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ABSTRACT	  

In	  this	  report	  we	  describe	  the	  Sub-‐Saharan	  Africa	  Geodetic	  Strain	  Rate	  Model	  1.0,	  which	  is	  a	  contribution	  to	  

the	  Global	  Earthquake	  Model	  Foundation	  (GEM)	  Strain	  Rate	  Project.	  The	  objective	  of	  this	  work	  is	  to	  improve	  

the	   latest	   GEM	   geodetic	   strain	   rate	   model	   with	   an	   updated	   strain	   rate	   field	   of	   sub-‐Saharan	   Africa.	   Sub-‐

Saharan	   Africa	   encompasses	   the	   East	   African	   Rift	   System	   (EARS),	   the	   active	   divergent	   plate	   boundary	  

between	   the	  Nubian	   and	   Somalian	   plates,	  which	   accommodates	   strain	   along	   the	   boundaries	   of	   at	   least	   3	  

microplates.	  The	  current	  version	  of	  the	  GEM	  geodetic	  strain	  rate	  model	  is	  constrained	  by	  published	  geodetic	  

data	   along	   the	   EARS	   and	   includes	  microplates	   between	   the	  Nubian	   and	   Somalian	   plates.	   In	   this	  work	  we	  

developed	  an	   improved	   strain	   rate	   field	   for	   sub-‐Saharan	  Africa	   that	   incorporates	  1)	   an	  expanded	  geodetic	  

velocity	   field	  within	  the	  Nubia-‐Somalia	  plate	  system	  and	  along	  the	  EARS	  2)	  redefined	  regions	  of	  deforming	  

zones	   guided	   by	   seismicity	   distribution,	   and	   3)	   updated	   constraints	   on	   block	   rotations	   from	   the	   recent	  

publication	  of	  Saria	  et	  al.	  (2014).	  The	  Sub-‐Saharan	  Africa	  Geodetic	  Strain	  Rate	  Model	  1.0	  spans	  longitudes	  22	  

to	  55.5	  and	  latitudes	  -‐52	  to	  20	  with	  0.5°	  (longitude)	  by	  0.4°	  (latitude)	  spacing,	  which	  includes	  part	  or	  all	  of	  the	  

following	  plates	  and/or	   sub-‐plates:	   Somalia,	  Nubia,	  Rovuma,	   Lwandle,	  Victoria,	  Antarctica,	   and	  Arabia.	   For	  

these	  plates/sub-‐plates	  we	  assign	  rigid	  block	  rotations	  as	  boundary	  constraints	  on	  the	  strain	  rate	  calculation	  

that	   is	  determined	  using	  the	  Haines	  and	  Holt	  method	  of	  fitting	  splines	  to	  geodetic	  data	  for	  an	  interpolated	  

velocity	  gradient	  tensor	  field.	  We	  derive	  strain	  rates,	  velocities,	  and	  vorticity	  rates	  from	  the	  velocity	  gradient	  

tensor	  field.	  Following	  the	  work	  of	  Kreemer	  et	  al.	  2014	  for	  the	  GEM	  geodetic	  strain	  rate	  field	  we	  also	  provide	  

estimates	   of	   model	   uncertainties,	   velocities,	   vorticity,	   and	   strain	   rates	   in	   a	   Nubia-‐fixed	   reference	   frame	  

relative	  to	  the	  lower	  mantle	  for	  a	  0.1°	  x	  0.1°	  mesh.	  
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2 Introduction	  

The	  GEM	  Foundation	  aims	  to	  improve	  the	  global	  GEM	  strain	  rate	  model	  (Kreemer	  et	  al.,	  2014)	  by	  revising	  regional	  

strain	   rate	  estimates.	   Sub-‐Saharan	  Africa	   (SSA)	   is	  one	  of	   the	  GEM	  Foundation’s	  8	  defined	   regions.	   The	  previous	  

estimates	  of	  strain	  in	  SSA	  from	  the	  GEM	  geodetic	  strain	  rate	  model	  were	  based	  largely	  on	  published	  geodetic	  data	  

and,	   in	   the	   SSA	   region,	   block	   rotations	   from	  MORVEL	   (DeMets	   et	   al.,	   2010).	   Since	   the	   publication	   of	   the	   GEM	  

geodetic	  strain	  rate	  model	  new	  observations	  have	  been	  obtained	  along	  the	  East	  African	  Rift	  System	  and	  Saria	  et	  al.	  

(2014)	  published	  new	  angular	  velocity	  vectors	  for	  the	  Somalian,	  Antarctica,	  Victoria,	  Rovuma,	  and	  Lwandle	  plates	  

and	  sub-‐plates.	  Stamps	  et	  al.	  (2014)	  also	  published	  a	  continuous	  strain	  rate	  field	  for	  the	  region	  using	  both	  geodetic	  

and	   seismic	  data.	   In	   this	  work	  we	   incorporate	  only	   geodetic	   information	   from	  both	   the	  new	  geodetic	   data	   and	  

Euler	  poles	  to	  develop	  a	  new	  strain	  rate	  model	  calculated	  using	  the	  methods	  of	  Haines	  and	  Holt	  (e.g.,	  Haines	  and	  

Holt,	  1993;	  Haines	  et	  al,	  1998;	  Holt	  et	  al.,	  2000;	  Beavan	  and	  Haines,	  2001).	  
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3 Methodology	  

3.1 Mesh	  Geometry	  

Our	  mesh	  for	  SSA	  includes	  the	  region	  from	  longitudes	  26	  to	  55.5	  and	  latitude	  -‐52	  to	  20	  with	  grid	  spacing	  of	  

0.5°	   in	   longitude	  and	  0.4°	   in	   latitude	   (Figure	  1A).	  We	  chose	  these	  values	   for	  grid	  spacing	  because	  they	  are	  

compatible	  with	  the	  GEM	  geodetic	  strain	  rate	  field.	  These	  choices	  will	  allow	  for	  integration	  of	  the	  SSA	  geodetic	  
strain	   rate	   field	   into	   the	   next	   version	   of	   the	   GEM	   global	   geodetic	   strain	   rate	   model.	   We	   define	   regions	   of	  

deformation	  by	  evaluating	   the	   locations	  of	   seismicity	  data	   from	  the	   International	  Seismicity	  Catalog	   (Figure	  1B),	  

the	   locations	  of	  existing	  GPS	  observations,	  and	  previous	  studies	  that	   indicate	  rigidity	  (i.e.	  Malservisi	  et	  al.,	  2013;	  

Saria	   et	   al.	   2013).	   Along	   the	   EARS	   we	   outline	   zones	   of	   profuse	   active	   seismicity	   and	   then	   reduce	   these	   zones	  

because	  there	  are	  currently	  no	  GPS	  observations	  available	  to	  constrain	  the	  possible	  deformation	  or	  the	  region	  is	  

rigid	  within	  observational	  error	  (Figure	  1C).	  In	  particular,	  we	  note	  active	  seismicity	  in	  the	  South	  Western	  Branch	  of	  

the	   EARS,	   but	   remove	   these	   predefined	   deforming	   zones	   because	   GPS	   data	   are	   absent.	   	   Similarly	   seismicity	   is	  

present	  in	  south	  Africa,	  but	  the	  existing	  GPS	  observations	  indicate	  rigidity	  (i.e.	  Malservisi	  et	  al.,	  2013).	  

	  

	  

Figure	  3.1	  A.	  Locations	  of	  coordinates	  that	  define	  the	  mesh.	  B.	  Seismicity	  from	  the	  International	  Seismic	  Catalog.	  C.	  Black	  

shows	  regions	  we	  define	  as	  deforming	  relative	  to	  areas	  we	  consider	  rigid.	  
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3.2 Geodetic	  Velocity	  Solution	  

The	  geodetic	  data	  used	  in	  this	  work	  to	  constrain	  deformation	  in	  sub-‐Saharan	  Africa	  are	  a	  combination	  of	  both	  

continuous	   and	   episodic	   Global	   Positioning	   System	   (GPS)	   observations.	   We	   require	   at	   least	   2.5	   years	  

observations	  for	  continuous	  GPS	  data	  to	  minimize	  seasonal	  signals	   in	  the	  time-‐series	  (Blewitt	  and	  Lavallee,	  

2002).	  	  Episodic	  GPS	  sites	  must	  have	  at	  least	  3	  or	  more	  occupations	  spanning	  4	  or	  more	  years.	  In	  areas	  where	  

transient	   deformation	   is	   known	   and/or	   observed	   in	   the	   time-‐series,	   we	   remove	   affected	   sites	   with	   one	  

exception.	  In	  the	  Kivu	  Volcanic	  Province	  as	  separate	  analysis	  by	  Ji	  et	  al	  (in	  prep)	  isolated	  the	  tectonic	  signal	  by	  

applying	  principal	  component	  analysis	  to	  the	  time-‐series.	  	  

We	  calculate	  a	  geodetic	  solution	  comprised	  of	  publically	  accessible	  data	  (Solution	  A)	  and	  a	  separate	  solution	  

(Solution	  B)	   that	   includes	  newly	  acquired	  episodic	  GPS	  data	   in	  Tanzania	   (Stamps	  and	  Saria,	  2015),	  Uganda	  

(Stamps	  and	  Tugume,	  2015),	  and	  Madagascar	  (Stamps	  and	  Rambolamanana,	  in	  prep.).	  The	  two	  solutions	  are	  

combined	   by	   using	   common	   sites	   ABPO,	   TANZ,	   EBBE,	   MBAR,	   SRTI,	   REUN,	   and	   SEY1	   to	   calculate	  

transformation	  parameters	  and	  rotate	  the	  velocity	  solutions	   into	  a	  consistent	  Nubia-‐fixed	  reference	  frame.	  

The	  RMS	  value	  is	  0.68	  mm/yr	  for	  the	  56	  common	  sites	  in	  Solution	  A	  and	  B	  after	  the	  transformation.	  	  

In	  both	  solutions	  GPS	  data	  are	  processed	  with	  using	  a	   three-‐step	  approach	  with	  GAMIT-‐GLOBK	  processing	  

software	   (Herring	   et	   al.,	   2010)	   for	   precise	   positions	   and	   velocities.	   In	   a	   first	   step	   we	   estimate	   orbital	  

parameters	   and	   loosely	   constrained	   daily	   positions	   with	   their	   variance-‐covariance	   matrices	   (quasi-‐

observations),	  satellite	  state	  vectors,	  phase	  ambiguities,	  two	  horizontal	  tropospheric	  gradients	  per	  day,	  and	  

seven	  tropospheric	  delay	  parameters	  per	  station	  per	  day	  using	  doubly	  differenced	  phase	  observables.	   	  We	  

correct	  for	  solid	  Earth	  tides,	  oceanic	  loading,	  and	  polar	  tides	  by	  applying	  International	  Earth	  Rotation	  Service	  

standards	  (McCarthy	  and	  Petit,	  2003)	  and	  phase	  center	  corrections	  based	  on	  work	  by	  Schmid	  et	  al.	  (2007).	  

For	   our	   quasi-‐observables	   we	   employ	   final	   orbits	   and	   Earth	   Orientation	   Parameters	   produced	   by	   the	  

International	   GNSS	   Service	   	   (International	   Earth	   Rotation	   Service,	   2003).	   	   Second,	  we	   combine	   our	   quasi-‐

observations	   with	   precise	   MIT	   global	   Solution	   Independent	   Exchange	   (SINEX)	   files	   and	   solve	   for	   precise	  

positions	   in	   a	   global	   reference	   frame	   (IGb08)	   by	  minimizing	   coordinate	   estimates	   at	   common,	   stable	   IGS	  

reference	  sites.	  For	   solution	  A	  we	  apply	   the	   first-‐order	  Gauss	  Markov	   (FOGM)	  algorithm	  to	  estimate	   time-‐

correlated	  noise	  (Reilinger	  et	  al.,	  2006)	  for	  continuous	  sites	  and	  add	  1	  mm/√yr	  to	  the	  standard	  error	  for	  all	  

other	   sites	   to	   produce	   realistic	   and	   conservative	   uncertainty	   estimates.	   For	   solution	   B	  we	   do	   not	   employ	  

FOGM,	  rather	  add	  1	  mm/√yr	  to	  the	  standard	  error	  to	  all	  sites	  and	  estimate	  conservative	  uncertainties.	  In	  the	  

final	   step	   for	   both	   solutions	   we	   combine	   position	   estimates	   into	   a	   cumulative	   solution	   and	   solve	   for	  

velocities.	   Following	   the	   procedures	   noted	   above	   we	   then	   merge	   Solution	   A	   and	   B	   to	   produce	   the	   final	  

velocity	  solution	  used	  to	  constrain	  the	  SSA	  geodetic	  strain	  rate	  model	  (Figure	  2).	  	  	  
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Figure	  3.2	  GPS	  velocity	  field	  in	  a	  Nubia-‐fixed	  reference	  frame	  (Saria	  et	  al.	  2013).	  Red	  vectors	  are	  within	  the	  deforming	  

zones	  as	  defined	  in	  this	  work.	  White	  vectors	  are	  positioned	  in	  rigid	  zones	  constrained	  by	  Euler	  poles.	  Uncertainty	  ellipses	  

are	  95%.	  
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3.3 Geodetic	  Strain	  Rate	  Calculation	  

We	  use	  the	  methods	  of	  Haines	  and	  Holt	  (e.g.,	  Haines	  and	  Holt,	  1993;	  Haines	  et	  al,	  1998;	  Holt	  et	  al.,	  2000;	  Beavan	  and	  

Haines,	  2001)	  to	  calculate	  a	  continuous	  strain	  rate	  field	  constrained	  by	  geodetic	  observations.	  We	  use	  this	  approach	  for	  

compatibility	  with	   the	  GEM	   geodetic	   strain	   rate	  model	   (Kreemer	   et	   al.,	   2014).	   The	  Haines	   and	  Holt	  method	   involves	  

defining	  zones	  of	  rigidity	  and	  deformation	  a	  priori	  and	  fitting	  bicubic	  splines	  to	  irregularly	  spaced	  velocities	  across	  pre-‐

defined	  deforming	  zones	  at	  plate	  boundaries.	  To	   fit	  deforming	  regions	  with	  relatively	  higher	  strain	  rates	  compared	  to	  

the	  rigid	  zones	  this	  method	  requires	  assigning	  a	  priori	  (co)variances	  to	  each	  mesh	  element	  in	  the	  deforming	  regions.	  We	  

follow	   closely	   the	   application	   of	   the	   Haines	   and	   Holt	   method	   implemented	   by	   Kreemer	   et	   al.	   (2014)	   for	   the	   GEM	  

geodetic	   strain	   rate	   model,	   which	   involves	   a	   two-‐step	   approach.	   First	   we	   assign	   uniform	   variances	   with	   standard	  

deviations	  10-‐9	   yr-‐1	   and	  1/√2*10-‐9	   yr-‐1	   for	   the	  diagonal	   (

€ 

˙ ε xx,yy )	   and	  off-‐diagonal	   (

€ 

˙ ε xy )	   components	  of	   the	   strain	   rate	  

tensor,	  respectively.	  In	  this	  first	  step	  the	  region	  is	  considered	  isotropic,	  thus	  we	  assign	  zero	  covariances	  (Figure	  3A).	  In	  

the	  second	  step,	  we	  use	  the	  second	  invariant	  (Ω=

€ 

˙ ε xx
2 + ˙ ε yy

2 + 2˙ ε xy
2
	  )	  and	  Ω/√2	  of	  the	  strain	  rate	  calculation	  from	  

the	   first	   step	   to	  constrain	   the	  a	  priori	   standard	  deviations	   for	   the	  diagonal	  and	  off-‐diagonal	  components	  of	   the	  strain	  

rate	  tensor,	  respectively	  (Figure	  3B).	  	  

	  

Figure	  3.3	  A.	  Step	  one.	  B.	  Step	  two	  of	  the	  methodology	  used	  in	  this	  work	  following	  Kreemer	  et	  al.	  (2014).	  Red	  represents	  

extensional	  strain	  components	  and	  black	  represents	  compressional	  tensor	  components.	  
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4 Results	  

Here	  we	  discuss	  regions	  in	  SSA	  that	  are	  geographically	  distinct	  from	  the	  spreading	  ridges	  to	  show	  the	  variations	  in	  strain	  

rate	  tensor	  styles	  (Figure	  4).	  Our	  new	  geodetic	  strain	  rate	  field	  in	  SSA	  derived	  from	  GPS	  velocities	  and	  angular	  velocity	  

vector	  constraints	   in	  rigid	  regions	  fit	   input	  GPS	  observations	  with	  a	  weighted	  root	  mean	  square	  of	  1.99	  mm/yr	  (Figure	  

4A).	   In	  our	  model	  strain	  is	   largely	  E-‐W	  extensional	  across	  SSA	  (Figure	  4B)	  with	  larger	  magnitudes	  of	  strain	  rates	  within	  

deforming	  zones	  and	  low	  strain	  rates	  in	  rigid	  plate	  interiors,	  as	  expected	  per	  our	  definition	  of	  rigid	  and	  deforming	  zones.	  

Strain	   rate	  magnitudes	   (Ω)	   in	   the	   SSA	   range	   from	   ~0-‐2*10-‐8	   yr-‐1	  with	   the	   highest	   strain	   rates	   localized	   in	   the	  Main	  

Ethiopian	  Rift,	  the	  Tanganyika	  Rift,	  and	  the	  intersection	  of	  the	  Victoria-‐Nubia-‐Rovuma	  plates	  (Figure	  4C).	  Strain	  rates	  are	  

characterized	   by	   extensional	   deformation	  with	   small	   regions	   of	   compression	   along	   branches	   of	   the	   central	   EARS	   and	  

widespread	  low	  magnitude	  compression	  in	  eastern	  and	  northern	  Madagascar	  (Figure	  4D).	  	  
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Figure	  4.1	  A.	  Input	  GPS	  data	  and	  modeled	  velocities.	  B.	  Strain	  rate	  tensor	  field.	  Red	  =	  extension,	  black	  =	  compression.	  

C.The	  second	  invariant	  of	  the	  strain	  rate	  tensor.	  D.	  The	  trace	  of	  the	  strain	  rate	  tensor.	  
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5 Final	  Remarks	  

Our	   new	   geodetic	   strain	   rate	   field	   for	   sub-‐Saharan	   Africa	   (SSA-‐GSRM	   1.0)	   is	   a	   contribution	   to	   the	   Global	  

Earthquake	   Model	   Foundation	   (GEM)	   strain	   rate	   project.	   We	   provide	   gridded	   strain	   rate	   values	   with	  

uncertainties	  and	  correlations,	  vorticity,	  and	  directions	  of	  no-‐length-‐change	  for	  the	  Global	  Earthquake	  Model	  

website.	  We	  have	  used	  methods	  that	  are	  complementary	  to	  the	  existing	  GEM	  global	  geodetic	  strain	  rate	  field	  

such	  that	  future	  iterations	  of	  the	  GEM	  global	  geodetic	  strain	  rate	  model	  can	  integrate	  this	  work.	  This	  work	  

can	  be	  used	  to	  improve	  our	  ability	  to	  assess	  earthquake	  potential	  in	  sub-‐Saharan	  Africa.	  
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