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Seabed seismic nodes 



Receivers: Voltmeters and coils at the seabed 

Typical CSEM frequency range: 0.1 Hz – 5Hz 

3D CSEM  

Source: Electric dipole ~ surface tow or 40 m above seabed 

Source 

Diffusive fields:  
«Effective» conversion of electromagnetic  
energy to heat for typical subsurface resistivities (~1 Ωm)  
                          



Amplitude (Log scale)  Phase 

Magnetic Magnetic 

Electric 

Electric 

Measure horizontal electric and magnetic fields 

​𝐸↓𝑥 (𝑥,𝜔)=| ​𝐸↓𝑥 (𝑥,𝜔)| ​𝑒↑𝑖𝜙(𝑥,𝜔)  

​𝐸↓𝑥 (𝑥,𝜔), ​𝐸↓𝑦 (𝑥,𝜔), ​𝐻↓𝑥 (𝑥,𝜔), ​𝐻↓𝑦 (𝑥,𝜔) 



Reflection coefficients 
Wave propagation 
Conductivity for EM (diffusive fields/waves) 



A. D. Chave 

Seismic wavepropagation concepts are useless!   

Or maybe not?  



𝜌​𝜕↓𝑡 𝒗=−𝛻𝑃+ ​𝒇↑𝑆  

​𝜅𝜕↓𝑡 𝑃=−𝛻∙𝒗 

Newton’s second law 

Hooke’s law for acoustic medium 

Pressure: 𝑃 
Particle velocity: 𝒗 
Density: 𝜌 
Compliance: 𝜅=1/𝑀 
Source force density: ​𝒇↑𝑆  

​𝛻↑2 𝑃(𝒙,𝑡)− ​𝜌↓0 𝜅(𝒙) ​​𝜕↓𝑡 ↑2 𝑃(𝒙,𝑡)=𝛻​𝒇↑𝑆 (𝒙,𝑡) 

These two equations can be combined and give a wave equation. 
 
Assuming constant density: 

The acoustic wave equation 
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​𝜀𝜕↓𝑡 𝑬+𝜎𝑬=𝛻×𝑯− ​𝑱↑𝑆  

​𝜇↓0 ​𝜕↓𝑡 𝑯=−𝛻×𝑬 

Ampere’s law 

Faraday’s law 

Electric field: 𝑬 
Magnetic field: 𝑯 
Conductivity: 𝜎 
Resistivity: 𝜌=1/𝜎 
Electric permittivity ε 
Magnetic permeabillity of vaccum: ​𝜇↓0 =4𝜋× ​10↑−7   H/m 
Source current density: ​𝑱↑𝑆  

The electromagnetic (Maxwell) field equations 

Induction current can be neglected for low frequency geophysical applications 
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𝜎𝑬=𝛻×𝑯− ​𝑱↑𝑆  

​𝜇↓0 ​𝜕↓𝑡 𝑯=−𝛻×𝑬 

Ampere’s law 

Faraday’s law 

The electromagnetic (Maxwell) field equations 

Induction current neglected for low frequency geophysical applications 

Electric field: 𝑬 
Magnetic field: 𝑯 
Conductivity: 𝜎 
Resistivity: 𝜌=1/𝜎 
Electric permittivity ε 
Magnetic permeabillity of vaccum: ​𝜇↓0 =4𝜋× ​10↑−7   H/m 
Source current density: ​𝑱↑𝑆  
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𝜎(𝒙)𝑬(𝒙,𝑡)=𝛻×𝑯(𝒙,𝑡)− ​𝑱↑𝑠 (𝒙,𝑡) 

​𝜇↓0 ​𝜕↓𝑡 𝑯(𝒙,𝑡)=−𝛻×𝑬(𝒙,𝑡) 

​𝜀′(𝒙)𝜕↓𝑡′ 𝑬′(𝒙,𝑡′)=𝛻×𝑯′(𝒙,𝑡′)− ​​𝑱↑′ ↑𝑠 (𝒙,𝑡′) 

​𝜇↓0 ​𝜕↓𝑡′ 𝑯′(𝒙,𝑡′)=−𝛻×𝑬′(𝒙,𝑡′) 

Analytical 
transform 

​𝜀↑′ (𝒙)= ​𝜎(𝒙)/2​𝜔↓0   

𝑬(𝒙,𝑡)=∫0↑𝑇▒𝑑​𝑡↑′ 𝑊(𝑡, ​𝑡↑′ , ​𝜔↓0 )​𝑬↑′ (𝒙, ​𝑡↑′ )𝐻(𝑡)  

𝑊(𝑡, ​𝑡↑′ , ​𝜔↓0 )=− ​1/2​𝜔↓0  ​𝜕↓𝑡′ (​1/2 √⁠​2​𝜔↓0 /𝜋     ​𝑡′/​𝑡↑3/2  ​𝑒↑− ​2​𝜔↓0 ​𝑡′↑2 /4𝑡  ) 

Solution by transforming PDE 

Fields and parameters for fictitious (transformed) time domain is primed.  

Transform back to real time domain given by: 

​𝜔↓0 >0 
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𝑬(𝒙,𝑡)=∫0↑𝑇▒𝑑​𝑡↑′ 𝑊(𝑡, ​𝑡↑′ , ​𝜔↓0 )​𝑬↑′ (𝒙, ​𝑡↑′ )𝐻(𝑡)  

𝑐(𝒙)=√⁠​1/​𝜇↓0 ​𝜀↑′ (𝒙)   

​𝜀′(𝒙)𝜕↓𝑡′ 𝑬′(𝒙,𝑡′)=𝛻×𝑯′(𝒙,𝑡′)− ​​𝑱↑′ ↑𝑠 (𝒙,𝑡′) 

​𝜇↓0 ​𝜕↓𝑡′ 𝑯′(𝒙,𝑡′)=−𝛻×𝑬′(𝒙,𝑡′) 

​𝜀↑′ (𝒙)= ​𝜎(𝒙)/2​𝜔↓0   

𝑐(𝒙)=√⁠​2​𝜔↓0 𝜌(𝒙)/​𝜇↓0    

𝑬(𝒙,𝜔)=∫0↑𝑇▒𝑑​𝑡↑′ 𝑬  ′(𝒙,𝑡′)   ​𝑒↑−√⁠𝜔​𝜔↓0  ​𝑡↑′  ​𝑒↑𝑖√⁠𝜔​𝜔↓0  ​𝑡↑′   

Solution by transforming PDE 

Transform is simple going from fictitous time to «real» frequency. 

Transform from fictitous time to real time. 

Propagation velocity: 





​𝛻↑2 𝑃(𝒙,𝑡)− ​1/​𝑐↑2 (𝒙) ​​𝜕↓𝑡 ↑2 𝑃(𝒙,𝑡)=𝛻​𝒇↑𝑆 (𝒙,𝑡) 

​𝛻↑2 𝑬′(𝒙, ​𝑡↑′ )−𝛻(𝛻∙ ​𝑬↑′ (𝒙,𝑡′))− ​​1/​𝑐↑2 (𝒙) 𝜕↓​𝑡↑′ ↑2 𝑬′(𝒙,𝑡′)= ​𝜇↓0 ​𝜕↓𝑡′ ​𝑱↑𝑆 (𝒙,𝑡′) 

The acoustic wave equation 

Acoustic velocity 

The electromagnetic wave equation 

Electromagnetic velocity 

𝑐(𝒙)=√⁠​1/​𝜌↓0 𝜅(𝒙)   

𝑐(𝒙)=√⁠​1/​𝜇↓0 ​𝜀↑′ (𝒙)   

𝑐(𝒙)=√⁠​2​𝜔↓0 𝜌(𝒙)/​𝜇↓0    

Acoustic and electromagnetic wave equations 



1500 m/s 

20782 m/s 

2683 m/s 

5366 m/s 

8484 m/s 

3D acoustic simulation 

​𝑣↓𝑧  

Waterdepth 2 km  
«High velocity» subsurface (2 – 6 km) 
Source 40 m above seabed  (1.96 km) 
Recording at seabed (2 km) 



Refraction 

Vertical component of particle velocity 

​𝑣↓𝑧  



​𝑣↓𝑧  



​𝑣↓𝑧  



Reflection 

​𝑣↓𝑧  



Diffraction 

Reflection 

​𝑣↓𝑧  



Free surface reflection 

Air-water reflection at seabed after  ~ 2.7 s  (4000 m / 1500 m/s) 

​𝑣↓𝑧  
Refraction 



Refractions Direct 

Reflections 

Also diffractions and multiples 

1500 m/s 

20782 m/s 
2683 m/s 

5366 m/s 

8484 m/s 

Traces normalized to unity 



1500 m/s 

20782 m/s 

2683 m/s 

5366 m/s 

8484 m/s 

0.3125 Ohmm 

60 Ohmm 

1.0 Ohmm 

4.0 Ohmm 

10 Ohmm 

3D acoustic simulation and 3D EM simulation 

​𝑣↓𝑧  



1500 m/s 

20782 m/s 

2683 m/s 

5366 m/s 

8484 m/s 

0.3125 Ohmm 

60 Ohmm 

1.0 Ohmm 

4.0 Ohmm 

10 Ohmm 

3D acoustic simulation and 3D EM simulation 

​𝑣↓𝑧  
​𝜔↓0 =2𝜋​𝑓↓0  ​𝑓↓0 =0.7198  𝐻𝑧 

Resistivity/conductivity model maps into velocity model 

𝑐(𝒙)=√⁠​2​𝜔↓0 𝜌(𝒙)/​𝜇↓0    



Acoustic 

Electromagnetic 

Vertical particle velocity: 

Inline electric field:  ​𝐸↓𝑥  

​𝑣↓𝑧  



​𝑣↓𝑧  

​𝐸↓𝑥  



Excited by «guided» wave 

​𝑣↓𝑧  

​𝐸↓𝑥  



​𝑣↓𝑧  

​𝐸↓𝑥  



​𝑣↓𝑧  

​𝐸↓𝑥  



Free surface reflection 

Air-water reflection 

​𝑣↓𝑧  

​𝐸↓𝑥  



Acoustic Electromagnetic 



Acoustic Electromagnetic 

​𝑣↓𝑧  ​𝐸↓𝑥  

Traces normalized to unity 



​𝐸↓𝑥  

​𝐸↓𝑧  



​𝐸↓𝑥  

​𝐸↓𝑧  



​𝐸↓𝑥  

​𝐸↓𝑧  



​𝐸↓𝑖 (𝒙,𝜔)=∫0↑𝑇▒𝑑𝑡′ ​​𝐸↑′ ↓𝑖 (𝒙,𝑡′)   ​𝑒↑−√⁠𝜔​𝜔↓0  ​𝑡↑′  ​
𝑒↑𝑖√⁠𝜔​𝜔↓0  ​𝑡↑′   

0.01 Hz 

0.3125 Ohmm 

60 Ohmm 
1.0 Ohmm 

4.0 Ohmm 

10 Ohmm 



​𝐸↓𝑖 (𝒙,𝜔)=∫0↑𝑇▒𝑑𝑡′ ​​𝐸↑′ ↓𝑖 (𝒙,𝑡′)   ​𝑒↑−√⁠𝜔​𝜔↓0  ​𝑡↑′  ​
𝑒↑𝑖√⁠𝜔​𝜔↓0  ​𝑡↑′   

0.033 Hz 



​𝐸↓𝑖 (𝒙,𝜔)=∫0↑𝑇▒𝑑𝑡′ ​​𝐸↑′ ↓𝑖 (𝒙,𝑡′)   ​𝑒↑−√⁠𝜔​𝜔↓0  ​𝑡↑′  ​
𝑒↑𝑖√⁠𝜔​𝜔↓0  ​𝑡↑′   

0.10 Hz 



​𝐸↓𝑖 (𝒙,𝜔)=∫0↑𝑇▒𝑑𝑡′ ​​𝐸↑′ ↓𝑖 (𝒙,𝑡′)   ​𝑒↑−√⁠𝜔​𝜔↓0  ​𝑡↑′  ​
𝑒↑𝑖√⁠𝜔​𝜔↓0  ​𝑡↑′   

0.33 Hz 



​𝐸↓𝑖 (𝒙,𝜔)=∫0↑𝑇▒𝑑𝑡′ ​​𝐸↑′ ↓𝑖 (𝒙,𝑡′)   ​𝑒↑−√⁠𝜔​𝜔↓0  ​𝑡↑′  ​
𝑒↑𝑖√⁠𝜔​𝜔↓0  ​𝑡↑′   

0.33 Hz 



​𝐸↓𝑖 (𝒙,𝜔)=∫0↑𝑇▒𝑑𝑡′ ​​𝐸↑′ ↓𝑖 (𝒙,𝑡′)   ​𝑒↑−√⁠𝜔​𝜔↓0  ​𝑡↑′  ​
𝑒↑𝑖√⁠𝜔​𝜔↓0  ​𝑡↑′   

1.0 Hz 



​𝐸↓𝑖 (𝒙,𝜔)=∫0↑𝑇▒𝑑𝑡′ ​​𝐸↑′ ↓𝑖 (𝒙,𝑡′)   ​𝑒↑−√⁠𝜔​𝜔↓0  ​𝑡↑′  ​
𝑒↑𝑖√⁠𝜔​𝜔↓0  ​𝑡↑′   

3.3 Hz 



Transform from fictitious wave-domain time response to «real-world»  
frequency response by temporal integral  

No spatial integration in transform:  
                     What is a reflection or refraction in the EM wave domain  
                     stays a reflection or refraction after the transform to the real frequency domain 

No problem using concepts like reflections, refractions, diffractions etc 
for interpretation of marine CSEM responses 
Note: «use of ray physics» is in principle possible  

Summary 



For formation resistivities typical for marine sediments and for typical CSEM frequencies: 
First arrivals are important  - Refractions and (possibly) reflections at small offsets 
                                           - Refractions and guided events at intermediate and large offsets 

Marine CSEM responses can be interpreted by inspecting events in the EM wave 
domain 

Summary 

Guided field in thin resistor gives relatively large electric (and magnetic) fields 
at large offset. The effect is so strong that it can be used as a hydrocarbon 
indicator 

Marine CSEM data have common properties with refraction seismic data and 
this may partly explain the relative success of 3D FWI of CSEM data.  



 
Low frequencies 
 
Large source-receiver offsets 
 
Wide azimuth 
 
Data dominated by refraction (transmission) type events. Reflections  
«filtered out» by MN. 
 
Source function measured. 
 

FWI of CSEM data 

Typical for 3D CSEM data: 




