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Tectonic	Ac1vity	



Basics	of	Plate	Tectonics	

•  Review	of	Principles	
–  Rigid	plates,	deforming	only	at	boundaries	(approx)	
–  Types	of	plate	boundaries	

•  Descrip1on	of	mo1ons	
–  Rigid	body	mo1on	on	a	sphere	is	rota%on	about	a	
geocentric	axis	

–  Angular	velocity,	pole	of	rota1on	
•  Quan1fica1on	with	Geodesy	

–  Es1mate	site	veloci1es	from	angular	velocity	
–  Es1mate	angular	velocity	from	site	veloci1es	



Driven	By	Heat	
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Plate	Boundaries	
•  Plates	are	rigid,	so	rela1ve	mo1ons	between	
plates	occur	on	their	boundaries	

•  In	reality,	plate	boundaries	always	have	some		
finite	width	–	plate	boundary	zones	
– Some1mes	narrow,	<	10	km	
– Some1mes	very	wide,	500-1000	km	

•  Rela1ve	mo1on	occurs	on	faults,	or	breaks	in	
the	Earth’s	lithosphere.	



Ridges	and	Transforms	



Plate	Boundaries	



Faults	

•  Faults	are	surfaces,	usually	~	planar,	where	
the	two	sides	move	rela1ve	to	each	other.	
– Direc1on	of	mo1on	==	slip	direc1on	

•  How	slip	occurs	depends	on	depth	
– Shallow:	sides	are	mostly	stuck	together	by	
fric1on,	but	slips	suddenly	in	earthquakes	

– Deeper:	sides	mostly	slide	past	each	other	at	a	
steady	rate	

•  Plate	tectonics	drives	the	mo1on	



Three	Types	of	Faults	

Strike-Slip Thrust 

Normal 



Plate	Mo1on	Movies	



Watch	Mo1on	on	Transform	Faults	



Rota1on	on	a	Sphere	
•  Any	rigid	mo1on	on	the	

surface	of	a	sphere	is	a	
rota1on	about	a	geocentric	
axis.	
–  All	tectonic	mo1ons	can	be	

described	in	terms	of	rota1ons	

•  Two	(equivalent)	ways	to	
describe	rota1on	
–  Pole	of	rota1on	and	angular	

speed	
–  Angular	velocity	vector	

•  Can	use	this	for	any	size	plate	
or	piece	of	crust	



Pole	of	Rota1on	



Geologic	Plate	Mo1on	Models	

•  Rela1ve	plate	mo1on	models	based	on	some	
combina1on	of	
–  Spreading	rates	at	mid-ocean	ridges	

•  From	modeling	of	marine	magne1c	anomalies	

–  Transform	fault	azimuths	
–  Earthquake	slip	vectors	

•  These	are	problema1c	

•  Some	plates	have	li_le	or	no	data,	for	example	the	
Caribbean	and	Philippine	Sea	Plates	

•  Commonly	used:	NUVEL-1,	revised	to	NUVEL-1A	
•  Newer	model:	MORVEL	(DeMets	et	al.,	2010)	



Absolute	vs.	Rela1ve	Mo1ons	

•  Most	evidence	for	plate	mo1ons	are	measures	of	
rela1ve	plate	mo1on	–	mo1on	of	B	rela1ve	to	A	
–  Rela1ve	mo1on	from	geodesy	
–  Plate	boundary	deforma1on	

•  Absolute	plate	mo1ons	depend	on	some	externally	
defined	reference	frame	
–  Hotspot	reference	frame	

•  Except	the	hotspots	move	rela1ve	to	each	other	

–  “No	net	rota1on”	==	No	net	torque	
•  Plate	mo1ons	defined	in	a	geode1c	reference	frame	





Oblique Mercator Projection About Pole 



Es1ma1ng	Site	Veloci1es	

•  It	is	easiest	to	compute	the	site	veloci1es	if	
you	have	the	plate’s	angular	velocity	vector,	
because	the	site	velocity	is	just	the	cross	
product	of	the	site	loca1on	vector	with	the	
plate	angular	velocity:	

•  You	can	compute	it	from	the	pole	loca1on	as	
well,	but	that	requires	spherical	trigonometry.	

€ 

v =ω × r



Es1ma1ng	Plate	Angular	Velocity	
•  To	get	the	angular	velocity	from	site	veloci1es,	we	need	to	

invert	the	equa1on	

•  Expand	the	cross	product	and	rewrite	it	as	a	matrix	equa1on	

€ 

v =ω × r

€ 

v = zω3 − yω2( ) ˆ x + xω3 − zω1( ) ˆ y + yω1 − xω2( ) ˆ z 
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How	Many	Sites	Do	You	Need?	
•  There	are	3	parameters	in	the	plate	angular	
velocity	vector	

•  There	are	3	data	in	each	site	velocity	
– But	the	plate	model	predicts	no	ver1cal,	so	only	
the	horizontal	velocity	components	count	

•  You	need	at	least	2	sites	to	constrain	the	plate	
angular	velocity	vector	

•  The	more	sites,	and	the	farther	apart	they	are,	
the	be_er	the	angular	velocity	is	determined.	



NOAM	Poles	
•  With	past	studies,	it	is	

common	that	NOAM	
poles	do	not	lie	within	
95%	confidence	ellipses	of	
other	studies	
–  Systema1c	errors	or	

missing	uncertainty	

•  Difference	between	
SNARF	and	Sella	is	a	
rota1on	about	a	pole	in	
the	SE	United	States.	



What	Part	of	Angular	Velocity	is	
Constrained	by	a	single	site’s	data?	

•  The	least	certain	component	of	the	plate’s	
angular	velocity	vector	is	a	rota1on	about	an	axis	
through	the	centroid	of	the	network.	

•  Consider	the	angular	velocity	vector	of	the	plate	
expressed	in	the	local	east-north-up	coordinates	
at	a	par1cular	site:	

€ 

ω =ωx ˆ x +ωy ˆ y +ωz ˆ z 
ω =ωe ˆ e +ωn ˆ n +ωr ˆ r 



The	site’s	velocity	is	

•  Two	components	of	the	plate	angular	velocity	are	directly	
determined	by	the	site’s	velocity,	while	the	third	(local	
ver1cal	component)	is	completely	undetermined.	€ 

v = ve ˆ e + vn ˆ n =ω × r
ve ˆ e + vn ˆ n = (ωe ˆ e × Rˆ r ) + (ωn ˆ n × Rˆ r ) + (ωr ˆ r × Rˆ r )
ve ˆ e + vn ˆ n = Rωn ˆ e − Rωe ˆ n + 0ˆ r 

€ 

ωe = −vn /R
ωn = +ve /R
ωr = ?

•  When sites span a small area, their local vertical directions 
will be similar, and this component of the angular velocity will 
be the least well determined.  

0 



More	About	Angular	Velocity	

•  We	could	resolve	the	undetermined	component	by	taking	
a	minimum	norm	solu1on:	

•  In this case the pole is located 90° away from the site. 
•  The pole could also be located anywhere on the great circle that 

lies between this minimum-norm solution and the site itself. 
•  The component of the angular velocity in the average radial 

direction will naturally be the least constrained. 
€ 

ωr = 0  ; ∴ω ⋅ r = 0



Example	1:	The	REVEL-2000	Model	

Sella et al. (2002, JGR, doi:10.1029/2000JB000033) 



Details	

•  Global	plate	mo1on	model	based	en1rely	on	
GPS	data	

•  Data	span	from	early	1990s	up	through	2000.	
•  Combined	many	con1nuous	sites	and	also	
repeated	campaign	survey	data	

•  First	model	to	have	essen1ally	complete	
global	coverage.	



Data	Used	in	Model	

•  Long	1me	series	of	data	
in	ITRF97	frame,	based	
on	precise	point	
posi1oning	(PPP)	
solu1ons	

•  Fit	linear	trends	plus	
offsets,	combined	co-
located	sites	

•  Outlier	rejec1on	and	
quality	control	



Australia–Antarc1ca	



Arabia–Eurasia	



Nazca–Antarc1ca	



Nazca–Pacific	



Nazca	Plate	Mo1on	Over	Time	



Pacific–North	America	



Example	2:	GEODVEL	
(Argus	et	al.,	2010)	



GEODVEL	Details	

•  Based	on	a	combined	solu1on	of	GPS,	VLBI,	
SLR,	DORIS,	in	ITRF2005.	

•  Includes	an	es1mate	of	geocenter	error	in	
ITRF2005	(es1mated	error	is	about	1.2	mm/yr	
in	Z	direc1on).	

•  Rela1ve	plate	angular	veloci1es	are	
es1mated.	Argus	has	also	provided	absolute	
plate	poles	suitable	for	comparison	with	ITRF	
veloci1es.	



Comparison	of	Poles	and	Rates	



GEODVEL	Residuals	



GEODVEL	Residuals	



GEODVEL	Residuals	

•  Former	African	plate	
split	into	two	plates	at	
East	African	Rin	
–  Nubia	
–  Somalia	

•  dd	



GEODVEL	Pole	Loca1ons	



Plate-Fixed	Reference	Frame	

•  Plate-fixed	reference	frames	are	very	
convenient	for	visualizing	and	modeling	
tectonic	deforma1on.	

•  To	use	a	plate-fixed	frame,	we	need	to	have	
an	es1mate	of	the	plate	mo1on	in	the	same	
geode1c	frame	of	our	data.	

•  The	transforma1on	is	simple.	Just	subtract	the	
predicted	mo1on	based	on	the	plate	angular	
velocity	from	each	site’s	observed	velocity.	



ITRF	vs.	Plate-fixed	frame	





Western	North	America	

•  Deforma1on	of	western	
North	America	results	
from	a	combina1on	of:	
–  Extension	across	Basin	
and	Range	

–  Shear	on	San	Andreas	
fault	system	

–  Subduc1on	strain	in	
Cascadia	and	Alaska	

–  Distributed	deforma1on	
in	N.	Canada	and	Alaska	



Back	to	Reference	Frames	

•  Small	differences	between	different	versions	
of	ITRF	turn	out	to	be	big	enough	to	affect	
es1mated	plate	rota1ons.	
– Orienta1on	differences	(rota1ons)	between	
frames	affect	absolute	angular	veloci1es,	but	
affect	all	plates	equally	(rela1ve	plate	veloci1es	
are	not	affected).	

– Geocenter	differences	(transla1ons)	affect	both	
absolute	and	rela1ve	veloci1es.	



Impact	of	Geocenter	Error	
•  Suppose	our	frame	has	an	

error	in	the	geocenter.	How	
are	site	veloci1es	affected?	
–  Such	an	error	produces	a	

combina1on	of	ver1cal	and	
horizontal	mo1on,	depending	
on	site	loca1on.	

–  The	error	affects	each	plate	
differently	

–  Impact	on	angular	velocity	
depends	on	site	distribu1on.	



ITRF2000	Veloci1es	–	Sella	pole	



ITRF2000	Veloci1es	–	other	poles	

Black – Sella 2007 
White – REVEL 
Yellow – SNARF 

Note systematic residual in REVEL, 2-3 mm/yr. REVEL used ITRF97. 



NOAM	Poles	
•  With	past	studies,	it	is	

common	that	NOAM	
poles	do	not	lie	within	
95%	confidence	ellipses	of	
other	studies	
–  Systema1c	errors	or	

missing	uncertainty	

•  Difference	between	
SNARF	and	Sella	is	a	
rota1on	about	a	pole	in	
the	SE	United	States.	



Why	is	NOAM	pole	poorly	
determined?	

•  Ac1ve	Tectonics	in	western	
North	America	

•  Glacial	Isosta1c	Adjustment	
in	northern	North	America	

•  Only	the	SE	part	is	stable	
both	on	geologic	and	
geode1c	1mescales.	

•  Limited	area	for	
determina1on	of	plate	
angular	velocity,	and	
suscep1ble	to	bias.	



Addi1onal	Uncertainty		Rota1on	
Only	



Uncertainty	in	ITRF	

•  Uncertainty	in	ITRF	commonly	ignored.	
•  The	TZ	rate	difference	(1.8	mm/yr)	between	
ITRF2005	and	ITRF2000	has	go_en	a	lot	of	
a_en1on.	

•  There	may	actually	be	a	similar	(or	larger)	
difference	between	ITRF2000	and	ITRF97	

•  If	so,	uncertainty	in	frame	(geocenter	origin)	may	
be	much	larger	than	precision	of	GPS	baseline	
rates.	



How	to	define	the	14	parameters	?	
«	Datum	definiAon	»	

•  Origin	&	rate: 	CoM	(Dynamical	Techniques)	
•  Scale	&	rate:	 	depends	on	physical	parameters	
•  OrientaAon: 	convenAonal	
•  Orient.	Rate:		convenAonal:	Geophysical	meaning	

	 	 	(Tectonic	Plate	MoAon)	
•  ==>	Lack	of	informaAon	for	some	parameters:	

–  OrientaAon	&	rate	(all	techniques)	
–  Origin	&	rate	in	case	of	VLBI	
–  ==>	Rank	Deficiency	in	terms	of	Normal	Eq.	System	



Geocenter	MoAon	
TranslaAonal	moAon	of	the	tracking	network	due	
to	variaAon	of	the	CoM	posiAon	induced	by	
mass	redistribuAon	

	
–  Likely	involves	periodic	and	secular	components	
–  Satellite	techniques	have	limited	abiliAes	to	
accurately	measure	this	moAon	

–  TRF	origin	from	satellite	techniques	coincides	with	
the	CoM	averaged	over	the	period	of	the	used	
observaAons	

	



InternaAonal	Terrestrial	Reference	System	(ITRS):	
DefiniAon	

•  Origin:	Center	of	mass	of	the	whole	Earth,	including	
oceans	and	atmosphere	

•  Unit	of	length:	meter	SI,	consistent	with	TCG	
(Geocentric	Coordinate	Time)	

•  OrientaAon:	consistent	with	BIH	(Bureau	InternaAonal	
de	l’Heure)	orientaAon	at	1984.0.	

•  OrientaAon	Ame	evoluAon:	ensured	by	using	a	No-
Net-RotaAon-CondiAon	w.r.t.	horizontal	tectonic	
moAons	over	the	whole	Earth	



Strategy	for	Augmented	
Covariance	

•  Sella	and	SNARF	differ	by	almost	1	mm/yr	in	Alaska,	
significant	rela1ve	to	CGPS	site	veloci1es,	and	we	
really	can’t	tell	which	is	“right”	

•  We	thus	augment	the	covariance	in	two	ways:	
–  Add	an	uncertainty	corresponding	to	the	difference	in	
angular	velocity	between	Sella	and	SNARF	

–  Add	an	uncertainty	in	Zdot	of	1.8	mm/yr	as	a	conserva1ve	
uncertainty	in	the	ITRF.		



Addi1onal	Uncertainty		Rota1on	+	
Zdot	



Augmented	Covariance	



ITRF2008	horizontal	velociAes	



ITRF2008	verAcal	site	velociAes	




