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	  1.	  	  IntroducTon	  	  

	  3.	  Regional	  variaTon	  of	  P660P	  and	  P'660P'	  observaTons	  

	  4.	  660km	  disconTnuity	  topography	  under	  East	  Africa	  and	  frequency	  dependence	  	  

Event	   Depth	  (km)	   Δ	  (°)	   #	  Sta.	   MW	   660	  depth	   Bounce	  Region	  	  

030994E	   567.8	   77.5	   23	   7.6	   652	   East	  Africa	  

081902A	   630.9	   81.2	   80	   7.6	   645	   East	  Africa	  

081902C	   699.3	   84.1	   87	   7.7	   680	   East	  Africa	  

071504C	   	  577.2	   77.7	   35	   	  7.1	   660	   East	  Africa	  

120907A	   149.9	   82.5	   73	   7.8	   652	   East	  Africa	  

060994A	   647.1	   67.0	   9	   8.6	   -‐	   Indian	  Ocean	  

042300B	   607.9	   81.1	   26	   6.9	   658	   Indian	  Ocean	  

111702C	   479.8	   69.1	   87	   7.3	   642	   Southern	  Ocean	  

083070	   645	   61.1	   341	   6.6-‐	   670	   Southern	  Ocean	  

*102773	   0	   62	   341	   6.9-‐	   650	   AntarcQca	  

*110274	   0	   61.9	   207	   6.7-‐	   650	   AntarcQca	  

120973	   0	   59.6	   342	   6.8-‐	   655	   AntarcQca	  

What	  is	  P'P'?	  
P'P'	   (also	   known	   as	   PKPPKP	   or	  
PKIKPPKIKP	   in	   the	   case	   of	   P'P'df)	   is	   a	  
seismic	  phase	  which	  traverses	  the	  enTre	  
Earth,	   including	   the	   core,	   before	  
reflecTng	  off	  the	  Earth’s	  surface	  (Fig.	  1).	  
Like	   PP	   and	   SS	   waves,	   the	   main	   P'P'	  
arrival	  is	  preceded	  by	  smaller	  amplitude	  
arrivals,	   known	   as	   precursors,	   which	  
have	   been	   reflected	   at	   disconTnuiTes	  
below	   the	   Earth’s	   surface	   (Fig.	   2).	   P'P'	  
precursors	   are	   referred	   to	   as	   P'dP',	  
where	   d	   denotes	   the	   depth	   of	   the	  
interface	  they	  have	  been	  reflected	  by.	  
As	  P'P'	  precursors	  have	  a	   relaTvely	  high	  
frequency	  content	  (~1Hz)	  and	  approach	  
disconTnuiTes	   with	   a	   steep	   angle	   of	  
incidence	   they	   are	   sensiTve	   to	   sharp	  
transiTons	  and	  small	  scale	  structures.	  

	  2.	  	  Methods	  	  	  
Stacking	  
PP	   and	   P'P'	   precursors	   are	   small	   amplitude	   phases	  which	   are	   not	   visible	   on	  
individual	  seismograms.	  To	  allow	  the	  weak	  precursor	  signals	  to	  rise	  above	  the	  
background	   noise	   level,	   traces	   are	   stacked	   in	   bins	   according	   to	   the	  
bouncepoint	   of	   the	   precursor.	   Incoherent	   noise	   is	   suppressed,	   whilst	   the	  
coherent	   signals	   of	   the	  main	   arrival	   and	   its	   precursors	   are	   enhanced.	   Phase	  
weighted	  stacking	  (PWS)	  [1]	  is	  a	  non-‐linear	  stacking	  technique,	  which	  is	  used	  
to	  idenTfy	  the	  very	  small	  amplitude	  precursors.	  

Data	  selecQon	  and	  processing	  
• 	  P'P'	  Broadband	  data,	  collected	  mainly	  by	  the	  Californian	  Seismic	  Networks	  
and	  LASA	  array,	  have	  been	  stacked	  for	  a	  number	  of	  individual	  events	  (Table	  1).	  
Seismograms	  used	   in	  the	  stacks	  are	  filtered	  between	  0.5	  and	  1.5	  Hz	  (and	  15	  
and	  75s	   for	   the	   long	  period	  P'P')	   and	  normalized	  on	   the	  arrival	  of	   the	  main	  
phase.	  They	  are	  then	  hand	  selected	  to	  ensure	  a	  good	  signal-‐to-‐noise	  raTo	  and	  
clear	   precursor	  window.	   SyntheTc	   seismograms	   are	   generated	  using	   the	   ray	  
tracing	  program	  WKBJ	  [2].	  
•  	   Long	   period	   PP	   Seismograms	   from	   a	   number	   of	   worldwide	   events	   are	  
filtered	   between	   15	   and	   75s,	   normalized	   and	   linearly	   stacked	   in	   bins	   of	   20°	  
diameter.	  

Figure	  1:	  A	  cartoon	  showing	  the	  paths	  of	  the	  
different	  P'P'	  branches.	  	  

Figure	  6:	  P'P'df	  -‐	  35	  
hand	  selected	  
staTons	  (low	  signal-‐
to-‐noise	  raTo,	  clear	  
precursor	  window)	  
from	  the	  moment	  
magnitude	  7.1	  15th	  
July	  2004	  Fiji	  event	  
(071504C)	  in	  2	  
frequency	  bands	  
(0.5-‐1.5	  and	  
0.013-‐0.066	  Hz)	  
have	  been	  stacked	  
at	  a	  variety	  of	  
slownesses	  using	  
both	  linear	  and	  
phase	  weighted	  
stacking.	  	  

Figure	   5:	   The	   different	   Fresnel	   zones	   for	   a)	  
P'660P'	   and	   b)	   P660P	   at	   short	   and	   long	   periods	  
(T=1s	  and	  18s	  respecTvely).	  	  

We	  frequently	  observe	  a	  clear	  P'660P'	  signal	  at	  short	  periods,	  regardless	  of	  tectonic	  selng	  (Table	  1),	  
as	  do	  other	  P'P'	  studies	  [5;6].	  This	  has	  been	  interpreted	  as	  evidence	  for	  a	  sharp	  transiTon,	  over	  less	  
than	  2km	  [4].	  We	  do	  not	  observe	  a	  strong	  P'660P'	  signal	  at	  long	  periods.	  The	  ‘660’	  is	  rarely	  detected	  
by	  PP	  precursors	  at	  both	   long	  and	  short	  periods	   [3],	  with	  those	  studies	   that	  do	  observe	   it	  seeing	  a	  
complex	  disconTnuity	  with	  intermipent	  single	  and	  double	  reflectors	  [7].	  The	  complexity	  of	  the	  ‘660’	  
has	   been	   apributed	   to	   a	   variety	   of	   factors,	   most	   notably	   addiTonal	   phase	   changes	   in	   non-‐olivine	  
components	  of	  the	  mantle,	  such	  as	  garnet.	  

Figure	   2:	  A	   cartoon	   showing	   PP	   precursors	  
bouncing	  off	  mantle	  disconTnuiTes	  and	  the	  
main	  phase	  reflecTng	  off	  the	  Earth’s	  surface.	  

‘660’	  topography	  from	  short	  period	  
observaQons	  of	  P'P'	  
Short	  period	  P'660P'	  has	  a	  much	  smaller	  
Fresnel	   zone	   than	   long	   period	   P660P	  
and	  P'660P'.	  We	  detect	  up	   to	  35	  km	  of	  
variaTon	   in	   the	   depth	   of	   the	   660km	  
reflector	  over	  a	  few	  hundred	  km	  (Fig.	  3).	  
This	   variaTon	   would	   prevent	   energy	  
from	   660km	   reflectors	   coherently	  
stacking	   in	   long	   period,	   large	   Fresnel	  
zone	   data	   types,	   making	   long	   period	  
P'660P'	   and	   P660P	   difficult	   to	   observe,	  
as	  illustrated	  in	  Fig.7.	  The	  shorter	  period	  
P'660P'	   signal	   disappears	   at	   periods	  
above	   5.5s	   (Fig.	   6),	   which	   is	   consistent	  
with	  a	  Fresnel	  zone	  of	  5°	  radius.	  
AddiQonal	  deep	  reflectors	  
Long	   period	   P'P'	   reflects	   from	   an	  
interface	  at	  around	  720km	  depth	  (Fig.	  3	  
and	  6).	  This	  is	  likely	  to	  be	  related	  to	  the	  
majorite	   garnet	   to	   perovskite	   phase	  
transiTon.	  

Table	   1:	  Analysed	   P'P'	   events	   (0.5-‐1.5	  Hz)	  with	   observed	   precursors.	   Nuclear	   tests	  
indicated	  by	  *.	  	  indicates	  event	  featured	  in	  Fig.	  3.	  Body	  wave	  magnitudes	  are	  shown	  
by	  -‐.	  TransiTon	  depths	  are	  calculated	  using	  the	  Tme	  difference	  between	  the	  P'660P'	  
and	  P'P'	   arrival	  Tmes.	   There	  are	  15	  events	   for	  which	  precursors	   are	  not	  observed.	  
They	  tend	  to	  saTsfy	  one	  or	  more	  of	  the	  following	  condiTons;	  too	  small	  a	  magnitude,	  
too	  shallow,	  too	  few	  staTons	  or	  a	  noisy	  precursor	  window.	  Event	  060994A	  has	  no	  660	  
depth	  measured	  due	  to	  the	  excepTonally	  long	  source	  Tme	  funcTon	  for	  this	  event.	  	  

Figure	   7:	   Phase	  
weighted	   envelope	  
stacks	   in	   1s	   wide	   filter	  
bands,	   normalized	   on	  
P'P',	   	   for	   event	  
071504C.	   (p=-‐1.8s/°).	  
The	   P'660P'	   signal	  
disappears	   above	  
periods	   of	   5.5s.	   It	  
reappears	  at	  6.5s	  as	  the	  
Fresnel	  zone	  widens.	  At	  
periods	   longer	   than	   7s	  
noise	   from	   other	  
phases	   begins	   to	   be	  
observed	   in	   the	  
precursor	  window.	  	  

	  	  1	  	  ×	  Max.	  	  	  	  	  	  	  	  	  	  	  	  	  
	  10	  	  	  	  	  P'P'	  

5.	  Conclusions	  
• 	  	  P'660P'	  reflecTons	  are	  observed	  under	  East	  Africa,	  the	  Southern	  Ocean,	  AntarcTca	  and	  the	  Indian	  Ocean.	  
• 	  Short	  period	  P'660P'	  observaTons	  in	  East	  Africa	  detect	  substanTal	  variaTon	  in	  660km	  disconTnuity	  depth;	  this	  would	  prevent	  coherent	  
long	  period	  PP	  and	  P'P'	  precursor	  observaTons	  of	  the	  660km	  disconTnuity,	  due	  to	  the	  large	  Fresnel	  zones	  of	  long	  period	  data.	  

• 	  Long	  period	  P'720P'	  signals	  are	  observed	  under	  East	  Africa.	  They	  are	   likely	  to	  correspond	  to	  a	  reflecTon	  from	  the	  majorite	  garnet	  to	  
perovskite	  phase	  transiTon.	  
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Figure	   4:	   VariaTon	   in	   depth	   of	   the	   660km	  
seismic	   disconTnuity	   in	   Eastern	   Africa.	   The	  
depth	   is	   calculated	   from	   the	   absolute	   Tme	  
difference	  between	  the	  short	  period	  P'P'	  and	  
P'660P'	   arrivals	   using	   ak135	   [8]	   as	   the	  
reference	   model.	   There	   is	   up	   to	   35	   km	  
variaTon	  in	  the	  depth	  of	  the	  660	  over	  2°.	  This	  
is	  comparable	  to	  the	  Fresnel	  zone	  of	  0.5	  –	  1.5	  
Hz	   P'P'.	   35km	   of	   apparent	   variaTon	   of	   660	  
depth	  could	  also	  be	  caused	  by	  over	  120km	  of	  
variaTon	  in	  crustal	  thickness.	  
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Figure	  3:	   Example	  phase	  weighted	  P'P'	   (top)	  and	  
linear	   PP	   stacks	   (bopom)	   at	   each	   bouncepoint.	  
Red	  shading	  indicates	  a	  robust	  PdP	  observaTon.	  	  
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