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Seismic shooting and the environment – in the news 

23rd April, 2013 



«If the bird dives and is exposed for seismic shooting – it will not survive», 
says fisherman Bjørnar Nicolaysen, Andøy; NRK, 23rd April, 2013 

There is a need to inform our students and the public 
opinion about seismic and potential impact on the 
environment 
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Near field signature S15 water gun 

Nature’s cavity generator: the piston schrimp  



Whale stranding 



The sperm whale – the most 
powerful biological sound generator  



Hearing curves    

White whale and dolphins 



Hearing curves – baleen whales, toothed whales and seals 

//upload.wikimedia.org/wikipedia/commons/1/19/Baleen.jpg




Sound from killer whales 





Fish behaviour and 
air gun signals – the 
C-start 







The Lofoten and Vesterålen Survey - 2009 

- 3D survey covering 15x85 km2, 3500 cubic inch air gun array 
- Investigated behaviour of various fish species 
- Study performed by Institute of Marine Research (IMR) 
- 12 days before, 38 days shooting and 25 days after the survey 
- At 30 km distance: 140 dB (above the hearing threshold for cod) but below their 

threshold for behavioural change 
 

 
Hydrophone at 184 m depth 



Conclusions from the survey 

• Fish react to the sound from air guns by changed behaviour 

• Increased catches for some species and smaller catches for 
others – probably caused by increased stress level 

• Pollack and saithe migrated out of the area 

• No change in fish stomach content during the survey 

• No changes in plankton distribution 

• Many streamers => fewer shots per square kilometer 

 

• Overall this study shows few negative effects of air guns on 
fish 
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Similarity between water guns and pistol shrimp: Cavitation 





Hearing curves for crabs 





Using seismic waves for communication 

A golden mole ensures good 
coupling to the ground to detect 
seismic waves The middle east blind mole rat – first mammal 

where vibrational communication was documented 
– banging their head against the tunnel wall to 
communicate with neigbouring mole rats 

Footdrumming is used widely as a predator warning or 
defensive action used by skunks, rabbits, deers, elephants, 
kangaroo rats, … 

Source: Wikipedia 

//upload.wikimedia.org/wikipedia/commons/3/33/Palestine_Mole-rat_1.jpg


• Elephants generate Rayleigh waves in the ground 
• Rayleigh velocity is around 250 m/s => shorter wavelength 

than airbourne sound 
• Distance between legs larger than between airs (2-2.5 m 

compared to 0.5 m) => better directivity for the Rayleigh 
signals 



Rodwell et al., J. Acoust. Sos. Am.,  2000,  



Fig. 3. Acoustic and seismic spectrogram of an African elephant vocalization.  

O'Connell-Rodwell C E et al. Amer. Zool. 2001;41:1157-

1170 

The Society for Integrative and Comparative Biology 



Where does the sound go?  



c

fz
fH

g  cos2
sin2)( 

Source directivity: Ghost effect and 
length of array 



Free surface  dipole source 

f=50 Hz, c = 1500 m/s, z = 6 m 



Vertical and directional far-field signatures & spectra 
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Where does the sound go?  

Vertical cone 0-40 degrees 



High frequency noise from air guns 



High frequency signals from air guns 



Detailed comparison 

Multiple cavity collapses?  

Time 

Big array Small array 



1 kHz high pass filter 
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Ghost cavitation? 





Cavities formed close to air bubbles 
injected into the water – for small air 
bubbles (not visible) the vapor cavity 
collapsed completely =>  



Observed cavity and comparison with the Rayleigh formula 

Rayleigh’s collapse time formula 
fits the experimental data  

Time 

nozzle 

cavity 



High frequency recorded farfield signatures (seabed 
hydrophone at 60 m ) 

______   3 subarrays 
 
______   1 subarray 



1 kHz High pass filter of data 





Frequency comparison 

Big array 
Small array 
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Is this high frequency signal repeatable?  



Absolute value of signal + a mean smoother + flattening 
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Modeled dynamic pressure at 2 m depth varying the 
sea surface reflection coefficient 

_______  R = -1.0 
 
_______  R = -0.8 

Less cavitation for weaker sea surface reflection coefficient 



_______  R = -1.0 
 
_______  R = -0.8 

The effect of increasing the distance between the 
subarrays from 6 to 10 m  

Less cavitation for increased distance between the subarrays 
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Ghost 

signal? 

Searching the ghost of the high 
frequency signal 

Sea surface reflection coefficient 
for ripples of 10 cm (black), 5 cm 
(blue) and 1 cm (red) height 
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Unfiltered 1-10 kHz 50-60 kHz 

Less high frequency ghost signal 
may be caused by weaker 
reflection coefficient  



Mammal detection 



Detecting whales  

Grønaas, Frivik, Melboe and Svendsen, EAGE, 2011 



Grønaas et al., EAGE 2011 



Grønaas et al., EAGE 2011 





Normal modes and the signal at large distances 



Definitions used by Pekeris 

REFRACTION WAVE WATER WAVE 



The refracted wave 

12

)12(

2

1

2

2 








nHkn

2

1

2

2

21

4

)12(










H

n
f n

This wave is close to monochromatic – can we estimate the frequency?  

Assuming a phase velocity close to that of the second layer, we find from 
the period equation:  

=> 



THEORY 
 (Ewing et al, 1957) 
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Acoustic case: Water layer over an infinite half-space: 

C = phase velocity of normal mode 

The periodic equation:  

=> 

Solutions corresponding to different 
modes of propagation 



Variation of NMO velocity between various surveys at Valhall is used to estimate subtle 
changes in water velocity: ~ 1.3 %! Such changes are important for accurate 4D time shift 
analysis.  

EAGE, London, 2007 

Estimating subtle changes in water layer velocities 



Hatchell, Wills, Landrø EAGE, 2008 

North Sea Gullfaks Field 

Sea water temperature - 1996 
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Hatchell, Wills, Didraga First Break, 2008 

Impact of water velocities/multiples on time-lapse time-shifts 

Top reservoir timeshifts After data adaptive removal 



Modeled normal modes (4 modes) 
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-Maximum phase and group velocity equal to velocity of second layer 
-Minimum phase velocity equal to water velocity 
-Minimum group velocity decreases with increasing mode number 



Fluid-solid interface (Press and Ewing, 
1950) 
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Data acquisition 

Data acquired by M/V Rig Master 
February 1989 in the Ekofisk area, 
North Sea. Part of the ”Marine 
Seismic Noise” project performed by 
Seres in 1989.  

Ref.: Seismic interference noise recorded by M/V Rig Master, by M. Landrø and S. 
Vaage, 1989 

113 records of the mid-
streamer trace 



Refraction wave => estimates of   2

Low frequencies see ”deeper” into earth => velocity decrease with frequency 

9 Hz; 1778 m/s 

28 Hz; 1752 m/s 

49 Hz; 1716 m/s 
71 Hz; 1705 m/s 
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Comparing traveltimes 
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Direct wave thorugh water:  
 
Arrival of critical reflections: 
 
Duration of water wave:  
 
Refracted wave:  
 
Duration of interference noise:  
 
 

Water wave 

refracted 



Frequency spectrum of the signal 13 km away 
~ 316 microbar – 70 m water depth 
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Simple raytracing considerations – water wave 

n=1 n=2 z 
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Characteristic frequency between two bounces: 

Assuming that x >> z:  
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Frequency content of water wave decreases with increasing recording time 



Observation of normal modes 

4 modes interpreted – 
assumping that the trends 
represent  group velocity 
– hard to see phase 
velocity on this plot 

Modeling of 4 first 
modes assuming 
v2=1725 m/s and a 
density ratio of 1.8. Dots 
represent group velocity 
estimates from top 
figure 



Effect of velocity change in layer 2 from 1700 m/s 
(solid) to 1800 m/s (dashed) 



Effect of density change in layer 2 from  1.8 (solid) to 
2.2 (dashed) 



Effect of changing the water depth from 75 (solid) to 
300 m (dashed) 



Valhall LoFS-data – Time-frequency plots of normal modes 

3 traces for a constant offset of 6 
km, displaced by 1 km – notice 
minor shifts in the minima for the 
group velocity, indicating lateral 
velocity changes. 
 
Red curves: Theoretical group 
velocity versus frequency 
assuming 80 m water depth, 1470 
m/s water velocity, a density ratio 
of 1.6 and a velocity of 1700 m/s 
for the first layer below seabed.  



Long arrays and beamsteering 

Meyer Sound 



Acoustic measurements of amount of fish inside and outside the 
seismic area (from Løkkeborg’s presentation) 



Source beamsteering – can it reduce this effect?  

The seismic signal at long distances from the source is the harmonic modes being 
reflected within the water column layer (similar to the optic signal in a fiber optic 
cable). This means that the signal is emitted at high angles off the vertical.  

* 

If we use two sources instead of one, the 
signal in the horizonal direction will 
consist of two peaks – however the 
vertical signal will add together 
constructively, corresponding to double 
amplitude in vertical direction compared 
to the horizontal direction – this is the 
basic idea behind source beamsteering.  
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Vertical signal is double of 
horizontal signal 

For seismic purposes the main interest is the VERTICAL signal 



A modeling example – 20 km away – with and without 
beamsteering 

The signal is reduced by a factor of 3 by beamsteering 

ref: H. Mehdi Zadeh and M. Landrø, 2009 



Assuming a 1/r-decay curve: 

Critical radius reduced by a factor of 2  



RMS amplitude versus offset –
field data example 

Water depth 

Strong attenuation for 
offsets larger than 4 km – 60 
dB slope corresponds to 1/R3 

R < 4 km : 1/R 
R > 4 km : 1/R3 



Estimated reduction in the environmental 
disturbance zone area by 4 or more 

Challenges:  
 - Needs experimental verification 
 - Need an areal source array configuration of 100 x 100 m 



Conclusions 

• Beamsteering is an old technique that is regurarly used 

 

• Seismic applications were popular in the 1970-1980ies  

 

• Present day source arrays are compact due to imaging 
purposes (want to have high angles to image steeply dipping 
subsruface interfaces 

 

• Although we lack field measurements that demonstrate the 
efficiency of beamsteering it is very likely that it will reduce 
the ”environmental disturbance zone” significantly  


