
It was not until decades after Shoemaker (1960) first 
documented  a  terrestrial  impact  structure  that  the 
relationship between such impacts and mass extinctions 
was clearly hypothesized (Alvarez et al., 1980).  Although 
still controversial, this new view altered the paradigm for 
critical transitions in the evolution of terrestrial life.  The 
K-Pg (Cretaceous - Paleogene) extinction event, caused by 
a ~10 km impactor on the Yucatan peninsula (Hildebrand 
et al., 1991), exterminated the dinosaurs paving the way 
for the diversification of mammals.  Although the global 
effects  of impacts  on the terrestrial  biosphere  can be 
dramatic, their role in the early evolution of life remains 
poorly understood.   The  bombardment  history of  our 
planet  has major  implications for  Earth’s  atmosphere, 
habitability, near surface conditions, and the delivery of 
volatiles and the building blocks of life.  However, finding 
terrestrial evidence of impacts is hindered by the constant 
resurfacing of the planet due to weathering and erosion, 
essentially precluding using the contemporary terrestrial 
surface as a record of impact rates.   Evidence of the 
impact flux on the Earth-Moon system has largely been 
based on interpretations of reset 40Ar-39Ar ages of lunar 
samples leading to the hypothesis that the inner planets 
experienced a spike in bolide flux from ~3.8-4.0 Ga – a 
period known as the Late Heavy Bombardment (LHB; 
Tera et al., 1974) – which appears to coincide with the 
earliest evidence of life.  The earliest evidence for life on 
Earth is in the form of carbon isotopes from 　3.8 Ga 
rocks from Greenland (Mojzsis et al., 1996) with the first 
stromatolite  fossils  identified  in  3.5  Ga  rocks  from 
Western Australia (Walter et al., 1980).  While many have 
argued that large impacts would frustrate the emergence of 
life (Maher and Stevenson, 1988), Abramov and Mojzsis 
(2009) suggest that LHB- scale impacts might actually 
increase habitats of thermophilic organisms, seemingly the 
root of the tree of life (Pace, 1997).  With a sparse 
Precambrian rock record and no >4 Ga rocks, conditions 

on the early Earth relevant to the evolution of ancient life 
forms,  particularly  the  rate  of  impacts,  is  essentially 
unknown.  Most interpretations of lunar 40Ar-39Ar ages 
are  problematic  due  to  the  presence  of  relic  clasts, 
incomplete  argon  outgassing,  diffusive  modification 
during shock and heating, exposure to solar wind and 
cosmic  rays,  and  misinterpretations  of  age  spectra 
(Ferenandes et al., 2013; Harrison and Lovera, 2013).  
Thus the development of new approaches to identifying 
impact signatures is urgently warranted.  Although Earth 
has lost the vast majority of its impact features, the few 
preserved large (ca. 200 km) craters formed over the past 
2 Ga permit geochemical investigations into the physical 
conditions (i.e., shock pressure, thermal, hydrologic, etc.) 
experienced  during  bombardment.    Our  group  has 
developed methods, primarily from analysis by Secondary 
Ion Mass Spectrometry (SIMS) of the mineral  zircon 
(ZrSiO4),  to  investigate  the  physical  conditions 
experienced  during  impact  cratering  as  well  as 
establishing the timing of impacts in the Archean and 
Hadean.   With regard to the former, SIMS analysis of 
zircon from the five of the largest terrestrial impact craters 
(Vredefort and Morokweng, South Africa; Sudbury and 
Manicouagan, Canada; Popigai, Russia; Wielicki et al., 
2012)  has  provided  a  large  database  with  which  to 
compare terrestrial and extraterrestrial zircons to constrain 
their origin and provides the foundation for using zircon as 
a probe of planetary impact history.  Direct comparison of 
impact-formed zircon and Hadean terrestrial zircon from 
Western Australia yields a ~100� C greater Ti-in-zircon 
crystallization  temperature  of  impact-produced  grains 
suggesting that impacts were not a dominant source of the 
terrestrial population.  Zircon sieve textures identified in 
lunar meteorite SaU 169 as poikilitic impact melt zircon 
formed during equilibrium crystallization of the impact 
melt and used to constrain the age of Imbrium (Liu et al., 
2012) have been identified in Vredefort impactites and 
shown to be inherited from the target rock and thus should 
not  be  used  to  identify  impact  age.   This  example 
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underscores the necessity to have proven criteria with 
which to identify grains that accurately date the impact 
event and are not inherited from the target.  Accurately 
identifying impacts within the geologic record is essential 
prior  to  investigating  coincident  transitions  in  the 
evolution of life and constraining the role of impacts on 
such transitions. 
 

References  
Abramov, O., Mojzsis, S.J., 2009. Microbial habitability of the 

Hadean Earth during the late heavy bombardment. Nature, 
459: 419–422.  

Alvarez, L.W., Alvarez, W., Asaro, F.,  Michel, H.V., 1980. 
Extraterrestrial Cause for the Cretaceous-Tertiary Extinction. 
Science, 208: 1095-1108.  

Fernandes,  V.A.,  Fritz,  J.,  Weiss,  B.P.,  Garrick-Bethell,  I., 
Shuster, D.L., 2013. The bombardment history of the Moon as 
recorded by 40Ar-39Ar chronology. MAPS, 48: 241-269.  

Harrison, T.M., Lovera, O.M., 2013. The multi-diffusion domain 
model: past, present and future. Geological Society, London, 
Special Publications, 378: (in press).  

Hilldebrand, A.R., Penfield, G.T., Kring, D.A., Pilkington, M., 
1991.  Chicxulub  crater:  a  possible  Cretaceous/Tertiary 
boundary impact crater on the Yucatan Peninsula, Mexico. 
Geology, 19: 867-871.  

Liu, D., Jolliff, B.L., Zeigler, R.A., Korotev, R.L., Wan, Y., Xie, 
H., Zhang, Y., Dong, C., Wang, W., 2012. Comparative zircon 
U–Pb geochronology of impact melt breccias from Apollo 12 
and lunar meteorite SaU 169, and implications for the age of 
the Imbrium impact. Earth Planet. Sci. Lett., 319-320: 277-
286.  

Maher, K.A., Stevenson, D.J., 1988. Impact frustration of the 
origin of life, Nature, 331: 612-614.  

Mojzsis, S.J., Arrhenius, G., McKeegan, K.D., Harrison, T.M., 
Nutman, A.P., Friend, C.R., 1996. Evidence for life on Earth 
before 3,800 million years ago. Nature, 384: 55-59.  

Pace, N.R., 1997. A Molecular View of Microbial Diversity and 
the Biosphere, Science, 276: 734-740.  

Shoemaker, E. M., 1960. Penetration mechanics of high velocity 
meteorites,  illustrated  by  Meteor  Crater,  Arizona. 
International  Geological  Congress 21st,  Copenhagen: 418-
434.  

Tera, F., Papanastassiou, D.A., Wasserburg, G.J., 1974. Isotopic 
evidence for a terminal lunar cataclysm. Earth Planet. Sci. 
Lett., 22: 1–21.  

Walter, M.R., Buick, R., Dunlop, J.S.R., 1980. Stromatolites 
3,400–3,500 Myr old from the North Pole area, Western 
Australia. Nature, 284: 443-445.  

Wielicki,  M.M.,  Harrison,  T.M.,  Schmitt,  A.K.,  2012. 
Geochemical signatures and magmatic stability of terrestrial 
impact produced zircon. Earth Planet. Sci. Lett., 321-322: 20-
31.  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


