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W have discovered what appear to be micromefeorites imbedded in seven late Pleistocene Alaskan

mtammnoth fusks and a Siberian bison skull. The micrometeorites appavently shattered on impact
feaving 2 ia § mm hemispherical debris patterns surrounded by carbonized rings. Muliiple twmpacis

are observed on enly one side of the fusks and skall consistert with the micrometeorites having come

from a single direction. The impact sites are strongly magnelic indicating significant iron conteni. We

analyzed several imbedded micrometeorite fragments from both tusks and skadl with laser ablation

inductively coupled plasma moss speciromeitry (LA-ICP-MS) and Xeray fluorescence (XRF). Thess

aralyses confirm the high iron content and Indicale compositions hlghly enriched in pickel and depleted
in titanium, untike any natural terrestrial sources. In addition, electron microprobe (EMP} analyses af
a Fe-Mi suffide grain (tusk 2) show it contalits between 3 and 20 weight percent Ni. Prompt gomma-ray

activation anolysiy (PGAA) of a particle extracted from the bisorn skl Indicates —0.4 mg of ivon, In

agreement with o micromeleorite ~1 mm in dlameter. In cddition, scanring electron microscope (SEM)

images and XRF analpses of the skall show possible entey chonwels comtaining Fe-rich material, The

wiafority of tusks (3/7) have o colibrated weighted mean YU age of 32.9 £ L8 ke BE, which coincides

with the onset of significant declines <36 ka ago in Beringiar bison, korse, brown bear, and mammioth

populations, as well oz in mamimoth genetic diversity. It oppedars fikely that the impacts and population

declives ore velated events, although teiv precise nature remalns o be defermined,
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1. Introduciion

Dhring the lale Pleistocens, Beringia was largely an ice-free continental region that consisied of
northeastern Siberia, nonbwestern North America, and the emerged Bering Strait. Major events that

*  Coreesponding author E-mail address: jhagfiusgs gov


mailto:jhag@usgs.gov

occurred at that ume were global climate changes, migiation of humans fom Asia to Ameniga (-13 ka
BP), and laige-scale megafannal extinctions (~12 ka B The cauze of these extinclins has long been
controversial and has been attnibuted predomimantly to either climate chanpe or overdall by bumans
™ A perod of marked decline 1n population and gehetie diversity iy many fape mammal species
happened carlier, howover, beginmung at sbout 36 ka BP before the last placiel maximum, human entry
1nto the Mew World, or the final megafaunal extinetions For inséance, ne brown bhear fossiis have been
found 11 castern Bermpia {Alaska) that date botween 35 and 2] ka BP, and different haplotypes at
elther end of 1his huatus Likely wdicate a local extinction event {t] Stnularly, between 33 and 28 ka BEF,
caballend hosse fossila show a sgnificant decling i metacarpal size and & coeval diop i the number of
dated specimens, possibly reflecting lower population pumbers, and Alaskan wild asses apparently were
extinet by ~31 ka BP {£] The genetic drversity of Beningian Steppe bison dropped sharply after 37 ki
BP [10], and one of two mapor mammoth mitochordnal insages 5150 disappearsd aroanmd this nme [2]

The final extinctions of mepafauna were apparenily contemporanecus with the abrupl onset of
Younger Dhyas cooling and ermunaton of Clovis culluee 1 Morth Amenca A carbon-nch black
layer or "mal" lying sbove both megafannal fosads and Clovis tools has been wlentified at over 50
sies across Worth Anerica, which dates to ~12 9 ka BF [} Dhrecily beneath the black-mat honzon,
Firestone el al [4] have found, al a number of places, a thin magnene laver (<5 em} codtainng
magnelie particles, wndwim, charcoal, sooi, carbon mwicspherudes, glass-like carben coptaming
nanodiamonds, and Mllerenes with extraterrasinal helum Frrestone et al [4] have proposad that one
o mone extrabet1esilial objects collided wich anddol exploded awver notthern Morth America at thas
titne baading to intense biormass burning In addibon, large spkes in ammonium and mitrate contents
i layers of the Greenland GISP2 we core at the begimnung of the Younger Dirvas are conmstent with
massive biomess burning at ~12 8 ka BP

in ths 1eport we present preluminary evidence (hat supports 8 hink hetween the ~36 ka BP decling
in Beringlan megafaunal populations and genetic diversity, and an extrateirestrial accretion event
Seven Alaskan mammoth tusks and ong Sibenan basan skoll have been found wih small magoetic
(Fe-rich) parnicles embeddad o them We have radiocaibon dated the tusks and skull, and subjected
the embedded wagnetic paracles to a battery of neo-destiuciive tests to deteronine then chamical

caompositicng and then possible ongin as nuetometeontes

2. Analytical methods

To the naked cye, the dark particles embedded a0 the Alaskan mammoth tusks, and Sibenan bison
skull, appear to be composed of an oxahzed metallic material Upon closer mspection, the pariicle
siles may of mey not heve rased ums, concentrw "burn® rings, bulged cenders, andior enby” pits
fFig !} Thear athachon o a small neodymum magnet indicates that they are ieon rich, and this quick
and casy test was nseflul i sordmg them {from a buge collection of fosauls The seven tusks and one
skull with embedded particles are fiom a commeteial suppher, and represent ~0 1% of the samples
whapecled a1 Canada Fosals, Lid Thus, no Aeld notes dosumenting the source localities ate avallable,
and caly geneyal movenances can be assigned (Alaska on Sibenia) Paiticles a1e found only on one side
of any given fossd, and this 15 conssstent with bombardment from a single duection An X-ray inags
shows that the particles penetrated the tusks, presumably at hugh velocuy, formung 2 i 3 mm diamete
hemisphernical debris patierns (Tg 23



Fig | Close up photopraph and enfagement of metalic peiticles eonbedded intousk | Scveial foalies Gan be seen
assoeited wilth thess partecles, sed o 4), "burn”™ ong {8 O and balged center (51

Fig 2 (@) Close-up phowog aph of 3 partscle embedded o tusk 2 (B} X-iay 1mage of the same paroicle in cross
setion showing hemispheneal debns pattern This partiele os aboul the 2ame s1ze a5 periwde o Fig |

Sectioming and polishing of tusk/particle samples belovw (=] mm) the zone of concentrated debriz
show many small parhicles (<20 um duameler) widely dispersed within the sk matonx The oumber
and fundamental complexity of the embedded pattrcdes suggest that they are the result of a natursl
cxplosive cvent, and deterenunng their chermcal composioons w key W0 discoverng thear onigin and
the nature of thas ancent event

We analyzed par (ieies extzacied from sig of e tusks and Digon skuli witi Jasen abdation induciively
coupled plasma mass specirometry (LA-ICP-MS) [n particular, we determined Ni/Fe ratios, as thess
are diapnostic of meteoriic and tereestial compesitions Jur results are grven 1 Table 1, which
also include, for comparizon, values fon 4 vanety of extratertestrial and terrestrial samples Thess
analyses confinm Lhe bueh Fe content of the particles and indicate composiions bighly eanched m N
and depleted i Tl unlke any terrestrial values A parcticle ficen tusk 1 also has o Ti/Fe ratio of 1004,
which (s 3% of 1es1esiral walues and counparsble 10 thase fon CT chondries From X ay Suorescence
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Fig 3 Xoay flvciescence (XAF} specna showing the compesrional vanaihity wihm and berween partaches
From two diffecent tusks Compositions range between native Fe fa], Fel (b, FeMiS {c, d) Silicate compasitions
i d mé puobadly dus ie contaminaton fom bost sediments durimg B el

(XRF) analyses, we deterimined vhat the composiben of the Fe-nich particles vanies between native Fe,
Fe&, and Feld (Fig 1}, all tvpical of meteoritic composihons Particles from tusks 2 and 3 are highly
ennched in M1 (Takle 1), and eleciron mic oprobe (EMP) analyses of a Fe-Mu sutfide piaon from tosk 2
{ Table 2} show two dufferent phases within the gran that cach contain Ni contents averaging 3 and 20
weight percent, respechvely

Particles embedded 10 the Mison skull appear moere angolar {Fig 4} than thosc embedded i the
tnsks (Fug 1} Piompt Gamma-tzy Activation Analysis (POAA) of a parbiele extracted from the Beson
skull indicates that it contams 0 36 g of ron, an amount conswstent with an impacting parficle -1 mm
in dizmeter Furthermore, scanning electron meroscope (SEM images and XRF analyses of a broken
scction of bison skell show possible entry channels with seaaght sheip edges that contaan Fe-rich
matcnal within therm (Fig 5)

Sarnples from all but one of the tusks, and bizon skull, weres submutted for T dabng to
1adiocatbon labotatones at the Unversity of Arzona and the University of California at livine
(Teble 3} Samples from tusk 1 wore dated twice at Arizons and once at UL Trvine [n general,
the calibrated ages range between 31 and 36 ka with three exceptions tusk 2 has an age of 201 t
04 ka, the bison skull has an age of 26 3 + 02 ka, and tusk 7 has an assigned age of =473 ka The
samples from tusk 2 and the bizon skull mught have been contamunated with younger carbon, and no
detectable M yn tusk T indwates that 1t 15 rediocarbon "dead" Addional samples from thesg three
specimens need fo be dated A weighted mean average fon the ¥ tusks wih similar ages s 32902
ka The lr acror estimete Gor this overnd] mean s based oply on laboratoy crron and, theretors, is
probabiy too low The tange i apes fon the thiee repeat measurementsontusk 1153 dkao + 1 S ka,
and 15 o better estimrale of the iue enor



Tabde 1 Cownprie 15008 of NP 14t hetwesn paa ticles and 1R fg ComposLies

Sample (MU B M T ek, o - Sample (MR M Foh r w0
Tusk 1 fd leon meteorite 110
Tusk 2 415 €1 Chomdnte L]
Tuzk 3 19} H Chondine a7
Tusk 4 10 KE-T ([Danish) I
Tugh 3 22 Uhvg Ltz &
Tusk & 56 Carb Chondrive 3
Bizson s Lavrenhan basalt )

Meores NuFe tatos narmalized by a bulk termeshial vilee K71 {Lmnesh} indieates 4 sample flom the Cretacecus Tettiany
o ey layeel 2l Sisvied Kol m Dennark

Table 2 Micioprobe data fol 2 parbiele e Tusk 2

Site & Mi Fe Toa!
I {red-otgh 37148 153409 TaT 92 314
2 {gray) 15 402 a7 45 706 o6 975
3 (red-oug) 40 350 20TF 32 726 94 303
4 {gray) 3151 R0 52382 36 349
5 (red-o1 g} 39913 4 128 30 561 34 651
fi {gray} 12 Bl 4 528 49 392 e 530
Red-org avg 33 20 0%8 34 35K 03756
Gray avp, 10 454 3307 49 523 a3 25

NMoter Unider plwen lighl the parble appeaced b be a mixiwes of two phuses ene phuse with & reddish orange hae and the
olfer grayash o0 color Composimona | values goe reparted 1 weiphe percent Tosals do aor sum to L0 ndicatibg that ofhe
lomentd arg puesant (Fig 3¢ 8] Bottorm [wo enbrees are averages {avg b for each phaso

Fig 4 {3} Photograph of Sberian bazon skall showing geneval locations of embedded metallic patticles (B Close
up photaglaph of partiedes it bison skull, and &e) enlargement of paricle about 1he size of pasticle B b Bmbed
ded pantickes m the bvon skull appeat more angulat than those foond o the wsks (Fygs 1,35



Fig 5 Scanmunp electron tiotepeope (SEM ) smapes of 3 vioss sechion of ihe bieon skoll The particles appear to
have formed strasght channels {3 ©}wha e pa oole shands penetrated the bogs Clusters of iron partweles at gueates)
Eniargement (o} a1 seen 1nsude the channel A second channcl 13 also shown (d) Black ime segments and armows
indicals channel walls

Table 3 "C dales fon Muasnmoth tusks and Bison shull

Sample Ape Enm Lah Lab Mo

Tusk 1 34479 323

33050 S0 A omna AARIERG

Fagon 2100 Anizona AAGARTD

RARLIL 20 LI Irwing 9597
Tuask 2 L 350 Arizony AASARE|
Tusk 3 JEBOMD 1300 ol 1EOA ASpdEED
‘Tusk 4 31250 330 IC Levinc 6470
Tusk 5 2030 360 LIC lrvrne 6480
Tusk 7 =47500% U brvine eddl
Tusk B LRI 300 LIC Ervine ELT T
Buzon 1a310* 150 U [1vine 15894
tlean ITETD 179 N 5

Moses Tusk | was dated twice al the Lnove sity of Anzone sadocacbon leb ard onee at the U Tovine lab (itobics) 8 weoiyghted
ek of the thaee dtes 15 grven Rist Tusk 6 his not been daded and Tusk 7 has eodetecteble O and 12 consulered mduncaren

dead

vitlues vmntted Mo weghted msan



3, Discusgion of results

The high N1 concentrations and othor Fo and sulfide composiions measuted i the particles
exuacted fiom seven Alaskan mammoth tusks, and a Siberian son skull, are 10 agreement with
ihetcornitic compoesitions ML s relatively mere at the Barth's surface, and o 15 difficull lo wmagine any
terrestrial process (hat would concentrate if withwn late Plewiocene fossils Moreover, the paricles
are highly fiagmenied and appeat to have exploded upon umpact within the lusks The apparent entry
channels filled wuh Fe-rich material and more angular particles in the bison sku!l are consistent with
umpact 1nte moie porous and much softer bone, compared to the tooth-like hardness of tusks In
addition, the embedded paricles ave found valy on one side of the fosals indwcating thal ihe paricles
arrved fiom a magle direchon, as they would from a tuetometeorite shower

bMicromeleories traveling ai hyopervelocines, however, cannot penelrate the Barti's aimosphers
and teach the surface at high velocity due to atimospheric drag Thus, we believe that the particles most
Ikely arrived feom an arrbanst, of fiom multiple airburst evends over Benngia al around 33 £ 2 ka
{rethaps similay to the 1908 Tenguska event), which locally pushed the atmosphere aside allowing the
partcles 1o wavel greate distances at ugh velocity Mulupie aitbursts would zppear mane hikely duc
Io the large atea {reveral thousand km across) from wiich these fossils wers 1ecovered Large-body
impacts also prodecs high-speed gecta particles, but these consist pomanly of ta get matenial having
terrestrial compositions The 33 + 2 ka age of the impacted fossils agrees with the onset of Bengian
population declines around 36 kyr ago that has been decumented fiom the fossl record [1, 2, 6, 10
These declines preceded major megataunal extinchions and the onset of Younger Dryas cooling m
Berngla at ~12 9 ka, which alse has been associsled with an acoretionary event [4]

Sithylemenkat Lake 15 at the bottom of a tupogtaphic bowi-shaped depression in ceniral Alaska
{Fig 6} and mught be an impact crater alse related io the 33 ka miciometeorile evenl Located at
86 117°N and 151 383°W, the depresson s 124 km in diameter and 500 m deep Found during a
search of Alasken Landsat imagery for possible impact fealutcy, the Sithylernenkal Lake depression
was selected because of 1ts shape, and alsa because 1t s located 1o tetraan unsutted for the formation
of circular perglacial lakes or voleanic venters [3] Analysis of acriel pholographs of Lhe basi shows
radial and ceticentrae Fractures sumlar ta those associated woth olhel Known impact struciures Glacal
fealures ats absent withun the basim wdicanng that i was net formed by glacial sction and that it s
probably {ate-to-post Wisconsin 1n age (<1(HF ka) Sedhments from streamws pergpheial to the basm
contan high Ni concentrations of wp 1o S000 ppmg {8] consistent with an unpact, althowgh ultramafic
bedrocl m ihe viciey could be the source of the mickel In addmon, a pronounced aeromagnetic
low 15 contered over the depiessien [11], and these are commonly associated with other large unpact
structures due 1o the intense fractureng of bedrock immediately below the crater flom [3]

4, Conclosions

We mopose that the metallie particles found cmbedded 1n ate Plestocene manmeth tusks and
brson skull {assunnag an incoriect aged aie nucrometeorites from low.leve]l airbursls that oceurred
over Berngia spmebme between 3 to 35 kyvr ago The resuli of thesc impacts Likely caused the death
of there seven Alaskan mammoths and one Stberan bison, as well as the overall dechine in megafaunal
populations obse ved throughout Bennga [2, 10] Another of these meteois mught have penctrated the
atmosphere intact and formad the Sliylemenkat Lake crater tn central Alaska
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Fig. a. Shylemenkal Lake (06.117°M, 151 3837W) at b botboan ot a bowl-shapedd wpographic depression in
venvdl Alagks, Contour taterve] 15 0.3 m (I00 1) aml the level of the Jake is at 2% m (F20 )

As our sample population is small, the next step i our investigation is to contact andfor visit
museems throughoul North America and Siberia having collections of late Plgistocene Beringian
fosails to sec if we can discover more fossils embedded with micrometeoribes. Also, an expedition
to Sithylernenkal Lake crater is needed to collect geologic samples and confirm the proposed
extiralorrestrial origin and age of this fopopraphic feature,
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