnetic grains and microspherules, carbon spherules,
glass-like carbon, charcoal and soot found in the YDB and compare the results with known terrestrial
sources, previous impact layers, meteorites, and lunar sediments to infer the composition and origin of

the projectile and the location of the impact site.

Table 1. Youngest dates available for the sites examined containing YDB markers. In most cases, the
sites were independently dated by other researchers and recalibrated here using IntCal04*. Two sites
were not previously radiocarbon dated: (1) Morley drumlin is constrained by the end of local
deglaciation to ~13 ka; and (2) the Chobot site is of Clovis age because of an abundance of Clovis
artifacts, limiting the site's age, according to Waters and Stafford’, to a minimum range of ~200 years
between 13,125 to 12,925 cal. B.P. Seven of the 10 sites exhibit a black mat immediately overlying the
YDB layer.

# Black + +
YDB TEST SITES Dates | Mat CalBP | (16) | 'C Date (16) | SOURCE
Blackwater Draw, NM 1 Yes 12982 | 575 11040 500 | Taylor, et. al (1996)6
Chobot, AB, CAN 1 Yes ~13000 - Archaeology - Staff (2000)7
Daisy Cave, CA 1 Yes 13090 | 140 11180 130 | Erlandson, et al. (1996)8
Gainey, MI 1 No 12400 | 1000 TL - Simons, et al. (1984)9
Lake Hind, MB, CAN 1 Yes 12755 87 10610 25 UCTAMS 29317 (this work)
Lommel, Belgium 1 Yes 12943 | 30 10950 50 | Van Geel, et al. (1989)'°
Morley, AB, CAN 1 Yes ~13000 - Deglaciation - Boyce, et al. (1991)11
Murray Springs, AZ 8 Yes 12916 | 25 10890 50 | Taylor, et al. (1996)
Wally’s Beach, ABA CAN 1 No 12966 | 61 10980 80 | Kooyman, et al. (2001)"

Weighted Average | 12938 25




Sample collection and preparation

Sediment samples were collected from the YDB layer at each site which was identified by its
proximity to the black mat and/or its association with Clovis-age artifacts. Sediment samples from
above and below the YDB layer were also collected to determine the distribution of YDB markers.

The magnetic and carbon components of the impact layer were separated from sediment as follows.

Separation of the magnetic component of the impact layer

A 27%17x0.5” grade-42 neodymium magnet was used for qualitative in situ field testing to
locate the peak in magnetic grains in the YDB. This worked best in loose, dry sediment with a high
grain concentration. For quantitative analysis several methods were used to separate magnetic grains
from sediment, depending upon the type of sediment. For large-scale processing, the following basic
procedures were used with automated equipment and a bank of magnets, which were placed in a
moving stream of either wet or dry sediment. Small samples were processed manually.

For loose or sandy sediment about 500-1000 g of friable sand or silt was first dehydrated at
room temperature and weighed. Then the samples were put into a container and any lumps were
broken up. All processing was done with non-metallic tools to avoid contaminating the sample with
foreign metal. The magnet was placed in a 4-mil plastic bag to prevent grains from adhering directly to
the magnet. Sediment sample was poured over the tightly bagged magnet into an empty container.
Magnetic grains sticking to the magnet were collected in a separate container when the magnet was
removed from the bag. This process was repeated until all of the magnetic grains were recovered. In
order to remove dust and debris still adhering to the magnetic grains and spherules the magnetic
fraction was placed in a beaker of water. The bagged magnet was gently agitated in the beaker to
attract the magnetic grains which were then deposited on to a dry laboratory dish after the magnet was
removed from the bag. After drying, the samples were weighed, catalogued, and examined
microscopically.

For sediment that was sticky or clayey and difficult to pulverize about 4 liters of water were
added to each 500-1000 g of sediment and homogenized it into slurry. The bagged magnet was used to
extract magnetic grains from the fluidized mixture and the magnetic grains were then released from the
magnet into a separate container of water and then retrieved onto a laboratory dish as discussed above.

Although sonication is a common way of separating magnetic grains from sediment, this
process was not used here because that procedure typically collects only the smallest most highly
magnetized grains missing up to 90% of the remainder, including many of the most interesting items

such as the titanium-rich microspherules. Fig. 2 shows a representative collection of magnetic grains
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and microspherules collected at the Blackwater Draw site. The magnetic grains have a continuum of

shapes ranging from sub-round to highly angular and very in color from white to black.

Extraction of magnetic microspherules

The magnetic fraction was extracted from a weighed sediment sample as discussed above. The
concentration of microspherules in bulk sediment is low and it was often necessary to search nearly the
entire magnetic fraction to find them. Approximately 100 mg aliquots of the magnetic fraction were
weighed, deposited sparsely across a microscope slide, and scanned microscopically. Microspherules,
typically ranging from 10-100 pum, were counted, and their abundance extrapolated to quantity per kg.
Selected microspherules were manually removed from the magnetic fraction with a moistened probe
and placed onto either an SEM mount or double-sided tape on a microscope slide. The spherules were
either left whole or sectioned and given a microprobe polish for analysis by laser ablation or X-ray

fluorescence (SEM/XRF). Representative microspherules from various sites are shown in Fig. 3.

Extraction of carbon spherules, glass-like carbon, and charcoal

Low density carbon spherules were separated by floatation in water. Typically one kg samples
were added to about 4 liters of water and agitated. The floating fraction was collected with a 150-um
sieve. A second carbon fraction with specific gravity slightly greater than water was manually
removed from the surface of the wet sediment. After drying the carbon spherules at low temperatures
they were collected either manually or gravimetrically by vibrating the dried sample on an inclined,
polished surface. Glass-like carbon and charcoal, in the samples were extracted manually and weighed.

Typical samples of carbon spherules, glass-like carbon, and charcoal are shown in Fig. 4.

Research site descriptions

The distribution of YDB markers found at research sites described below is summarized in Table 2.
Magnetic microspherules were found only in and adjacent to the YDB layer and magnetic grains
peaked in the YDB layer at all sites but they were also found at lower concentrations elsewhere. The
YDB magnetic grains and microspherules are consistent with an impact ejecta layer where the
microspherules represent the molten and vaporized material that was ejected outside of Earth’s
atmosphere, condensing as droplets in space, and returning to Earth hundreds to thousands of
kilometers from the impact point. The magnetic grains have irregular, often subspherical shapes and

represent partially melted ejecta from the impact site that generally did not travel as far. A third



component of the ejecta layer is local detrital material either reworked during the deposition of the

microspherules or mixed with the ejecta at a later time.

Table 2. Summary of the distribution of YDB markers found at the sites as discussed in this paper.
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Latitude--Longitude S
CLOVIS SITES: (with artifacts)
Blackwater Draw, NM 34.27564N 103.32633W | 2.14 | 768 | 0.03 | No | 0.03 | 3 (max 11) No |[Yes| 24
Chobot, AB, CAN 52.9952IN 114.71773W | 1.92| 578 | 0.11 | 11 | 0.19 -- No |Yes| No
Gainey, MI 42.93978N 83.72111W | 3.20| 2144 | 0.08 | 1232| 0.12 -- -- | No| No
Murray Springs, AZ 31.57103N 110.17814W | 2.62| 109 | 0.03 | No | 0.06 | 29 (max 87) | 21 |Yes| 2.2
Wally's Beach, AB 49.34183N 113.15440W | 7.79| 6 -- -- -- -- -- | No| 51
Topper, SC -- T-1 33.00554N 81.49001W | 0.51| -- | 0.06 | 257 | No -- -- |No| 28
Topper, SC -- T-2 33.00545N 81.49056W | 1.95| 97 | 0.07 | -- No -- -- | No| No
CLOVIS-AGE SITES:
Daisy Cave, CA 34.04207N 120.32009W | Yes| Yes | Yes | Yes | Yes |81 (max 108) | No |Yes| No
Lake Hind, MB, CAN 49.43970N 100.69783W | 0.28| No | 0.22 | 184 | Yes -- No |Yes| 3.0
Lommel, BELGIUM 51.23580N 5.26403E | 0.75| 16 | 0.06 | No | 0.13 -- No |Yes| 117
Morley drumlin, AB 51.14853N 114.93546W | 9.90| 1020 | Yes | 16 | 0.06 -- -- |Yes| No
CAROLINA BAYS: (with paleosol beneath)
Blackville, SC -- T13 33.36120N 81.30440W 2.8] 205 | 0.03 | 803 | 0.03 -- 1969 | No | 15
Myrtle Beach, SC -- M31| 33.83776N 78.69565W | 0.86| 36 | 0.21 | 492 | 0.73 -- -- | No| No
Howard Bay, NC -- HB | 34.81417N 78.84753W | 1.27| 22 | 0.01 |1458| 2.12 -- -- | No| 15
Lk Mattamuskeet -- LM [ 35.51865N 76.267917W [ 16.12| -- .007 | No | Yes -- -- | No| No
CAROLINA BAYS: (no paleosol reached)
Myrtle Beach, SC -- M33 | 33.81883N 78.74181W | 0.45| 20 |16.25| 142 | Yes |84 (max 682)| No |No | 2.1
Myrtle Beach, SC -- M24 | 33.83118N 78.72379W - - Yes | Yes | Yes -- -- | No| No
Myrtle Beach, SC -- M32 | 33.84034N 78.70906W - - Yes | Yes | Yes -- -- No | No
Salters Lake, NC -- B14 | 34.70992N 78.62043W | 0.53| 42 | 042 | 777 | 0.20 -- -- | No| No
Lumberton, NC -- L33 34.75566N 79.10870W | 0.08| -- | 0.14 | Yes | Yes -- -- | No| No
Lumberton, NC -- L28 3477766. N 79.05008W - - Yes | Yes | Yes -- -- No | No
Lumberton, NC -- L31 34.78117N 79.04774W - - Yes | Yes | Yes -- -- | No| No
Lumberton, NC -- L32 34.79324N 79.01871W - - Yes | Yes | Yes -- -- | No| No
Moore Cty, NC -- MC1 | 35.30104N 78. 84753W | 091| -- | 0.02 | 152 | 11.63 -- -- | No| No
Sewell, NC -- FS3 34.95800N 78.70280W -l - 10.11] 126 | 0.03 -- -- | No| No
Lake Phelps -- LP 35.78412N 76.434383W [ 17.10| -- .013 | No | Yes -- -- | No| No
AVERAGES 3.40( 389 | 0.99 | 489 | 1.39 |49 (max 222)| 995

2+ The first value = the total *He (as R/R,;) released at all temperatures. “Max”’= the
highest ratio measured for ET helium (*He as R/R,;,) during step-heating of the
fullerenes or acid-resistant residue (see companion fullerene paper).




Murray Springs, near Sierra Vista, Arizona, is one of several local Clovis mammoth kill-sites
associated with a chain of end-Pleistocene ponds at 12.9 ka. Sediments from the YDB layer are mostly
fine to coarse fluvial or lacustrine sand. A distinctive black mat, most likely of algal origin, drapes
conformably over the bones of butchered mammoths, and a thin layer (<2 cm) that contains YDB
markers lies at the base of the black mat and immediately overlies the bones”. The upper surfaces of
some Clovis-butchered mammoth bones, which were in direct contact with the YDB and the black
mat, exhibit slightly higher radioactivity and magnetic susceptibility than the lower surfaces. Fig. SA
shows that the distribution of magnetic grains and spherules, carbon spherules, charcoal, iridium and

nickel peaks in a narrow layer immediately beneath the black mat.

Blackwater Draw in New Mexico is southwest of the town of Clovis, which gave its name to
the type of projectile points first found there. It was a PaleoAmerican hunting site on the bank of a
spring-fed waterhole, where the black mat was found draped over bones of butchered mammoths and
Clovis artifacts. YDB markers are concentrated in a ~2-cm layer of fine-grained fluvial or lacustrine
sediment that lies at the base of the black mat in the uppermost stratigraphic horizon containing in situ
mammal bones and Clovis artifacts. The upper surfaces of some mammal bones were in direct contact
with the YDB or the black mat and exhibited very high levels of radioactivity. We sampled a 2-meter
stratigraphic sequence spanning the YDB down into the deep gravels that date to >40 ka and possibly
to 1.6 Ma”. ET markers peaked only in the YDB. Fig. 5B shows that the distribution of magnetic
grains and spherules, glass-like carbon, and iridium peaks in a narrow layer immediately beneath the

black mat.

Lake Hind in Manitoba, Canada, was an end-Pleistocene proglacial lake. Various analyses by
Matthew Boyd, et al., show that at ~12.76 ka, the ice dams on the lake failed catastrophically as part of
a regional pattern of glacial lake drainages. At the YDB, the failure rapidly transformed the lake from
deep to shallow water'”, as shown by pollen analysis and the start of peat accumulation. The sample
sediments are fine-grained lacustrine silt and peat. Fig. SC shows that the distributions of magnetic

grains, carbon spherules, iridium and nickel peak in the Clovis layer.

Chobot is southwest of Edmonton, Alberta, Canada. In Clovis times, it was located along the
shore of a proglacial lake, where a supply of quality flint attracted hunter-gatherers. The presence of
Clovis artifacts’* dates this level to an interval of ~200 years ending at 12,925 cal B.P."”>. The Clovis
level is capped by the YDB layer, above which there is a black mat similar to other sites. The YDB

sediment samples are mostly fine-grained and colluvial. Fig. 5D shows that the distributions of
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magnetic grains and spherules, carbon spherules, glass-like carbon and charcoal peak in the Clovis

layer.

Topper, located on a high bank of the Savannah River near Allendale, South Carolina, was a
Clovis-age flint quarry containing thousands of artifacts. Sediments are eolian, fluvial, colluvial, and
alluvial in origin and are comprised mostly of coarse to medium quartz sand. YDB markers occur
within a ~5-cm interval immediately in and above a distinct layer of Clovis artifacts. Lower sediments
in the sequence have been dated to >55 ka'®, and no ET markers appear in the stratigraphic sections
above or below the YDB. There is no black mat at this site. Fig. SE shows that the distributions of
magnetic grains and spherules and carbon spherules peak in the Clovis layer. At a new excavation the
neodymium magnet and a magnetic susceptibility meter were used to help identify the YD layer based
on the high iron content. Shortly afterward, the excavators recovered part of a Clovis point
immediately beneath the YD layer (Fig. 6), illustrating the usefulness of the YDB markers for locating

the Clovis horizon in new locations.

Morley is a non-archaeological site west of Calgary in Alberta, Canada. The site is on a raised
drumlin, a sub-glacial erosional landform that formed at the end of the Pleistocene during
deglaciation'’. The largest drumlin field near Ontario (5000 km?) contains 3,000 drumlins that date to
shortly after 13 ka, and the age of the Morley drumlin field appears to be similar. Later, the ice sheet
melted away leaving atop the drumlin glacial debris containing numerous YDB markers. Samples are
mostly gravel grading down through coarse and medium sand. Fig. SF shows that the distributions of

magnetic grains and spherules peak in the Clovis layer.

Gainey, north of Detroit, Michigan, was a PaleoAmerican campsite located tens of kilometers
from the southern margin of the Laurentide Ice Sheet at 12.9 ka. Sediments containing YDB markers
are mostly fine alluvial sand and glacial silt. The Gainey site has been closed and hence inaccessible
for many years, and only archived samples from the ~5-cm YDB layer were available for analysis. No
black mat was observed. Fig. 5G shows that the distribution of magnetic grains and spherules peaks in

the Clovis layer.

Wally’s Beach at St. Mary Reservoir, southwestern Alberta, Canada, was a stream-fed valley
that, at 12.9 ka, supported many species of now-extinct megafauna, including mammoths, camels, and
horses. Hundreds of their footprints were found there during prior excavations. A sediment sample of

fine-grained and silty alluvium was provided to us by Dr. Brian Kooyman from the brain cavity of a
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horse skull found (Fig. 7) in the YDB layer amidst Clovis points that tested positive for horse protein,

providing some of the first evidence that Clovis peoples hunted horses'®.

Daisy Cave is a cave/rockshelter on San Miguel Island, one of the Channel Islands off the
Southern California coast. This cave does not appear to have been occupied until about 11.5 ka, but a
Clovis-age human skeleton was found on nearby Santa Rosa Island, demonstrating that the
PaleoAmericans had boats capable of reaching the islands'®. Several markers were found, but others,
including Ir, were not found, possibly because the protected cave shelter prevented accretion. The

sediment with YDB markers dates to ~13.09 ka’° and varies from fine sand to silt.

Lommel is in northern Belgium, near the border with the Netherlands. At 12.94 kazl, this site
was a large late Glacial sand ridge, covered by open forest at the northern edge of a marsh. More than
50 archaeological sites in this area indicate frequent visits by the late Magdalenians, hunter-gatherers
who were contemporaries of the Clovis culture in North America®>. Throughout the Bélling-Allerod,
eolian sediments known as the Coversands blanketed the Lommel area. Fig. 8 shows that the
distributions of magnetic grains and spherules, charcoal, iridium, and rare earth elements peak beneath

the Usselo layer, the European analog to the black mat.

Carolina Bays are a group of =500,000 highly elliptical and often overlapping depressions
scattered throughout the Atlantic Coastal Plain from New Jersey to Alabama (see Fig. 9). They range
from ~50 m to ~10 km in length23 and are up to ~15 m deep with their parallel long axes oriented
predominately to the northwest. The bays have poorly stratified, sandy, elevated rims (up to 7 m) that
often are higher to the southeast. All of the Bay rims examined were found to have, throughout their
entire 1.5-5-m sandy rims, a typical assemblage of YDB markers (magnetic grains, magnetic
microspherules, iridium, charcoal, soot, glass-like carbon, nanodiamonds, carbon spherules, and
fullerenes with helium-3). In Howard Bay, markers were concentrated throughout the rim, as well as in
a discrete layer (15 cm thick) located 4 meters deep at the base of the basin fill and containing peaks in
magnetic microspherules and magnetic grains that are enriched in Ir (15 ppb), along with peaks in
charcoal, carbon spherules, and glass-like carbon. In two Bay-lakes, Mattamuskeet and Phelps, glass-
like carbon and peaks in magnetic grains (16-17 g/kg) were found about 4 meters below the water
surface and 3 m deep in sediment that is younger than a marine shell hash that dates to the ocean
highstand of the previous interglacial. Fig. 10 shows how various YDB markers are distributed
throughout Carolina Bays near Elizabethtown NC (B14), Myrtle Beach SC (M31), and Marion SC
(M33).
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Modern fire sites. Four recent modern sites were surface-sampled. Two were taken from forest
underbrush fires in North Carolina that burned near Holly Grove in 2006 and Ft. Bragg in 2007. Trees
mainly were yellow pine mixed with oak. There was no evidence of carbon spherules and only limited
evidence of glass-like carbon, which usually was fused onto much larger pieces of charcoal. The glass-
like carbon did not form on oak charcoal, being visible only on pine charcoal, where it appears to have
formed by combustion of highly flammable pine resin.

Two surface samples also were taken from recent modern fires in Arizona; they were the
Walker fire, which was a forest underbrush fire in 2007 and the Indian Creek Fire near Prescott in
2002, which was an intense crown fire. Trees mainly were Ponderosa pine and other species of yellow
pine. Only the crown fire produced carbon spherules, which were abundant (~200 per kg of surface
sediment) and appeared indistinguishable from those at Clovis sample sites. Both sites produced glass-

like carbon fused onto pine charcoal.

Methods of elemental analysis of the YDB layer samples

Sediments, magnetic grains and microspherules, carbon spherules, and glass-like carbon were
analyzed by Instrumental and Prompt Gamma-ray Neutron Activation Analysis (INAA/PGAA),
Scanning Electron Microscope X-ray Fluorescence (SEM/XRF), Induced Coupled Plasma Mass
Spectroscopy (ICP/MS), low-background gamma ray counting, and Thermal Ionization Mass

Spectroscopy (TIMS). These methods are described below.

Prompt Gamma-ray Activation Analysis (PGAA) of samples from many sites was performed
at the Department of Nuclear Research, Institute of Isotopes in Hungary. PGAA is a non-destructive

040
technique 2

using neutron beams to excite the samples producing gamma-ray spectra unique to each
element. Typically, several gamma-rays are excited for each element, which can be used for analysis as
shown in Fig. 11. PGAA is sensitive to all of the principal sample constituents, except oxygen, and
many trace elements. Concentrations are typically normalized to the total sample composition
assuming standard oxidation states. Bulk samples of magnetic grains and microspherules, ranging in
size from 9 mg to 13 g, were analyzed with PGAA for H, B, F, Na, Al, S, Si, Mg, Cl, K, Ca, Sc, Ti, V,

Cr, Mn, Fe, Co, Ni, Cu, Cd, Sm, Eu, and Gd.

Instrumental Neutron Activation Analysis (INAA) of samples from many sites was performed
at Becquerel and Activation Laboratories in Canada and at the Department of Nuclear Research,
Institute of Isotopes in Hungary. NAA was used to analyze trace element concentrations in bulk

magnetic grain samples and these results are complimentary to the PGAA measurements. Bulk
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magnetic grain and sediment samples were analyzed by NAA for Be, Na, Si, Ca, Sc, Cr, Fe, Co, Zn,
As, Se, Br, Rb, Zr, Mo, Ag, Cd, Sn, Sb, Te, Cs, Ba, Ce, La, Nd, Sm, Eu, Tb, Yb, Lu, Hf, Ta, W, Ir, Au,
Hg, Th, and U.

X-ray Fluorescence (XRF) analyses of magnetic microspherules were done with a Scanning
Electron Microscopes (SEM) at Cannon Microprobe and the USGS in Menlo Park. Representative
microspherules were sliced, polished, and mounted for analysis. The grains were examined using
energy dispersive x-ray detector (EDS). Elements with atomic number >10 were detected at Cannon
Microprobe and with atomic number >5 at the USGS. Different regions of the microspherules were

randomly analyzed to obtain average elemental concentrations.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Analysis. The isotopes *>°Cr,
SBO06LO26NG and 1P Ir were analyzed by ICP-MS. This analysis process involved digestion with
concentrated Fisher OPTIMA nitric acid (HNOj) followed by concentrated Fisher OPTIMA
hydrofluoric acid (HF) with evaporation of the hydrofluoric acid before ICP-MS analysis in 5% (v/v)
HNO:s;. All vessels and containers were acid washed in 10% nitric acid overnight, rinsed with ASTM I
water, and dried beforehand. Initially, large sample weights of about 100 g were used to screen the

various isotope ratio changes to detect changes in uranium (U) isotopes. A method blank and a positive

control (NIST Buffalo River Sediment SRM 8704) were analyzed in parallel.

Low background gamma-ray counting techniques were used at the Lawrence Berkeley
National Laboratory to measure the concentration of the natural radioactive isotopes 40K, mTh, and

23323817 Gamma rays from the decays of these isotopes were measured with HPGe detectors.

Thermal Ionization Mass Spectrometry (TIMS) analysis of 24358 wyas performed using
the USGS-Stanford Finnegan-Mat 262 TIMS to collect and isolate the uranium isotopic ratios.
Chemical separation of uranium from the sample was accomplished using acid dissolution and then
processed using anion exchange resins. The Finnegan-Mat262 Thermal Ionization Mass Spectrometer
(TIMS) utilizes a surface ionization technique in which nitrates of uranium are placed on a source
filament. Upon heating, positive ion emission occurs. The ions are then accelerated and focused into a
beam which passes through a curved magnetic field dispersing the ions by mass. Faraday cups and/or

an ion counter capture the ions and allow for quantitative analysis of the various isotopes.

Results of the sediment, magnetic grain and microspherule analysis
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Results of the elemental analysis of bulk sediment profiles at various Clovis-age sites by
PGAA, INAA and ICP-MS are summarized in Table 3. At most sites there is little difference between
the YDB impact layer and adjacent sediment layers because the impact was deposited as a thin layer
of ejecta at each site and was later diluted by turbation. This is a fundamental difference between the
YDB impact layer that is distributed within a few centimeters of sediment and the K-T boundary layer
that is often over a meter thick. At the Lommel, Belgium site background trace element
concentrations were unusually low and significant increases in the concentrations of Sc, V, Co, Zn, Br,
Sr, Y, Zr, Ba, rare earth elements (REE), Hf, Ta, Th, and U were observed.

Magnetic microspherules were only found in the YD impact layer. SEM/XRF analysis of 14
microspherules is shown in Table 4. Ten microspherules from Gainey, Morley drumlin, Blackwater
Draw, and Lommel are highly enriched in TiO,, averaging 34 wt.%, and FeO, averaging 44 wt.%
resulting in an usually high average ratio TiO,/FeO=0.77. Four microspherules from Gainey and
Morley drumlin contained little or no titanium and may be micrometeorites from other sources that
were redeposited by the melting glaciers.

Elemental analysis of magnetic grains from various Clovis-age sites by PGAA, NAA and ICP-
MS are compared with various terrestrial, impact layer, meteoritic and lunar sources in Table 5.
Magnetic grains extracted from the YDB at Gainey contain 14 wt.% FeO and 1.6 wt.% TiO, with a
ratio TiO,/FeO=0.11 that is similar to the ratio TiO,/FeO=0.19 in adjacent sediment and nearly the
crustal average ratio TiO,/FeO=0.13. This is consistent with a terrestrial, possibly local, origin for the
Gainey magnetic grains. The five Gainey magnetic microspherules have an average ratio
Ti0,/FeO=0.55 suggesting a different origin that that for the magnetic grains. The average TiO, and
FeO concentrations for magnetic grains from sites far from Gainey are 22 wt.% and 30 wt.%
respectively with a ratio TiO,/FeO=0.73. This suggests that all magnetic microspherules and magnetic
grains from all sites except Gainey may have a common origin. The high concentrations of TiO; in
both microspherules and distant magnetic grains appear inconsistent with concentrations in all
terrestrial, impact layer, and meteoritic sources except for lunar KREEP where a nearly identical ratio
TiO,/FeO=0.73 was observed.

The geographical distribution of YDB ejecta is shown in Fig. 12. Most YDB impact markers,
including the number of microspherules and the mass of magnetic grains, water, FeO, and Si0,, are far
more enriched at Gainey than at other sites. This is consistent with an impact near the Great Lakes that
deposited low-velocity terrestrial ejecta near the impact site. Microspherules and magnetic grains from
sites far from Gainey are enriched in TiO, which is consistent with the deposition of high-velocity,
titanium-rich ejecta from airburst of an unusual object far from the impact site. The TiO, distribution
is also asymmetric with lower concentrations to the south and west (8-16 wt.%) and higher

concentrations to the east (21-49 wt.%). That is consistent with a ballistic correction to the projectile
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ejecta motion due to Earth’s rotation®® for an object approaching from the north. The distribution of
FeO and SiO; is more symmetrical as expected if its origin is terrestrial.

The magnetic microspherules were presumably formed by impact ejecta launched above the
atmosphere that melted upon reentry. Magnetic grains would include material melted by the impact
and carried by an atmospheric shockwave spreading across the continent creating a wind-driven
pattern of destruction across the landscape. Microspherules would continue to rain down long after
the impact and the deposition of the magnetic grains. This scenario appears to have occurred at the
Wally’s Beach site where magnetic grains were recovered from inside an extinct horse skull which
had protected them from redeposition and postdepositional contamination. At Wally’s Beach the
magnetic grain concentration is higher than at any other Clovis site (7.5 g/kg) with an unusually high
iridium concentration (51 ppb). Conversely the number of microspherules in the horse skull is very
low (0.02 per cm?) possibly because the shockwave buried the skull before many microspherules
could fall into it.

Previous analyses of magnetic grains and microspherules found very different compositions. El
Goresy”’ reported only one of 47 grains and spherules in Greenland ice that contained measurable Ti
(29.7 wt.%). Gounelle et al analyzed 67 Antarctic micrometeorites™ finding none with more than 0.2
wt.% TiO,. A single large magnetic microspherule containing 26 wt.% TiO, was found in the KT
Maastrichtian bone bed” and one particle ascribed to the Tunguska impact was reported to contain 75
wt.% Ti*". Iyer et al’' summarized the average Ti concentrations in 202 volcanic spherules from the
Pacific Ocean (0.7-7 wt.%) and Central Indian Ocean Basin (0.3%). The average TiO, concentration
observed in YDB microspherules and distant magnetic grains greatly exceeds concentrations in nearly
all previously studied ET and volcanic spherules

TiO,/Zr ratios in YDB magnetic grains ratios are comparable to lunar KREEP and higher than
all terrestrial and impact layer sources except Laurentian Ocean Island basalt (LOIB). High TiO,/Zr
ratios are also observed in chondrites, shergottites, and lunar feldspathic meteorites, although SAU-
169 has a very low TiO,/Zr ratio.

H,0 content in magnetic grains was measured by PGAA which is unusually sensitive to
hydrogen in small samples. The concentration is high at all sites ranging up to 28 at.% H at Murray
Springs. At Gainey the magnetic grains contain 18 at.% H compared to 5 at.% H in the adjacent
sediment. Tektites and ET sources typically contain little H,O so it is likely that this excess must have
a terrestrial origin. It appears that this water is trapped in the magnetic grains because they often will
explode in a microwave oven. Large amounts of water (€20 wt.%) have also been observed in granite
silicate melt inclusions> suggesting that the water may have been trapped in the ejecta at the time of
impact. This would be consistent with an impact into the Laurentide Ice Sheet north of Gainey

combining ejecta with stream from the ice explosion.



Table 3. PGAA/INAA analysis of bulk sediment from Clovis-age sites. The YDB layer is indicated in green.

Element Hzo NaZO MgO A1203 SlOz PzOs KzO CaO T102 CI‘203 MnO FeO| Ir Th U

Site (depth cm) Weight(%) ppb ppm ppm
Gainey.MI 08 08 05 7 8 01 21 1.0 04 0.008 009 21| <1 55 2.0
Chobot, AB (8) 13 <0.01 0.010 33| <1 86 2.8
Wally's Beach, AB 5.2 <0.01 <1 0.006 20 <1 58 23
Murray Springs, AZ (244.8) 1 5.6 1.4 0.012 271 <5 13 69
Murray Springs, AZ (246.5) 1.1 2.8 0.9 0.006 1.6 <1 13 4.1
Murray Springs, AZ (247.1) 08 1.3 10 55 02 28 88 0.6 0.007 26 (<05 13 38
Murray Springs, AZ (247.7) 1.0 09 9 66 02 34 6.1 0.6 001 002517, 2 12 43
Murray Springs, AZ (248.3) 1.1 <2 0.6 0.005 15| <5 12 32
Murray Springs, AZ (262.0) 1.3 <2 0.8 0.011 2.7 <0.01 16 6.8
Blackwater Draw, NM (1237.74) 0.5 <2 0.1 0.002 08| <5 18 23
Blackwater Draw, NM (1238.17) 2.8 <0.01 <2 0.2 0.005 09| <1 35 4.1
Blackwater Draw, NM (1238.36) 08 09 6 8 0.07 1.6 08 0.3 0.009 0.010 1 2 54 56
Blackwater Draw, NM (1238.38) 32 <0.01 <2 0.7 0.006 08| <1 43 9.7
Blackwater Draw, NM (1238.48) 4.6 <0.01 <2 0.7 0.008 1.5] 2 5.7 4638
Blackwater Draw, NM (1239.60) 0.2 <2 0.2 0.001 04| <5 1.6 0.5
Topper, SC (20) 0.12 0.01 0.001 05| <1 34 1.1
Topper, SC (40) 0.05 0.05 <2 0.2 0.001 02| <5 24 09
Topper, SC (80) 0.07 0.01 0.3 0.002 06| <1 45 14
Topper, SC (120) 0.07 <2 0.3 0.001 02| <5 49 1.1
Topper, SC (155) 0.02 0.01 05 <1 43 14
Lommel, Belgium (30) <2 0.003 07| <1 12 0.3
Lommel, Belgium (42) 03 007 25 87 0.05 07 0.1 0.2 0.0050.004 04| <1 39 1.3
Lommel, Belgium (48) 0.1 <2 0.010 04| <1 13 05
Lommel, Belgium (55) 0.09 <2 0.006 03] <1 09 05
Lommel, Belgium (70) 0.1 <2 0.010 05| <1 08 04
Upper Continental Crust 33 25 15 67 0.15 28 3.6 064 001 01 5 |0.02 10 3

13



Table 4. X-ray fluorescence (XRF) analysis of the YDB Microspherules shows that they are highly
enriched in titanium and iron with a TiO3/FeO ratio comparable to YDB magnetic grains and very
different than all terrestrial and meteoritic sources except for lunar KREEP.

Site-sample AlL0; SiO; TiO, FeO MnO TiOy/FeO
Blackwater-1 3.7 5.8 13 74 1.7
Blackwater-2 2.3 3.1 53 37 3.5
Gainey-1 2.7 5.1 0 92
Gainey-2| 24.8 55 2 18
Gainey-3 2.9 4.0 68 25 0.1
Gainey-4 6.4 40.1 25 7
Gainey-5 1.9 3.7 29 64 1.0
Morley-1 2.7 4.5 47 44 1.7
Morley-2 3.0 4.6 40 50
Morley-3 1.7 1.9 0 84
Morley-4 34 11.5 0 84
Lommel-1 74 16
Lommel-2 54 11
Lommel-3 74 16
Spherule Average 5.0 12.7 34 44 0.7 0.77
Grain Average 6.1 44 22 30 0.9 0.73
Crustal 15 67 0.6 5 0.1 0.12
Ocean trench 10 59 0.5 7.6 2.2 0.07
Laurentian Basalt 15 50 2.2 13 0.2 0.17
Cretaceous Tertiary 15 70 0.3 4.5 0.01 0.07
PT layer 9 24 0.45 2.3 0.02 0.20
CI Chondrite 1.6 23 0.07 24 0.3 0.003
KREEP 9 14 12 19 0.14 0.63
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Table 5. Comparison of PGAA/NAA analysis of YDB magnetic grains from Clovis age sites and Carolina Bays with terrestrial sources, impact ejecta

layers, meteoritic and lunar sources. Ir concentrations designated with a * were measured in bulk sediment.

Element Hzo NazO MgO Ales SlOz P205 S Kzo CaO TlOz Cr 203 MnO FeO Ir Th U
Site Weight (%) ppb  ppm ppm
Gainey.MI 3.2 3 2.9 11 60 02 2 22 1.6 0.06 041 14 <2 9 2
Morley Drumlin, AB 37 064 2.7 4.8 50 02 1.1 10 1.4 002 014 14 4 1
Chobot, AB 5 1.5 12 62 02 25 13 09 0.02 053 14 12 3
Wally’s Beach, AB 1.6 1.8 6.9 34 1.6 35 83 0.18 032 41 51 9 3
Murray Springs, AZ 5.1 0.75 2 6.7 41 0.2 1.7 3.8 16 0.03 2 21 2% 34 8
Murray Springs black sand 42 0.7 0.04 92 10 3
Blackwater Draw, NM 1.5 0.53 2.1 6.5 51 0.07 0.5 1.5 8.1 0.15 1.1 27 |1242*% 28 14
Topper, SC Site 1 0.6 0.19 1.9 21 0.06 02 025 36 0.07 1.7 41 15 2
Topper, SC Site 2 0.7 011 04 1.9 48 006 03 1.1 <1 49 0.09 2.3 43 2 13 2
Lommel, Belgium 0.8 0.05 1.3 1.4 51 006 0.09 03 13 21 0.89 1.4 23 117 24 <1.5
Carolina Bay M31 (U) 0.8 1.9 36 0.11 027 0.08 0.28 34 0.04 1.9 26 4 5 3
Carolina Bay M31 (L) 2 0.19 0.5 43 33 0.09 09 032 33 0.12 1.5 25 11 4
Carolina Bay M33 1.3 0.7 0.6 5.8 51 022 0.03 0.15 21 0.07 1.2 18 4 <1
Carolina Bay B14 0.3 0.08 1.9 50 0.04 1.1 29 0.07 1.3 18 11 2
Howard Carolina Bay (U) 0.18 0.5 9.8 12 03 0.04 0.03 48 0.13 0.7 20 <2 205 27
Howard Carolina Bay (L) 0.14 0.03 5.6 12 6.1 0.06 0.09 39 0.15 0.6 19 15 2110 453
Upper Continental Crust 3.3 2.5 15 67 0.15 28 3.6 0.64 0.01 0.1 5 0.02 10 3
Tonga Trench 8.4 4 2.7 10 59 1.0 21 21 05 0.03 22 7.6 10 1.4
Laurentian Basalt 3.8 6.0 15 49 0.8 09 7.0 3.7 0.01 026 14 1.8
Australasian Tektites 092 32 15 70 1.8 3.5 082 0.02 5.1 <1 16 1.8
KT boundary (Denmark) 0.09 3.1 8 29 1 25 23 032 005 001 45 64 7.1 8.6
PT Boundary (Slovenia) 0.07 8.8 8.9 24 0.36 3.11 23 045 0.02 23 85 4.1
CI Chondrite Meteorite 0.9 16 1.6 23 0.12 6.2 007 13 0.07 0.4 0.3 24 | 481 0.029 0.08
SAU 169 Lunar Meteorite 1.2 6.9 163 53 0.8 09 106 1.5 0.12 0.12 8.8 22 6
Apollo 12 PKT 0 0.7 9.1 144 46 04 106 5-15 034 0.19 520 3 9 3
Apollo 17 Basalt 0.4 8.5 9.0 39 0.05 10.8 119 032 0.16 19 | 005 04 0.12
Lunar feldspathic meteorite 0.4 5.5 28.0 44 0.07 0.06 164 024 0.10 4.7 6 04 0.2
SNC Meteorite (Mars) 0.4 2 6 10 49 1 0.03 11 1.4 0.10 0.5 19 0.2 05 02
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Element| Be B Cl Sc \% Co Zn Ni As Br Rb Sr Y Zr Cd Sb
Site ppm
Gainey.MI 30 182 18 302 34 160 54 12 2.1 61 <200 0.7 1
Morley Drumlin, AB 34 135 9 310 24 <200 240 10 5 30 <500 0.31 1
Chobot, AB 60 183 16 210 35 400 <200 18 <2 110 <500 <10 1.1
Wally’s Beach, AB 114 19 900 31 230 <200 7 <2 41 <500 <10 1
Murray Springs, AZ 5 41 170 39 1980 44 190 40 14 6.6 100 128 207 850 <10 2.2
Murray Springs black sand 4.2 27 <50 <100 33 <05 36 280 0.7
Blackwater Draw, NM 3 188 130 30 620 38 169 256 11 <05 56 104 64 <200 025 22
Topper, SC Site 1 4 32 151 36 610 47 240 <200 5 <2 <30 17 119 530 <10 1.1
Topper, SC Site 2 4 6.1 35 590 47 240 190 4 <2 <30 750 <9 1.8
Lommel, Belgium <1 13 22 52 560 62 350 <100 14 13 <20 40 121 4.8
Carolina Bay M31 (U) 4 19 27 490 22 320 <200 9 3 <30 15 66 1100 <10 1.5
Carolina Bay M31 (L) 4 23 90 41 480 35 220 <200 15 <2 <30 29 127 2700 <10 3.7
Carolina Bay M33 6 118 76 27 320 22 240 <200 7 5 <30 10 10 1000 0.4 1.5
Carolina Bay B14 36 22 370 21 210 <200 10 <2 <30 920 <10 2.1
Howard Carolina Bay (U) 8 94 1020 36 563 18 16 574 1120 7.5
Howard Carolina Bay (L) 1 77 760 46 14 27 9670 7720 9.3
Upper Continental Crust 2.1 17 370 14 97 17 67 47 5 1.6 84 320 21 193 0.09 04
Tonga Trench 22 121 217 62 252 40 233 173 123
Laurentian Basalt 100 19 410 39 270
Australasian Tektites 14 12 13 39 1 04 76 315 315 0.3
KT boundary (Denmark) 391 142 1027 1137 96 27 144 144 8
PT Boundary (Slovenia) 8 48 6 13 12 38 115 115 0.5
CI Chondrite Meteorite 0.025 09 704 58 56,5 502 312 11% 18 3.6 23 78 16 394 0686 0.14
SAU 169 Lunar Meteorite 18 36 12 <60 20 230 338 1397
Apollo 12 PKT 36 100 32 190 9 166 730
Apollo 17 Basalt 2.7 37 71 20 2 0.8 153 81
Lunar feldspathic meteorite 8 14 159 04 1.2 198 32 0.02
SNC Meteorite (Mars) 51 240 47 92 38 0.7 7 57 19 69 0.02
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Element| Cs Ba La Ce Nd Sm Eu Gd Tb Yb Lu REE Hf Ta w Au
Site ppm ppb
Gainey.MI 340 19 34 16 3 09 32 <05 24 0.3 79 5 2 2 <2
Morley Drumlin, AB 2 320 17 32 23 3 <2 29 «l <5 <0.5 78 4 <1 <4 | <10
Chobot, AB 5 1200 34 86 31 6 <2 56 1 <5 <0.5 164 5 1 <4 | <10
Wally’s Beach, AB <1 470 33 62 35 55 <2 54 <1 <5 <0.5 141 9 4 <4 | <10
Murray Springs, AZ 6 360 96 170 110 15 2 18 4.6 13 1.8 429 19 36 36 <1
Murray Springs black sand 2 <50 22 40 18 48 0.6 0.9 5 0.8 102 18 2 6 <2
Blackwater Draw, NM 2 460 32 61 25 39 48 54 <05 6 1 139 20 10 83 14
Topper, SC Site 1 <l <200 17 27 30 29 <2 2 <1 <5 0.6 80 7 22 5 15
Topper, SC Site 2 <l <200 12 22 28 24 <2 46 <1 6 0.9 76 9 23 <4 <9
Lommel, Belgium <1 92 157 <5 12 2.1 49 <05 20 3.2 291 20 16 68 <10
Carolina Bay M31 (U) <l <200 6 <10 22 1.1 <2 27 <1 11 1.8 45 25 13 <4 | <10
Carolina Bay M31 (L) <l <200 12 20 16 2 <l 42 1 13 2.1 70 60 23 8 <10
Carolina Bay M33 <l <200 <5 <10 14 1 <2 2 <1 11 1.7 30 21 13 <4 | <10
Carolina Bay B14 <l <200 11 19 31 21 <2 08 «1 5 0.8 70 24 11 4 <10
Howard Carolina Bay (U) 363 162 334 184 29 22 5 23 34 799 20 46 10 5
Howard Carolina Bay (L) 476 8450 3240 640 33 130 407 56 13430 102 155 71
Upper Continental Crust 5 628 31 63 27 4.7 1 4 0.7 2 0.3 144 5 1 2 1.5
Tonga Trench 24 1680 134 196 158 35 8 38 17 3 589 3.5 0.6
Laurentian Basalt 1000 40 95 37 94 3.1 1.4 3.4 0.5 190
Australasian Tektites 4.3 475 48 96 44 85 16 72 1.2 3.9 0.6 211 9 1.6 3
KT boundary (Denmark) 1.9 1175 61 57 63 12 2.8 1.8 5 0.6 203 4 0.5 <0.1
PT Boundary (Slovenia) 6.9 250 27 32 16 3 05 23 05 1.6 0.2 83 3.2 1.5
CI Chondrite Meteorite 0.187 234 0.235 0603 045 0.15 006 0.2 004 0.162 0.024 191 0.104 0.014 0.093 | 140
SAU 169 Lunar Meteorite 09 1351 113 297 162 45 24 50 10 36 5.2 715 35 4.2 2.5
Apollo 12 PKT 0.4 600 49 128 82 22 1.8 3.5 17 2.4 306 18 2 13 2
Apollo 17 Basalt 40 74 6.3 212 215 93 19 136 25 9.1 1.3 87 8.6 1.6 0.08 | 0.09
Lunar feldspathic meteorite 0.05 115 2.2 5.8 34 1.1 0.8 0.2 0.9 0.1 15 0.8 0.1 20
SNC Meteorite (Mars) 0.5 52 3 7 7 2 0.8 3 0.6 2 0.3 26 3 0.2 0.3
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ALO;3; and FeO+MgO concentrations for magnetic grains, microspherules, terrestrial and ET
sources are compared in Fig. 13. Microspherules and magnetic grains from the distant sites have
AL, O3/FeO+MgO ratios similar to CI chondrites, shergottites, and lunar meteorites™. Magnetic grains
from Gainey have Al,O3/FeO+MgO ratios comparable to crustal, oceanic, volcanic, and terrestrial
impact layer values. The Al,O3/FeO+MgO ratios at Gainey are consistent with terrestrial composition
from a nearby impact site, and the ratios at distant sites are consistent with an ET projectile
composition.

CaO/AlL,0; at Gainey (0.20) is comparable to crustal (0.24) and ocean trench (0.21) values.
At distant sites, CaO/Al,O3 values vary widely and are terrestrial at Topper (0.18) and Blackwater
Draw (0.23) At Wally’s Beach (0.51), Murray Springs (0.57), and Lommel (0.93) the CaO/Al,O;
ratios are comparable to Lunar PKT (0.75), SAU-169 (0.65), and CI chondrite (0.81) values. However,
total CaO and Al,O3 concentrations at all sites are well below crustal or lunar abundance, possibly due
to the magnetic selection, and the ratios may be contaminated by local sources. The CaO/Al,Os3 ratios
are consistent with an ET origin at three of five sites.

Si0; concentration in magnetic grains is comparable at Gainey (60 wt.%) to the continental
crust (67 wt.%) and ocean trenches (59 wt.%). At distant sites, except for Topper, SiO, concentrations
vary from 34-51% which is comparable to lunar meteorites (43-48 wt.%)36, PKT (53 wt.%), and
shergottites (49 wt.%). Topper values (5 wt.%) are much lower possibly indicating significant post-
impact alteration of the magnetic grains at this site. Lower SiO, concentrations at some sites may also
be an artifact of magnetic separation and no strong conclusions can be drawn from the SiO,
concentration.

Na;0 concentration is 3 wt.% at Gainey, which is similar to shergottites (2 wt.%), crustal (3.3
wt.%) and ocean trench (4 wt.%) values. At distant sites Na,O concentration varies from 0.1-0.8 wt.%,
which is comparable to ET value in the lunar PKT (0.7 wt.%), SAU-169 (1.2 wt.%), lunar meteorites
(0.3-0.5 wt.%), and CI chondrites (0.9 wt.%).

K;0 concentration is 2.0 wt.% at Gainey, which is similar to crustal (2.8 wt.%) and ocean
trench (2.1 wt.%) values. At distant sites, the K,O concentration varies from 0.2-1.1 wt.%, which is
comparable to ET values in the lunar PKT (0.4 wt. %), SAU-169 (0.7 wt.%), and lunar meteorites
(0.1-1.0 wt.%). Shergottites contain far less K,O (0.03 wt.%).

Cr;0; concentration is 0.06 wt.% at Gainey, which is slightly above the crustal (0.01 wt.%)
and ocean trench (0.03 wt.%) values. At the distant sites, Cr,Oz averages 0.25 wt.%, which is
comparable to ET values in the lunar PKT (0.34 wt.%), SAU-169 (0.12 wt.%), lunar meteorites (0.1-
1.0 wt.%), and CI chondrites (0.4 wt.%).
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FeO/MnO ratios vary widely ranging from 34 at Gainey to 10-25 at distant sites. These ratios
are lower than in the continental crust (50), CI chondrites (80), shergottites (38) and SAU-169 (38)
and higher than in ocean trenches (3.5). Enrichment of MnO has been observed in Bahaman sediments

following the previous four glaciations>*

and MnO increased suddenly, from 0.3 wt..% to 1.2 wt.%,
in Pacific sediments at the onset of the YD*. YDB microspherules have a much higher average
FeO/MnO ratio (75) that is comparable to the average (71.5) for a wide range of lunar meteorites™®.

Rare earth elemental (REE) concentrations normalized to volatile-free CI chondrite®” as
suggested by Korotev™® are shown in Fig. 14 for YDB magnetic grains. YDB magnetic grains, lunar
PKT, and lunar KREEP REE concentrations range between crustal and oceanic values. Gainey
magnetic grains have REE abundance ratios that are comparable to crustal and oceanic values. Unlike
terrestrial sources, distant magnetic grains have a negative Eu signature comparable to lunar KREEP-
rich brecchia®. Lunar feldspathic meteorites are very different with a positive Eu signature.
Shergottites have REE chondrite ratios similar to chondrites.

Iridium is found in high concentrations in YDB magnetic grains and/or sediments at ten sites;
Lake Hind (3 ppb), Murray Springs (2 ppb), Blackwater Draw (24 ppb), St. Mary (51 ppb), Topper (2
ppb), Carolina Bay T13 (4 ppb), Carolina Bay M31 (4 ppb), Carolina Bay M33 (2 ppb), Howard Bay
(15 ppb) and Lommel (117 ppb). Iridium is below INAA detectable limits (~1 ppb) in 41 sediment
samples taken from above or below the YDB at various sites. Crustal iridium concentration is 0.02
ppb, although higher concentrations (0.5 ppb) have been observed in volcanic ash®. Iridium
concentrations in the magnetic grains are lower than in CI chondrites (481 ppb) but comparable to that
in the KTB (64 ppb) and lunar meteorites (<25 ppb)*. High iridium concentrations in the YDB
magnetic grains from many sites are classic evidence®” that they are from an impact event.

Ni and Co concentrations only slightly exceed crustal abundance at most sites and Ni
concentrations are much lower than in chondrite values. The Ni and Co concentrations are comparable
to both the lunar meteorites and in shergottites.

Trace element concentrations in magnetic grains and SAU-169, normalized to crustal
abundance, are shown in Fig. 15. Heavy element (Hf, Ta, W, Th, and U) concentrations are terrestrial
at Gainey and significantly exceed crustal values elsewhere. They are comparable to SAU-169 for the
distant sites. K,O/Th ratios for magnetic grains (Table 6) from Gainey (2200) are comparable to
crustal values (2800), but much lower at distant sites (400) and comparable to values in the PKT
(440), SAU-169 (410), and most lunar sediments (360)41. As and Sb concentrations at all YDB sites
significantly exceed terrestrial and ET values but are similar to the KT and PT boundary layers. The

reason for the enrichment of As and Sb in magnetic grains is unknown.
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Table 6. Fe, Ti, U, and K Isotope ratios. Uncertainties in the least significant digits are given in

parenthesis

Iron FelFe  “'Fe/’Fe  Fe/°Fe

Terrestrial 6.37 2.31 0.307
Gainey 6.7(2) 2.39(7)  0.314(9)
Murray Springs  6.6(2) 2.40(7)  0.269(8)
St. Mary Reservoir  6.8(2) 2.38(7)
Morley drumlin  6.7(2) 2.39(7)
Lommel-Maatheide 6.6(2) 2.38(7)

Titanium Sifti it P i T

Terrestrial  11.04 9.95 7.24 6.93
Gainey 11.1(3) 10.033) 7.1(5) 6.5(22)
Murray Springs  10.9(3) 9.83) 7.5(5) 6.6(6)

Uranium Bu/Ssu Pufu

Terrestrial 137.88 0.0076
St.Mary 138.01(26) 0.00760(11)
Lommel-Maatheide 138.03(12) 0.01744(3)
Murray Springs 138.05(9) 0.011353(12)
NIST Standard 137.8(5)  0.00742(20)

[Potassium % K TK/P’K  YK/AK Ratio

Terrestrial ~ 2.09  0.000125 0.00174  1.00
Chert

Upper Mercer 0.058  0.00024(8) 1.9(6)
Bayport 0.061 0.000188(25) 1.5(2)

Sediment
Bay T13  0.075
Murray Springs -1~ 0.18
Topper-2U  0.35
Topper-2LL  0.36
Topper-2LL  0.38 0.0023(2) 1.3(1)
Lommel 0.57 0.0018(2) 1.0(1)
Bay M31 0.82 0.023(2) 1.3(1)
Lake Hind 1.12 0.0015(2) 0.9(1)
Blackwater Draw -1 1.30 0.0019(2) 1.1(1)
St. Mary  1.44 0.0023(2) 1.3(1)
Gainey 1.75 0.000143(9) 1.14(7)
Murray Springs -2 2.30 0.0019(2) 1.1(1)
Murray Springs -3 2.80 0.0018(2) 1.0(1)
Blackwater Draw-2  3.05 0.0016(2) 0.9(1)

0.0030(6) 1.7(3)
0.0039(6) 2.2(3)
0.0020(2) 1.2(1)
0.0023(2) 1.3(1)

Controls
Fossil Hill (Chert) 0.045 0.000113(25) 0.95(21)
Onondaga (Chert) 0.061 0.000119(10) 0.90(8)
Loomis-O (Sed) 1.16  0.000124(4) 0.99(3)
Loomis-A (Sed) 1.12  0.000129(4) 1.03(3)
Loomis-B (Sed) 1.19  0.000124(4) 0.99(3)
Loomis-C (Sed) 1.29  0.000124(4) 0.99(3)

"Ratio of measured *’K abundance to the terrestrial value

Isotopic abundance ratios

Fe, Ti, and U isotopic ratios were analyzed by ICP-MS and TIMS. Samples were digested

in high purity HNOs and HF with evaporation before analysis in 5% (v/v) HNOs. All vessels and
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containers were acid washed in 10% nitric acid overnight, rinsed with ASTM I water, and dried

beforehand. “°Ti/**Ti ratios were determined by PGAA/INAA. Isotope abundance ratios >***"~*Fe,

46,47,48.49,50r: 2381 1,2357 7 - . . . . .
ATA849075 - and 2*U/A U in YDP magnetic grains and sediments are consistent with normal solar

2341 1,235 234
U/

system values (Table 6). The U ratio is terrestrial at Wally’s Beach, but “"U is enriched by

50% compared to equilibrium concentrations at Lommel and by 130% at Murray Springs. >*U is often

enriched by up to 15% in seawater*” and up to 50% in river sediment®’, but 2**U/**°U enrichment in

relict glacial lakes can exceed 500%. The large ***

234

U enrichment at Murray Springs may result from an

airburst over a =" "U-rich glacial lake near the Laurentide Ice Sheet.

WK /P4IK ratios in Clovis-age cherts and sediments were

Table 7. PGAA analysis of

Carolina Bay carbon spherules | measured by gamma ray counting (“K), PGAA (¥K), and INAA
glzement ;VJOZ" or ppm (*'K). These cherts, found in fire pits at several Clovis sites, have a
B 61 ppm high density of impact pits and particle tracks on only one side as if
C 82% they were bombarded from above*. “’K abundance is enriched by a
il ,03 SSZZ factor of =2 in samples with lowest total potassium concentration
Si0; 22% and the enrichment decreases with increasing potassium
él 882?% concentration. No *°K anomalies were observed in control
K,O 0.12% sediments and cherts. Voshage® has shown that “°’K abundance is
%i(())z 8(5)?% enriched in iron meteorites by spallation up to 2000x terrestrial
FeO 0.2% abundance (0.012%). Similar enrichments in *°K were also
gg 8g6pof))m observed in cosmic rays*®. Shimamura et al’’ reported a 40-70%
Sm 0.8 ppm YK enrichment in magnetic microspherules from South Pacific
Gd 0.9 ppm sediments. Analysis of lunar PKT sediment indicates that potassium

concentration measured by the Lunar Prospector Gamma-ray Spectrometer (GRS) (*K) is consistently
50-100% higher than ‘“ground-truth” data K)*. Although this was attributed to GRS calibration
error, it is also consistent with “’K enrichment. Addition of a small amount of highly enriched *°K to
the YDB could notably increase the “°K/***'K ratio, especially where the total potassium concentration

407, 39,41
K/

is low. Anomalous K ratios in the YDB layer are only consistent with an ET source.

Analysis of carbon spherules and glass-like carbon

Table 7 shows the PGAA bulk analysis of carbon spherules from a Carolina Bay. As expected
the carbon spherules are mostly carbon (82+12 wt.%) but they contain a substantial amount of
hydrogen (5.310.8 wt.%), nitrogen (6.8%1.1 wt.%), Al,03 (2.0£0.4 wt.%), SiO, (2.210.4 wt.%), and
several other impurities with <1 wt.%. The high atomic ratio of hydrogen to carbon C;oHg in carbon

spherules is slightly less than C;;Hyp for copal (amber) spherules usually found with the carbon
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Table 8. PGAA analysis of spherules. Carbon spherules can be formed from tree sap in high
Carolina Bay glass-like carbon temperature forest fires suggesting that these spherules were formed
Element wt.% or ppm
H, 3.0% in fires following the YD impact. Kennett et al” have reported the
2 38(72 ppm presence of nanodiamonds inside of some carbon spherules.
(%
N 0.66% Nanodiamonds cannot be produced by forest fires indicating that
AL O; 0.97% some carbon spherules were produced directly by the impact. It is
Si0, 4.8% . . .
Cl 181 ppm likely that both impact and forest fire carbon spherules were
K,O 120 ppm produced during the YD impact event. The high concentration of
%a(())z 832?% nitrogen impurity is consistent with formation of the carbon
Cd 0.22 ppm spherules in an airburst, and the high TiO, (0.09 wt.%) and FeO (0.2
Sm 0.19 ppm wt.%) concentrations are consistent with the magnetic grain
Gd 0.22 ppm

chemistry suggesting that the carbon spherules formed amidst the
exploding impact ejecta.

Table 8 shows the PGAA bulk analysis of glass-like carbon from a Carolina Bay. The glass-
like carbon is also mostly carbon (90+1 wt.%), with significant amounts of hydrogen (3.0+0.1 wt.%),
and Si0; (4.810.1 wt.%). The hydrogen to carbon ratio C;oHy is lower than for carbon spherules and
consistent with the formulation expected for burning wood in the absence of air. This formulation is
not very different from charcoal C;H4O which should also be produced at the same time. Unlike
carbon spherules glass-like carbon lacks significant nitrogen content suggesting that it was formed
from trees burning under anaerobic conditions in the shockwave from the impact. This is consistent
with a sample that we found where glass-like carbon on one side of sample graded into yellow pine on
the other side suggesting that a very hot wind had passed through the sample. Significant amounts of

SiO; and TiO, (0.067 wt.%) may have been carried into the sample by the shockwave.

Discussion

The geographical distribution and composition of the magnetic grains are consistent with an
airburst 12.9 ka ago near the Great Lakes of an object unusually enriched in titanium and other
incompatible elements. Terrestrial-like ejecta fell close to an impact site near Gainey while projectile-
rich ejecta fell farther away. High water content in the ejecta favors an airburst over the Laurentide
Ice Sheet north of Gainey. This is also consistent with the thinness of the YDB impact layer
suggesting that relatively little terrestrial ejecta were created due to shielding of the airburst from the
ground by the ice sheet. Microspherules from various sites including Gainey and magnetic grains
from Wally’s Beach, Murray Springs, Blackwater Draw, Topper, and Lommel sites were unusually

enriched in TiO, with TiO,/FeO, TiO,/Zr, REE/chondrite, Al,O3;/FeO+MGO, CaO/Al,Os;, K/Th,
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FeO/MnO, and “OK/K ratios and Si10,, Na,0O, K,0, Cr,03, Ni, Co, Ir, and trace element abundances
that are comparable to lunar KREEP and inconsistent with other terrestrial or meteoritic sources
except for meteorite SAU-169 whose KREEP-like composition is attributed to a lunar Procellarum
KREEP Terrane origin. The unusual KREEP-like composition of the object that impacted Earth 12.9
ka ago has never been observed in meteorites before. It seems unlikely to have come directly from the
moon however it is coincidental that SAU-169 fell in Oman near the time of the YD impact™.

Analysis of carbon spherules found in the YDB layer at many sites indicates that they were
likely formed both from the impact and from extensive hot forest fires ignited by the ensuing
atmospheric shockwave and falling hot debris. Evidence of nanodiamonds in carbon spherules which
is only consistent with an impact event will be discussed in later papers. High concentrations of soot,
evidence of very high temperature burning following the impact, were found in the YDB at several
sites' and will be discussed elsewhere. Similarities in the bulk composition of carbon spherules and
associated copal (amber) spherules suggest that these spherules were produced by the high
temperature burning of tree sap. Glass-like carbon and charcoal found in the YDB at many sites
appears to have been produced by the burning of trees under low oxygen conditions as the YD impact
atmospheric shockwave raced across North America. The black mat which overlays the YDB layer at
many sites, marking the point above which no megafauna fossils or Clovis points are found, was not
formed by the impact but instead appears to consist mainly of algal material produced by dying
organic matter and burned material. It is likely that the YD impact caused the failure of the Laurentide
Ice Sheet sending large quantities of ice into the North Sea, shutting down the thermohaline ocean
circulation, and initiating 1300 years of Younger Dryas cooling. This was accompanied by the
injection of dust and water into the upper atmosphere blocking sunlight for an extended period of time
and lowering temperatures suddenly. The impact event followed by extensive fires and sudden
climate change likely contributed together to the rapid extinction of the megafauna and many other
animals.

No impact crater has yet been identified with the YD impact. Toon er al.’' suggest that it
requires an airburst with energy of 10’ megatons, a >4 km-wide comet, to cause continent-wide
destruction on a scale observed at the YDB. Such an object undoubtedly would have left a significant
crater. We have speculated that multiple 2-km objects struck the 2-km thick Laurentide Ice Sheet at a
low angle leaving negligible traces after deglaciation. A problem with this argument is that it would
require at least eight such objects and it seems unlikely that none of these would leave a lasting mark
on the planet. Another possibility is that the impact left craters that have yet to be recognized. Fig. 16
shows a depth profile of the Great Lakes where it has long been known that four of the deepest holes
in North America exist in Lakes Superior, Michigan, Huron and Ontario. Three of these holes are

deeper than Death Valley. They are unlikely to have been caused by the action of glaciers or moving
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water’>. The Finger Lakes region of New York radiate out from the hole in Lake Ontario as if they
were formed by the force of the impact pushing water and ice to the south. Charity Shoal, shown in
Fig. 17, has been identified as a smaller, 1-km crater in Lake Ontario of approximately the correct age
to be associated with the YD impact event’>. Further research is necessary to prove that these Great
Lake basins are the craters from the YD impact event.

Toon et al’" also noted that the impact of a >4 km-wide comet is expected to occur only once
every few million years. This estimate is based largely on solar system cratering rates and has little
relevance to the timing of the YD impact. Culler et al>* determined the ages of lunar microspherules,
many enriched in TiO,, by *Ar/’Ar dating and found that lunar impacts began increasing
dramatically 400 Ma years ago and peaked very recently. These results were not corrected for lunar
“K/K ratios which would make this increase even more recent and dramatic. It appears that Toon et

al’s estimate could be off an order of magnitude too high.
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Figure 1. Haynes, in Taylor, et al. (1996)', correlated the end of Clovis cultural adaptations with the
onset of Younger Dryas cooling and provided end-Clovis "C dates that have been calibrated to 12.92
ka for Murray Springs and 12.98 ka for Blackwater Draw, two of the sites we analyzed. This graph
displays a corresponding date of 12.9 ka for the onset of the YD in Greenland GISP2 ice core data
based on paleotemperature analyses (Alley, 20007, in red) and changes in methane concentrations
(Brook, et al.,20003, in blue). The onset of the YD was marked by a dramatic 8°C drop in Greenland
temperature in less than 150 years with an associated abrupt decrease in atmospheric methane
concentrations. We propose that these climatic changes were triggered by the YD event at ~ 12.9 ka.
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Figure 2. Representative sample of magnetic grains and microspherules extracted from the YDB
layer at Blackwater Draw. Grains very from rounded to subrounded to highly angular and colors
range from mostly white quartz to metallic black. Magnetic grains were found in all sediment layers
but peaked sharply in the YDB.

Murray Springs  Chobot Lommel Arlington Springs

Gainey Topper  Blackwater Draw Carolina Bay

Figure 3. Titanium rich magnetic microspherules were only found in the YDB at Clovis-age sites.



Murray Springs, AZ
Gainey, MI Topper, SC

Glasslike carbon particles

Charcoal from Chobot

Figure 4. Vesicular carbon spherules, copal (amber) spherules, glass like carbon, and charcoal were
abundant in the YDB layer. Some carbon spherules can be produced in high temperature forest fires.
Many carbon spherules contained nanodiamonds which are clear evidence of production during an
impact. The association of carbon spherules and copal spherules suggests that they have a common
origin, perhaps in different temperatures regimes of fires following the impact. Glass-like carbon and
charcoal may have been produced by the burning of forests under reduced oxygen conditions caused
by the atmospheric shockwave emanating from the impact site.
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Figure 5. Sediment profiles for the A) Murray Springs, B) Blackwater Draw, C) Lake Hind, D)
Chobot, E) Topper, F) Morley drumlin, and G) Gainey sites. Magnetic grains peak in the YDB at all
sites and magnetic microspherules are only found in or near the YDB. Carbon spherules, glass-like
carbon, charcoal, and iridium also peak in the YDB. The Blackwater Draw image is a composite of

three photos and there is no photo for Gainey.
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Figure 7. Horse skull uncovered among Mammoth footprints and Clovis artifacts at the Wally’s
Beach (St. Mary Reservoir) site in Alberta, Canada. Sediment retrieved from this skull was
unusually enriched in magnetic grains (7.5 g per kg sediment) and iridium (51 ppb). Few magnetic
microspherules were found inside the skull suggesting it was buried before the microspherules were
deposited.
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Figure 9. DEM (digital elevation model) image of hundreds of Carolina Bays in Bladen County, NC
(left). Like impact craters, many bays overlap other bays, while keeping rims intact. The DEM is

color-coded by elevation and is vertically exaggerated for clarity. The orientation of the major axes
of the Carolina Bays (right) points towards the Great Lakes and Hudson Bay.
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PGAA Measurement of Ti and Fe
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Figure 11. Prompt Gamma-ray Activation Analysis (PGAA) analysis of a typical magnetic grain
sample from the Topper site. The sample was placed in the guided neutron beam at the Budapest
Reactor where the induced prompt gamma-ray spectrum was measured with an Compton-suppressed
HPGe detector. Each point represents a separate simultaneous determination of the elemental
concentration based on a different gamma ray observed in the PGAA spectrum. The results are then
averaged giving 4911% TiO; and 43+1% FeO. PGAA is a complimentary method to Instrumental
Neutron Activation Analysis with the advantage that it is sensitive to all elements and provides more
rapid results.
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Figure 12. Distribution of magnetic grains and microspherules, Si02, TiO,, FeO, and H,O at
Clovis-age sites as a function of distance from the Gainey site. All markers except TiO;, are most
abundant at Gainey indicating that the impact site was near Gainey and the projectile was unusually
rich in TiO,.
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grains from sites south and east of Gainey have very different FeO+MgO/Al,Oj3 ratios than Gainey
or terrestrial sources but are very similar to extraterrestrial material. This figure is adapted from Fig.
4 in R.L. Korotev, Invited review Lunar geochemistry as told by lunar meteorites, Chemie der Erde
65, 297-346 (2005).
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Figure 14. CI chondrite normalized rare earth (REE) concentrations at Murray Springs, Lommel,
Blackwater Draw, and Topper have a negative Eu anomaly similar to that observed in lunar KREEP
and SAU 169. Gainey and terrestrial crustal or oceanic sources have no Eu anomaly, lunar
feldspathic basalts have a positive Eu anomaly, and Martian basalt meteorites have REE
concentrations similar to CI Chondrites.
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Figure 15. Comparison of trace elemental concentrations normalized to crustal abundance for
magnetic grains from various Clovis-age sites. Magnetic grains from Topper, Blackwater Draw,
Murray Springs, and Lommel are very different from terrestrial sources but similar to each other.
Gainey magnetic grains have trace elemental abundances similar to terrestrial values.
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Figure 16. NOAA bathymetry maps of the Great Lakes indicate four deep holes in the Lakes
Superior, Michigan, Huron, and Ontario that may be YD impact craters. Three of these holes are the
lowest points in North America, deeper than Death Valley. The origin of these holes in unknown
and they are unlikely to have been formed by glacial action.
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Figure 17. NOAA bathymetry image of Charity Shoal, a 1-km diameter crater, in Lake Ontario. It
dates approximately to the time of the YD impact and sits directly above a magnetic anomaly.
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