
9/12/18

1

Monitoring	the	North Anatolian Fault
using acoustic ranging

Sea of	Marmara
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Marine	geodesy	meeting	– 6	September	2018	– IPG	Paris

Sub-marine	geodesy experiment

• Located	on	the	North	Anatolian	Fault	trace	
at	the	eastern	edge	of	Kumburgaz Basin		
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● Geodetic rates	:
• Interseismic loading rate	20±2	mm/yr (Ergintav et	al.,	2014)
• Geodetic plate	motion	24±1	mm/yr (Mc	Clusky,	2000;	Meade	et	al.,	2002;	Reilinger et	al.,	2010)

● Long-term rates	:

• Trenching 17±5	mm/yr (last	1000	yr;	Meghraoui et	al.,	2012)
• Offset	seafloor morphology 9-10	mm/yr (since 14	000	yr reconnection;	Polonia et	al.,	2004;	

Gasperini et	al.,	2011;	Grall et	al.,	in	prep.)
• Offset	buried morphology 15	to	29	mm/yr (100	– 400	kyr;	Grall et	al.,	2013;	Kurt	et	al.,	2013)

Geological/geodetic fault rates

Experimental setting

Acoustic-ranging experiment
deployed in	Nov.	2014

• 10	SONARDYNE	transponders (4	LGO,	6	Geomar)
• Transponder Operating	Frequency:	

22.5	kHz	(LGO)	or	17	kHz	(Geomar)
• Maximum	range	≈	1.7	km	
• Temperature (accuracy ± 0.1°C)	
• Pressure	digiquartz 2000psi	 (accuracy ± 0.01%	 h)	
• Dual	axis	inclinometer (accuracy ± 0.05°)
• Sound	Velocity Probe (accuracyL)

• 1	CTD	mooring (Seabird MicroCAT)	added in	2016

->	Expected accuracy :	5	mm

Japan/Turkey
EMSO (Fr/De/Tr)

LGO	Brest,	GEOMAR,	LIENSS	La	Rochelle,	
Ifremer,	ITU,	KOERI,	CEREGE

LGOGEOMAR
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Network	located in	a	seismic gap

(Schmittbuhl et	al.,	2016a)

Experimental	protocol

• Acoustic	ranging
– Master	station	interrogates	each	slave	station
– 3	samples	(TWT)	every	2	hours
– Each	station	becomes	master	in	turn
– Networks	tuned	to	avoid	interferences

• Environmental	data	measured	at	every	ranging
– Master:	temperature,	pressure,	inclinometers,	SV,	battery
– Slave:	temperature

• Data	storage
– Locally	by	each	station
– Downloadable	on	demand	with	an	acoustic	modem

t

t	+	3’



9/12/18

4

Experiment	status
• Service	cruises

– Nov	2014:	RV	Pourquoi Pas?	(Marsite)
– Apr	2015:	RV	Poseidon	(POS484)
– Apr	2016:	RV	Poseidon	(POS497)
– May	2017:	RV	Yunus
– Jan.	2018:	RV	Yunus

• Network	status	after	2.5	years	(May	2017)
– Fully	operational

• No	major	changes	in	sampling	strategy

– LGO	stations
• One	station	not	responding	to	modem	(2004),	but	still	measuring
• One	station	with	low	battery	(27%	power	left	vs	48%	for	the	others)
• Long-term	drift	for	P	&	T	sensors	(SV	sensors	drift	+	random	offsets)

– GEOMAR	stations
• One	station	with	low	battery	(22%	power	left	vs	30%	for	the	others)
• P	&	T	sensors	failure	on	two	stations,	long-term	drift	for	the	others

Experiment	status
• Service	cruises

– Nov	2014:	RV	Pourquoi Pas?	(Marsite)
– Apr	2015:	RV	Poseidon	(POS484)
– Apr	2016:	RV	Poseidon	(POS497)
– May	2017:	RV	Yunus
– Jan.	2018:	RV	Yunus

• Network	status	after	3.2	years	(Jan.	2018)
– LGO	stations

• Station	2004	still	not	responding	to	modem	
• Station	2002	almost	out	of	battery	(8%)
• Recovery	of	stations	2002	and	2003	(2001	did	not	go	up)

– GEOMAR	stations
• All	stations	are	out	of	battery	and	not	responding
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Station	stability

Stations	relatively	stable	on	the	seafloor	(sensor	resolution	±0.05˚)

Temperature	sensors

• Temperature	offset	between	stations	(not	depth,	calibration	?,	location	?)
• Temperature	range	0.09˚C:	14.45-14.54˚C	
• Transient	cold	water	fluxes	(-0.02	to	-0.03˚C)
• Long-term	drift	of	sensor
• Or	differential	T	evolution	?
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804	m

825	m
805	m
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Temperature	sensors

• Smaller	temperature	range	0.02˚C	:	14.50-14.52˚C
• Lesser	temperature	offset	between	stations	(location	?)
• Same	transient	cold	water	fluxes	(-0.02˚C	to	-0.03˚C)
• Homogeneous	long-term	drift,	opposite	sign	/	LGO

804	m

827	m
779	m

807	m

805	m
813	m

Depth

Pressure	sensors

• More	consistent	pressure	data
• Offset	due	to	sensor	depth
• Seasonal	weather	and	tide	effects
• Possible	sensor	drift	effect

811	m

804	m

825	m

Depth

804	m
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SV	sensors:	modern	art	!

• Erratic	sensor	behavior
• Offsets	due	to	transient	cold	water	fluxes
• Inconsistent	drift
• Possibly	due	to	biofouling

Recalculated	SV	from	P	&	T
Assuming	a	constant	salinity

Still	a	long-term	drift	in	the	SV	(changes	in	T	&	S	or	P,T	sensor	drift	?)

𝚫T	-0.02˚C

𝚫Sv -0.07	m/s				
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From	TWT	times	to	distances

7	mm

10	ms

1

7

𝚫T	-0.02˚C	⇒𝚫twt -0.06	ms⇒𝚫l	-45mm

TW
T	
(m

s)

Some	baselines

~8	mm

~7	mm

Acoustic	modem

Presumably	crossing	the	fault

1

23

LGO	beacons

Acoustic	modem

LGO	tripods

Both	baselines	shrink

-33	mm

-15	mm
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Some	baselines

Acoustic	modem

Presumably	crossing	the	fault

1

23

1-3:		-5.2	mm/yr

LGO	beacons

The	3	baselines	shrink
by	inconsistent	amounts

Acoustic	modem

LGO	tripods

2-3:		-7.1	mm/yr

1-2:	-11.2	mm/yr
-36	mm

-18	mm

-20	mm

Over	3	yrs

7	mm

17	mm

Some	baselines
Presumably	crossing	the	fault

1

37

Geomar beacons

Both	baselines	lengthen

Acoustic	modem

Geomar tripods

+10	mm

+9	mm
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Putting	all	data	together

• Inconsistent	changes	in	baselines	within	± 5	mm

Putting	all	data	together

• Inconsistent	changes	in	baselines

G1

G7 G3

One	side
SW-NE	crossing
NW-SE	crossing

±1	x	10-5

𝛆 =	± 4	10-6 /yr
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Measuring	fault	displacement	
by	long-term	acoustic	ranging	

• Successful	approach	if	displacement	>	~5	mm/yr
– Acoustic-ranging	equipment	is	reliable

• Battery	life	still	limited	to	3-4	years
• Tripod	design	proved	to	be	stable

– Beacons	must	be	oriented	on	the	seafloor	(ROV	inspection)
• High	resolution	tiltmeters (oriented	relative	to	tripods)
• A	precision	of	±0.05˚	at	3.60m	height	⇒ ±3	mm	uncertainty

– Monitoring	sound	velocity	is	critical
• SV	sensors	proved	unreliable	over	long-term
• Requires	high	resolution	T,	P,	Salinity	sensors	(long-term	drift	issue	!)

and/or	independent	CTD	sensor
• Possibly	current	sensors	(ADCP)

• Alternative	approach
– Strain	measurements	using	fiber	optics	(with	P,	T	monitoring)
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Results after 6	months (Sakic et	al.,	GRL	2016)

• Data	inversion
–Trade	off	between	SV	drift	(k)	
at	each	transponder	and	
baseline	length	variations	(φ)
–Assumes	that	baselines	
parallel	to	the	fault	do	not	
vary

Þ Νο detectable	creep after 6	
months

• Forward	modeling	
– Assumes	constant	seafloor	
creep	rate	on	fault

– Best	fit	for	near	zero	(slightly	
negative)	slip	rate

ÞMax	creep	rate	compatible	
with	data	≈	6	mm/yr

Future	work

• Improving	SV	processing
– Compare	sound	speed	from	different	stations
– Recheck	after	recovery	of	CTD	mooring

• Improving	baselines
– Removal	of	temperature	spikes
– Add	up	or	subtract	projected	baselines	of	opposite	
direction

• Jointly	invert	all	baselines
(as	in	Sakic et	al.,	2016)


