
•  Early	
  in	
  the	
  nineteenth	
  century,	
  geologists	
  began	
  to	
  apply	
  Steno’s	
  and	
  
Smith’s	
  lithostra8graphic	
  and	
  biostra8graphic	
  principles	
  to	
  outcrops	
  all	
  
over	
  the	
  world.	
  	
  They	
  discovered	
  the	
  same	
  dis8nc8ve	
  fossils	
  in	
  similar	
  
forma8ons	
  at	
  many	
  loca8ons.	
  	
  Many	
  of	
  the	
  faunal	
  successions	
  from	
  
different	
  con8nents	
  displayed	
  the	
  same	
  changes	
  in	
  fossil	
  assemblages.	
  	
  By	
  
matching	
  up	
  faunal	
  successions	
  and	
  using	
  cross-­‐cuBng	
  rela8onships,	
  
geologists	
  were	
  able	
  to	
  determine	
  the	
  rela8ve	
  ages	
  of	
  forma8ons	
  and	
  
establish	
  a	
  global	
  geologic	
  8me	
  scale	
  for	
  the	
  Phanerozoic	
  Eon,	
  the	
  most	
  
recent	
  542	
  million	
  years	
  of	
  Earth	
  history.	
  

•  The	
  geologic	
  8me	
  scale	
  divides	
  Earth’s	
  history	
  into	
  intervals	
  characterized	
  
by	
  fossil	
  assemblages,	
  and	
  it	
  places	
  the	
  boundaries	
  of	
  those	
  intervals	
  at	
  
8mes	
  when	
  those	
  assemblages	
  changed	
  abruptly.	
  



•  The	
  main	
  subdivisions	
  of	
  the	
  
Phanerozoic	
  Eon	
  are	
  the	
  eras,	
  
the	
  Paleozoic,	
  the	
  Mesozoic,	
  and	
  
the	
  Cenozoic	
  eras.	
  	
  Each	
  era	
  is	
  
further	
  subdivided	
  into	
  periods,	
  
usually	
  named	
  for	
  the	
  locality	
  
from	
  which	
  the	
  forma8ons	
  
represen8ng	
  them	
  were	
  first	
  
described,	
  or	
  for	
  some	
  
dis8nguishing	
  characteris8c	
  of	
  
the	
  forma8ons.	
  	
  Most	
  of	
  the	
  
periods	
  are	
  further	
  subdivided	
  
into	
  epochs.	
  	
  



•  Many	
  of	
  the	
  major	
  boundaries	
  indicate	
  periods	
  of	
  mass	
  ex8nc8ons,	
  short	
  
8me	
  intervals	
  during	
  which	
  a	
  large	
  propor8on	
  of	
  species	
  living	
  at	
  the	
  8me	
  
became	
  ex8nct.	
  



•  The	
  Phanerozoic	
  geologic	
  8me	
  scale	
  based	
  on	
  
lithostra8graphic	
  and	
  biostra8graphic	
  correla8ons	
  is	
  a	
  
rela8ve	
  8me	
  scale	
  that	
  may	
  be	
  refined	
  by	
  a	
  number	
  of	
  
techniques	
  including:	
  
•  Tephrostra8graphy	
  
•  Magnetostra8graphy	
  
•  Chemostra8graphy	
  

•  Glacial	
  varves	
  
•  Lichenometry	
  
•  Tree	
  rings	
  
•  Coral	
  growth	
  bands	
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•  Certain	
  mineral	
  grains	
  in	
  stra8graphic	
  successions	
  of	
  
lavas	
  or	
  sediments,	
  such	
  as	
  magne8te,	
  Fe3O4,	
  can	
  
record	
  Earth’s	
  magne8c	
  field	
  orienta8on,	
  either	
  by	
  
thermoremanent	
  magne8za8on	
  or	
  by	
  deposi8onal	
  
remanent	
  magne8za8on.	
  



•  As	
  magne8te	
  crystallizes	
  in	
  a	
  
lava	
  and	
  cools	
  below	
  the	
  
Curie	
  point	
  at	
  a	
  temperature	
  
of	
  about	
  500°C,	
  the	
  magne8c	
  
domains	
  in	
  the	
  mineral	
  grains	
  
become	
  sta8s8cally	
  aligned	
  
with	
  the	
  local	
  magne8c	
  field	
  
at	
  the	
  loca8on	
  of	
  the	
  
erup8on	
  of	
  the	
  lava.	
  

•  Successive	
  lava	
  flows	
  may	
  
record	
  several	
  magne8c	
  field	
  
reversals.	
  



•  Magne8te	
  grains	
  
transported	
  along	
  with	
  
other	
  sediment	
  par8cles	
  
become	
  aligned	
  with	
  the	
  
local	
  magne8c	
  field	
  as	
  
they	
  se[le	
  through	
  water,	
  
and	
  this	
  orienta8on	
  is	
  
preserved	
  as	
  the	
  
sediments	
  are	
  lithified.	
  



•  A	
  record	
  of	
  normal	
  and	
  reversed	
  magne8c	
  field	
  
polarity	
  that	
  can	
  be	
  used	
  to	
  correlate	
  stra8graphic	
  
units	
  now	
  extends	
  back	
  to	
  250	
  Ma.	
  



•  Unusual	
  minor	
  element	
  and	
  trace	
  element	
  composi8ons,	
  
or	
  anomalies,	
  characterize	
  certain	
  global	
  stra8graphic	
  
horizons	
  and	
  the	
  chemical	
  analysis	
  of	
  such	
  horizons	
  is	
  
useful	
  in	
  refining	
  the	
  geologic	
  8me	
  scale.	
  

•  Arguably	
  the	
  most	
  studied	
  stra8graphic	
  horizon	
  in	
  terms	
  
of	
  chemical	
  analysis	
  lies	
  at	
  the	
  Cretaceous-­‐Paleogene	
  
boundary,	
  which	
  coincides	
  with	
  the	
  impact	
  of	
  a	
  large	
  
meteorite	
  with	
  the	
  Earth,	
  the	
  erup8on	
  of	
  the	
  Deccan	
  
Traps	
  in	
  India,	
  and	
  a	
  mass	
  ex8nc8on.	
  



•  The	
  impact	
  of	
  a	
  meteorite	
  about	
  10	
  km	
  in	
  diameter	
  is	
  
thought	
  to	
  have	
  occurred	
  at	
  Chicxulub	
  on	
  the	
  Yucatan	
  
Peninsula	
  of	
  Mexico	
  65	
  million	
  years	
  ago,	
  at	
  the	
  Cretaceous-­‐
Paleogene	
  boundary.	
  

•  Evidence	
  from	
  a	
  core	
  drilled	
  at	
  Bass	
  River,	
  New	
  Jersey	
  
indicates	
  that	
  glass	
  spherules	
  formed	
  from	
  sediments	
  melted	
  
during	
  the	
  impact	
  were	
  ejected	
  and	
  traveled	
  several	
  
thousand	
  kilometers	
  in	
  about	
  10	
  minutes.	
  	
  The	
  spherules	
  
took	
  about	
  an	
  hour	
  to	
  se[le	
  through	
  about	
  100	
  m	
  of	
  water	
  
before	
  being	
  deposited	
  at	
  the	
  top	
  of	
  the	
  Cretaceous	
  mud.	
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•  The	
  iridium	
  
concentra8on	
  in	
  a	
  non-­‐
marine	
  sec8on	
  at	
  the	
  
Cretaceous-­‐Paleogene	
  
boundary	
  in	
  New	
  
Mexico	
  is	
  about	
  100	
  
8mes	
  higher	
  than	
  its	
  
typical	
  concentra8on	
  in	
  
the	
  crust	
  of	
  about	
  300	
  
parts	
  per	
  trillion.	
  



•  Spinels	
  richer	
  in	
  Ni	
  and	
  
Fe3+	
  than	
  typical	
  
terrestrial	
  spinels	
  have	
  
also	
  been	
  found	
  at	
  the	
  
Cretaceous-­‐Paleogene	
  
boundary	
  and	
  appear	
  to	
  
have	
  formed	
  by	
  
condensa8on	
  from	
  the	
  
Chicxulub	
  impact	
  vapor	
  
plume.	
  	
  



•  Atoms	
  of	
  the	
  same	
  element	
  with	
  different	
  numbers	
  of	
  neutrons	
  are	
  
called	
  isotopes	
  of	
  the	
  element.	
  	
  For	
  example,	
  all	
  carbon	
  isotopes	
  
have	
  6	
  protons,	
  but	
  may	
  have	
  6,	
  7,	
  or	
  8	
  neutrons,	
  giving	
  atomic	
  
masses	
  of	
  12,	
  13,	
  or	
  14,	
  which	
  are	
  wri[en	
  as	
  12C,	
  13C,	
  or	
  14C.	
  

•  Stable	
  isotopes	
  are	
  those	
  isotopes	
  which	
  do	
  not	
  decay	
  
spontaneously,	
  while	
  radioac8ve	
  isotopes	
  do	
  spontaneously	
  decay.	
  

•  The	
  rela8ve	
  abundances	
  of	
  isotopes	
  of	
  an	
  element	
  are	
  determined	
  
by	
  processes	
  that	
  enhance	
  the	
  abundances	
  of	
  some	
  isotopes	
  over	
  
others.	
  	
  



•  Pronounced	
  nega8ve	
  
stable	
  carbon	
  isotope	
  
excursions	
  likely	
  related	
  to	
  
increased	
  organic	
  and	
  
carbonate	
  carbon	
  fluxes	
  to	
  
the	
  deep	
  ocean	
  have	
  been	
  
used	
  to	
  correlate	
  late	
  
Precambrian	
  strata	
  which	
  
contain	
  only	
  very	
  few,	
  
generally	
  soi-­‐bodied,	
  
fossils.	
  	
  



•  Analysis	
  of	
  n-­‐alkanes	
  derived	
  from	
  
leaf	
  wax	
  lipids	
  of	
  lacustrine	
  plants	
  
indicate	
  nega8ve	
  stable	
  carbon	
  
isotope	
  excursions	
  that	
  have	
  been	
  
linked	
  to	
  high	
  atmospheric	
  CO2	
  
concentra8ons	
  due	
  to	
  the	
  erup8on	
  
of	
  flood	
  basalts	
  in	
  the	
  Central	
  
Atlan8c	
  Magma8c	
  Province	
  (CAMP).	
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•  Glacial	
  varves	
  are	
  annual	
  
layers	
  of	
  clay	
  and	
  fine	
  silt-­‐
sized	
  par8cles	
  in	
  glacial	
  and	
  
periglacial	
  lake	
  sediments.	
  

•  Varves	
  form	
  only	
  in	
  fresh	
  or	
  
brackish	
  water	
  because	
  the	
  
higher	
  salinity	
  of	
  normal	
  
seawater	
  tends	
  to	
  
coagulate	
  the	
  clay	
  into	
  
coarse	
  grains.	
  



•  Lichenometry	
  uses	
  the	
  
radial	
  growth	
  rate	
  of	
  
lichens	
  to	
  determine	
  the	
  
length	
  of	
  8me	
  a	
  rock	
  has	
  
been	
  exposed.	
  

•  Although	
  lichens	
  may	
  be	
  
used	
  to	
  date	
  surfaces	
  as	
  
old	
  as	
  10,000	
  years,	
  they	
  
are	
  most	
  accurate	
  when	
  
applied	
  to	
  surfaces	
  less	
  
than	
  1,000	
  years	
  old.	
  



•  The	
  discovery	
  of	
  radioac8vity	
  
in	
  1896	
  by	
  French	
  physicist	
  
Henri	
  Becquerel	
  paved	
  the	
  way	
  
for	
  accurate	
  and	
  precise	
  
measurements	
  of	
  absolute	
  
geologic	
  ages.	
  

•  In	
  1905,	
  Bri8sh	
  chemist	
  Ernest	
  
Rutherford	
  proposed	
  that	
  the	
  
absolute	
  age	
  of	
  a	
  rock	
  could	
  be	
  
determined	
  by	
  measuring	
  the	
  
decay	
  of	
  radioac8ve	
  elements	
  
found	
  in	
  it.	
  



•  The	
  nucleus	
  of	
  a	
  
radioac8ve	
  isotope	
  can	
  
spontaneously	
  
disintegrate,	
  or	
  decay,	
  
emiBng	
  par8cles	
  and	
  
transforming	
  the	
  
parent	
  atom	
  into	
  a	
  
daughter	
  atom	
  of	
  a	
  
different	
  element.	
  



•  Example	
  of	
  alpha	
  decay	
  
includes	
  the	
  decay	
  of	
  238U	
  
to	
  234Th.	
  

•  Examples	
  of	
  beta	
  decay	
  
include	
  the	
  decay	
  of	
  87Rb	
  to	
  
87Sr	
  and	
  of	
  14C	
  to	
  14N.	
  

•  Example	
  of	
  electron	
  
capture	
  includes	
  the	
  
transforma8on	
  of	
  40K	
  to	
  
40Ar.	
  



•  A	
  parent	
  isotope	
  decays	
  
into	
  a	
  daughter	
  isotope	
  
at	
  a	
  constant	
  rate.	
  

•  The	
  rate	
  of	
  radioac8ve	
  
decay	
  is	
  measured	
  by	
  the	
  
isotope’s	
  half-­‐life:	
  the	
  
8me	
  required	
  for	
  one-­‐
half	
  of	
  the	
  original	
  
number	
  of	
  parent	
  atoms	
  
to	
  be	
  transformed	
  into	
  
daughter	
  atoms.	
  





•  Radioac8ve	
  isotopes	
  make	
  excellent	
  clocks	
  because	
  their	
  half-­‐lives	
  do	
  not	
  
vary	
  with	
  changes	
  in	
  temperature,	
  pressure,	
  chemical	
  environment,	
  or	
  
other	
  factors	
  that	
  can	
  accompany	
  geologic	
  processes	
  on	
  Earth.	
  

•  The	
  ini8al	
  number	
  of	
  atoms	
  of	
  a	
  radioac8ve	
  isotope	
  is	
  usually	
  set	
  when	
  a	
  
mineral	
  crystallizes	
  from	
  a	
  magma	
  or	
  recrystallizes	
  during	
  metamorphism.	
  	
  
During	
  crystalliza8on,	
  however,	
  the	
  number	
  of	
  daughter	
  atoms	
  in	
  a	
  
mineral	
  is	
  not	
  necessarily	
  reset	
  to	
  zero,	
  so	
  the	
  ini8al	
  number	
  of	
  daughter	
  
atoms	
  must	
  be	
  taken	
  into	
  account	
  when	
  calcula8ng	
  isotopic	
  age.	
  

•  Minerals	
  may	
  lose	
  daughter	
  isotopes	
  by	
  weathering	
  or	
  become	
  
contaminated	
  by	
  fluids	
  circula8ng	
  in	
  rocks.	
  



•  One	
  of	
  the	
  most	
  precise	
  isotopic	
  da8ng	
  methods	
  for	
  old	
  
rocks	
  u8lizes	
  the	
  decay	
  of	
  two	
  related	
  isotopes:	
  	
  
the	
  decay	
  of	
  238U	
  to	
  206Pb	
  and	
  the	
  decay	
  of	
  235U	
  to	
  207Pb.	
  

•  The	
  two	
  uranium	
  isotopes	
  behave	
  similarly	
  chemically,	
  
but	
  they	
  have	
  different	
  half-­‐lives.	
  	
  When	
  used	
  together	
  
they	
  may	
  allow	
  the	
  effects	
  of	
  weathering,	
  
contamina8on,	
  and	
  metamorphism	
  to	
  be	
  sorted	
  out.	
  



•  With	
  the	
  advent	
  of	
  isotopic	
  da8ng	
  techniques,	
  geologists	
  
could	
  determine	
  not	
  only	
  the	
  absolute	
  ages	
  of	
  key	
  geologic	
  
events	
  that	
  were	
  the	
  basis	
  for	
  the	
  Phanerozoic	
  geologic	
  
8me	
  scale,	
  but	
  the	
  absolute	
  ages	
  of	
  geologic	
  history	
  over	
  
the	
  preceding	
  four	
  billion	
  years.	
  

•  To	
  represent	
  the	
  first	
  four	
  billion	
  years	
  of	
  Earth’s	
  history,	
  a	
  
division	
  of	
  geologic	
  8me	
  longer	
  than	
  the	
  era,	
  called	
  the	
  
eon,	
  was	
  introduced.	
  	
  Four	
  eons,	
  based	
  on	
  isotopic	
  ages	
  of	
  
terrestrial	
  rocks	
  and	
  meteorites,	
  are	
  now	
  recognized:	
  
Hadean,	
  Archean,	
  Proterozoic,	
  and	
  Phanerozoic.	
  	
  



•  The	
  Hadean	
  Eon	
  began	
  with	
  the	
  forma8on	
  of	
  the	
  Earth	
  
4.56	
  billion	
  years	
  ago.	
  	
  Following	
  a	
  period	
  during	
  which	
  
the	
  Earth	
  was	
  intensely	
  bombarded	
  by	
  material	
  from	
  the	
  
early	
  solar	
  system,	
  the	
  eon	
  ended	
  3.9	
  billion	
  years	
  ago.	
  	
  	
  

•  The	
  Archean	
  Eon	
  ended	
  2.5	
  billion	
  years	
  ago.	
  	
  The	
  
geodynamo	
  and	
  the	
  climate	
  system	
  were	
  established,	
  
felsic	
  crust	
  accumulated	
  to	
  form	
  the	
  first	
  stable	
  
con8nental	
  masses,	
  and	
  primi8ve	
  life	
  evolved	
  during	
  this	
  
eon.	
  



•  The	
  Proterozoic	
  Eon	
  ended	
  542	
  million	
  years	
  ago.	
  	
  By	
  the	
  
beginning	
  of	
  this	
  eon,	
  plate	
  tectonic	
  processes	
  were	
  
opera8ng	
  much	
  as	
  they	
  do	
  today.	
  	
  The	
  rise	
  of	
  organisms	
  
increased	
  the	
  amount	
  of	
  oxygen	
  in	
  the	
  atmosphere.	
  

•  The	
  Phanerozoic	
  Eon	
  began	
  542	
  million	
  years	
  ago	
  with	
  a	
  
great	
  prolifera8on	
  of	
  life,	
  which	
  con8nues	
  to	
  the	
  present	
  
day	
  having	
  survived	
  five	
  major	
  mass	
  ex8nc8ons.	
  




