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Typically, a submarine earthquake will 
produce seismic waves that propagate 
through the shallow oceanic crust 
and convert to an acoustic T-wave at 
the seafloor-ocean interface. Because 
acoustic T-waves propagate laterally 
in the ocean sound channel, they obey 
cylindrical spreading (r–1) energy loss 
as opposed to the spherical spreading 
(r–2) of solid Earth seismic P- and 
S-waves. Consequently, sound channel 
hydrophones can often detect smaller 
(mb > 2.5) and therefore more numerous 
earthquakes than land-based seismic 
networks (Dziak et al., 2004). 

The SOSUS hydrophone arrays 
are placed at fixed locations on the 
seafloor, and therefore the area of 
optimal coverage for the system is 
predetermined. Fortuitously, the SOSUS 
geometry is well positioned for excel-
lent monitoring of the North Pacific 
spreading systems. An iterative gradient-
expansion (Marquardt) algorithm, which 
minimizes the difference between the 
observed and predicted arrival time at 
each hydrophone, is used to estimate 
the source location and origin time. 
T-wave travel times are computed 
from the sound velocity along a path 
derived from oceanic sound speeds 
(Teague et al., 1990). After determining 
the location of an event, independent 
estimates of the acoustic source level 
are calculated at each hydrophone by 
correcting the received sound intensity 
levels by a transmission loss factor that 
accounts for spherical spreading into the 
sound channel and cylindrical spreading 
along the propagation path. The mean 
of these source levels provides a first-
order estimate of earthquake size that 
has been used to statistically assess the 
completeness level of T-wave catalogs 

in the Pacific and Atlantic Oceans. It is 
estimated that use of omni-directional 
hydrophones results in a detection 
threshold of ~ 2.5 mb (Bohnenstiehl 
et al., 2002), much lower than the 
Pacific Northwest land-based seismic 
network detection threshold of ~ 4.0 mb 
(Braunmiller and Nabelek, 2008). 

The number and location of SOSUS 
stations available to derive Northeast 

Pacific earthquake locations has varied 
during the 20 years of this study. From 
1991 to 1995, the NOAA/OSU group 
relied solely on hydrophone arrays along 
the coast to locate Northeast Pacific 
earthquakes. In 1995, the number of 
arrays expanded considerably to include 
arrays located in the Central, North, and 
West Pacific. These additional arrays 
significantly improved location accuracy 

Figure 1. Northeast Pacific Ocean earthquake locations (red dots) derived using the 
US Navy SOSUS-NOAA hydroacoustic monitoring system from September 1991 through 
January 2011. A total of 47,934 events were located using > 3 hydrophone stations from 
throughout the northeastern Pacific. 
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Figure 1. Site map with hypocenters. la) Axial volcano and environs. OBH instruments designated with black stars. Earthquake 
epicenters designated with circles. First group of events (10 Feb - 23 Mar) shown in gray (lt. gray = shallow events, dk. gray = deep 
events). Second group of events (26 Mar - 28 Jun) shown in white. lb) Projection of hypocenters onto A-A' plane. Events proximal to 
A-A' (all events in Figure la without red dots) are shown with standard (65% confidence) error bars. 

ses. Crescent shaped errors result when the localization of long 
range events essentially reduces to a plane wave beamforming 
problem with relatively large (-50-100 ms) arrival time uncer- 
tainties. Standard (65% confidence) errors for events within the 
array aperture are typically about 1 km, while errors for the most 
distant events (e.g., near A' in Figure l a) can exceed 10 km in the 
direction perpendicular to the azimuth from the array (i.e., the 
long axis of the crescent). Median standard errors for the entire 
dataset are 2.2 km E-W, 3.2 km N-S, and 1.6 km vertically. The 
station coverage of the OBH array is too sparse to provide any 
focal mechanism constraints. 

Spatially and temporally the events separate into two distinct 
groups. Immediately after the eruption (from 10 February - 23 
March) most of the locatable events cluster around the south and 

eastern rim of the caldera (gray dots in Figure 1). These events 
are primarily shallow, with depths ranging from 1-3 km (light 
gray dots). A few events locate deeper (dark gray dots), with 
depths of-7 km. However, the velocity model used in the local- 
ization algorithm does not include a magma chamber or low- 
velocity zone beneath the caldera. Therefore travel times from the 
lower crust in this region are underestimated, and depths are 
overestimated. One event observed during this period is located 
at 45 ø 42'N on the south rift zone (Figure 1A) along the propaga- 
tion path of the SOSUS epicenters (Dziak and Fox, this issue). 

This first group of events around the caldera is most likely as- 
sociated with slip on near-vertical caldera faults. A major caldera 
collapse at the onset of the diking event is evidenced by a 3.2 m 
subsidence of the caldera floor (Fox, this issue), focal plane solu- 

Sohn et al. (1999) 
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Seismicity Leading up to 2011 Eruption 

Dziak et al. (2012) 



Cabled Instrumentation at Axial Summit 

OOI & CEV 



AXCC1 

AXEC2 

AXEC1 

AXEC3 

AXID1 

AXAS1 AXAS2 

OOI & CEV 



Axial Cabled Seismometer Network 

Ü Network 
Ü  2 Broadband and 5 short-period on summit 
Ü  1 Broadband 20 KM ESE at base of volcano 

Ü 8, 40 and 200 Hz data 

Ü Operation (3 modes) 
Ü  Mode 1. All Data Real Time 
Ü  Modes 2 & 3.  Only 8 Hz real time w/ higher 

frequencies diverted 
Ü  Mode 2.  Higher frequencies later released 
Ü  Mode 3.  Permanently embargoed 



Status 

Ü December 15, 2014 – OOI/IRIS announce 
availability of real time data in IRIS DMC 

Ü Archived data from November 2014 

Ü ~January 7 – Half-hourly data gaps 
eliminated (first reported by Anne Tréhu) 

Ü ~January 23 -  Timing Offsets removed 
from broadband seismometers (first 
detected by Paul Bodin) 



Typical Earthquake 







Picks 
Kurtosis Picker 
(Baillard et al., 
2014) – looks for 
increases in  
 
 
and determines if 
P or S from 
polarization 
 
Cyan – ST/LT 
trigger on / off 
Red – P wave 
picks 
Green – S wave 
picks 
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Work with ~3650 earthquakes with best S/N 



Velocity 
Model 

P-wave model, an 
average of Arnulf 
et al. (2014) 



Locations (Picks and Predictions) 

Locate with 
HYPOINVERSE 
(Klein, 2002) 
 
Solid – Observations 
Dash – Predictions 
 
Green – Origin time 
Red – P wave picks 
Blue – S-wave picks 



Animation 
of 

Epicenters 

3650 earthquakes 
with best P-wave 
signal to noise. 
 
These each have a 
median ST/LT RMS 
trigger ratio 
exceeding 10. 



Depths 

Includes earthquakes well outside network for which depth is not resolved.   
Depth is sensitive to S-wave velocity which is not presently well constrained. 



Effect of Changing S-Wave Velocity 

Velocity is clearly very heterogeneous.  Smaller number of locations at north end of 
caldera may be an artifact of only locating events with the highest signal to noise. 



Strong Tidal Triggering Signal 



Has Extent of Tidal Triggering Changed 
as Seismicity Rates Have Increased? 



Apparently Not 



How Close is Axial to an Eruption? 1998 Comparison 

Earthquakes with highest S/N have moment magnitudes clustering around 1.3 to 1.5.  
Only a few to a few tens reach SOSUS detection threshold. 

Dziak & Fox (1999) 



How Close is Axial to an Eruption? 2011 Comparison 

Robert Dziak has an autonomous 
ocean bottom hydrophone in 
place on Axial Seamount so we 
should be able to compare 
hydrophone detection 
sensitivities with the cabled 
seismometer network 

Dziak et al. 
(2012) 



How Close is Axial to an Eruption? 1994 Tidal Triggering 
Comparison 

Tolstoy et al., 2002 
 

1994 2015 

Tidal triggering not obviously stronger than in 1994, 
3½  years before 1998 eruption 



What is Next for the Locations? 
Ü  Improve Picking  

Ü  Incorporate auto-regressive picking, polarization picking. 
Ü  Deal with overlapping events 
Ü  Deal with events more than ~5 km away 
Ü  Validate with manual picks 
Ü  Incorporate earthquakes with lower S/N 

Ü  Velocity model 
Ü  Implement 3-D P-wave model based on Arnulf et al. (2014) and 

West et al. (2003) 
Ü  Optimize VP-VS relationship 
Ü  Joint Inversion for hypocenters and VS 

Ü  Double Difference 

Ü Use them for science! 


