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Abstract. The seismoelectric phenomenon associated with propagation of seismic waves in fluid-saturated porous 
media has been studied for many decades. The method has a great potential to monitor subsurface fluid saturation 
changes associated with production of hydrocarbons. Frequency of the seismic source has a significant impact on 
measurement of the seismoelectric effects. In this paper, the effects of seismic wave frequency and water saturation 
on the seismoelectric response of a partially-saturated porous media is studied numerically. The conversion of seismic 
wave to electromagnetic wave was modelled by extending the theoretically developed seismoelectric coupling 
coefficient equation. We assumed constant values of pore radius and zeta-potential of 80 micrometers and 48 
microvolts, respectively.  Our calculations of the coupling coefficient were conducted at various water saturation 
values in the frequency range of 10 kHz to 150 kHz. The results show that the seismoelectric coupling is frequency-
dependent and decreases exponentially when frequency increases. Similar trend is seen when water saturation is 
varied at different frequencies. However, when water saturation is less than about 0.6, the effect of frequency is 
significant. On the other hand, when the water saturation is greater than 0.6, the coupling coefficient shows 
monotonous trend when water saturation is increased at constant frequency.  

1 Introduction  
The seismoelectric phenomenon has been attracting 

attention of many researchers all over the world. The first 
interest to study this phenomenon was shown the early 
1940s [21]. Ever since, numerous works have been 
conducted to show and justify the potential of the 
method. Technologically, the seismoelectric method 
combines a high resolution of the seismic surveys and the 
sensitivity of the electrical methods to hydrological 
properties of subsurface formations [9, 23] that are 
commonly used in Oil and Gas Industry. In fact, it has 
been shown that the seismoelectric method can have very 
promising applications in various sectors of the 
Petroleum Engineering, especially, in Reservoir 
Monitoring. As such, the seismoelectric method can be 
applied in Reservoir Monitoring because it is able to 
detect subsurface fluid saturation changes. Subsequently, 
with sufficient knowledge of the subsurface geology, the 
distribution of reservoir fluids can be mapped.  

As it was said earlier, the interest to explore the 
seismoelectric phenomena began in the twentieth century. 
In 1944, Frenkel investigated how streaming potentials 
could be generated by seismic waves in fluid-saturated 
porous media [7]. Thereafter, he developed a theoretical 
framework similar to Biot’s [1] wave theory that allowed 
Frenkel to estimate the amount of relative fluid motion 
triggered by a seismic wave. Later on, he was able to 

calculate the magnitude of electric potentials by adopting 
the Helmholtz-Smoluchowski equation for streaming 
potentials [14].  

Despite the aforementioned early breakthroughs, 
further investigations on the seismoelectric phenomenon 
were on hiatus until recently, because conducting field 
measurements were nearly impractical due to very low 
signal-to-noise ratio of the seismoelectric signals. 
Nevertheless, last couple of decades have been 
productive to deliver advances on the phenomenon 
thanks to theoretical breakthroughs [11, 13, 14], a series 
of successful practical laboratory [24, 27, 29] and  field 
experiments [4, 5]; as well as to recent numerical 
modeling developments [16, 19, 23].  

Frequency excitation of the seismic source has a 
significant impact on the seismoelectric effects.  
Moreover, dissipation of a seismic wave travelling 
through a fluid-saturated porous medium is affected by 
the relaxation time and effect of nonlinearities that vary 
with fluid saturation. Therefore, this study intends to 
investigate the effects of seismic frequency and water 
saturation affecting the phenomenon via the 
seismoelectric coupling in two-phase saturated porous 
media. 
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2 Theory of seismoelectric phenomenon 

2.1 Electrical double layer   

Seismic energy transforms into electromagnetic energy 
and vice versa due to the reversible electrokinetic 
conversion. The electrokinetic conversion occurs due to 
the presence of another phenomenon which is formed in a 
fluid-containing porous medium – electrical double layer.  
 As shown in Figure 1, the surface of porous medium 
grain, which is in contact with pore fluids, gains a 
chemically bound charge due to deprotonization and ion 
adsorption between surface and fluid reactions [18]. In a 
thin layer surrounding the grains, mobile counter ions 
tend to balance the bound charge. While the bound 
charge remains immobile, the transportation of counter 
ions is done by the flowing pore fluid. In fact, 
electrostatic forces and thermal diffusivity balance 
determine the distribution of mobile ions [20]. As a 
result, an electrical potential also known as the “zeta-
potential” is defined at the interface between immobile 
and counter-ions. Zeta-potential varies exponentially 
when it moves away from the interface. The Debye 
length, the corresponding characteristic decay length, is 
on the order of several nanometers for typical solid grain-
electrolyte combinations [11]. Essentially, the adsorbed 
and diffuse charged layers make up the ensemble, which 
is referred to as the Electrical Double Layer (EDL). 
Hence, due to the existence of the double layer, 
escalation and propagation of coupled seismic and 
electromagnetic waves occur simultaneously.  
 

Figure 1. Electric double layer
 
Normally, petroleum reservoirs are predominantly 

water-wet. Hence the double layer is formed throughout 
the grain surface, and has a thickness of a few 
nanometers. Nonetheless, formation of the EDL on an 
oil-wet solid surface is also possible, though further 
investigation is required. 

The magnitude of zeta-potential has a direct effect on 
the seismoelectric signals. The lower the magnitude of 
zeta-potential is, the weaker seismoelectric response is 
observed. A number of researchers have conducted 
experiments to measure zeta-potential for brine-saturated 

porous media, although the measurement procedure 
remains quite complex. From their experimental results 
they confirm that with increasing salinity, the value of 
zeta-potential reduces. [2, 10, 17, 22]. Moreover, they 
suggest that for numerical studies it is sufficient to use 
the empirically-derived Eq. 1, where Cf is brine 
concentration in mol/l and ζ is zeta-potential in mV. The 
equaions is presented in a general format, however, 
various researchers report different equation coefficients. 
As such, one must consider all assumptions prior using a 
certain model.  

bCa
f
�� 10log�  (1) 

For our numerical investigation, we adopt the model 
presented by Vinogradov, et al. [22] that is shown below 
in Eq. 2. The equation remains valid for brine 
concentrations are up to 0.4 mol/l.  

 
67.9log02.19 10 ��

f
C�  (2) 

2.2 The seismoelectric effects in fluid-saturated 
porous medium  

When a seismic wave travels through a fluid-saturated 
porous medium, it induces a fluid-to-solid relative motion 
that leads to charge separation in the EDL. As result, an 
electric field is produced [8, 11, 25-27, 29]. This 
phenomenon is referred to as “coseismic” electrical field.  
 A compressional wave (P-wave) travelling through a 
homogeneous fluid-saturated porous medium is shown in 
Figure 2 (left), where the wave is represented by vertical 
lines. There exist pressure peaks when the lines are closer 
together, and there exist pressure troughs when they are 
far apart. Hence, the counter-ions of the double layer will 
be transported by the fluid flow in relation to immobile, 
fixed charges. In this fashion, the pressure troughs are 
accumulated by the counter-ions (+), whereby the bound 
charge (-) is exposed to in pressure peaks, leading to 
creation of the coseismic electrical field on the 
wavelength scale. Thus, the exact balance of the 
hydraulic current flow is driven by a conduction current 
of that electric field. Subsequently, there is not net 
electric current, because there is no support upon the 
coseismic field outside the wave [12, 13, 18]. However, 
the instant a seismic wave that crosses a boundary with a 
contrast in mechanical and/or electrical properties, it 
produces an electromagnetic signal referred to as the 
“interface response field” as shown in Fig. 5 (right).  
 

Figure 2. Seismoelectric effects: creation of the coseismic 
electric field (left). The interface response (electromagnetic) 
field is produced (right) [18]
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2.3 Seismoelectric coupling: numerical and 
experimental studies 

Zhu, et al. [28] recorded conversion of seismic wave to 
electromagnetic wave in the laboratory borehole model at 
ultrasonic frequency, and showed that the seismic wave 
induced localized seismoelectric field and 
seismomagnetic field within a porous medium only. That 
verifies that the induced fields can only exist within the 
area disturbed by the travelling wave. Additionally, the 
they confirmed the sensitivity of the seismoelectric 
conversion to salinity of the pore fluid, as the amplitude 
of the converted electromagnetic signals decreased with 
increasing brine salinity [25].  

Zhang, et al. [25] also point out that there is a relation 
between the seismoelectric coupling  coefficient and rock 
properties. They show that the coupling  coefficient 
increases when porosity and permeability increase too. 
Furthermore, Zhu, et al. [26] show that the converted 
electrical signal are mostly sensitive to varying 
permeability at a constant porosity of the formation and 
same acoustic source. Additionally, Warden, et al. [23] 
show that the seismoelectric signals are directly 
proportional to the pressure gradient, so the higher 
production rate (the higher pressure gradient) yields  the 
more distinct seismoelectric signals.  

2.4 Frequency-dependent seismoelectric signals 
in fully-saturated porous media 

Zhu, et al. [29] performed a series of seismoelectric 
measurements in different rock samples submerged in a 
water tank. The recorded converted seismoelectric signals 
were triggered by a power hydrophone, used as an 
acoustic source. The source was excited with a single sine 
burst pulse of 100 kHz. The other hydrophone was placed 
near the rock samples to record acoustic field around the 
rock sample. Additionally, they employed a pair of 
electrodes to record voltage across the sample induced by 
the electric current due to the seismoelectric conversions. 
Consequently, they were able to record both acoustic 
disturbances and seismoelectric signals, where the 
conversions occurred only in the porous rock samples.  

 Afterwards, in order to validate that the electric 
signals were generated by the seismic wave exactly in the 
rock samples, Zhu, et al. [29] further proceeded by 
conducting measurements specifically over the Berea 
sandstone alone. Likewise, they recorded electric signals 
induced by the seismoelectric coupling in the frequency 
range 15 kHz – 150 kHz. As they compared the measured 
seismoelectric responses with theoretical calculations, 
they concluded that the seismoelectric coupling decreases 
when seismic frequency increases.  

3 Methodology  

In our study, we extended the numerical study presented 
by Zhu, et al. [29], where we performed calculation of the 
theoretical seismoelectric coupling coefficient designed 
for partially-saturated porous medium. Hence, we 
adopted the analytical coupling coefficient formula 

developed by Reppert, et al. [15] shown in Eq. 3 and Eq. 
4. Moreover, in order to satisfy partially-saturated 
conditions of the variables, we also introduced additional 
analytical formulations developed by other researchers. 
As such, the density and viscosity of the fluid displayed 
by Eq. 5 and Eq. 6, respectively, are presented by Revil, 
et al. [16]. Furthermore, the formula of the dielectric 
constant for two-phased fluid mixture was adopted from 
Fabbri, et al. [6].   
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where ΔV(ω) and ΔP(ω) are voltage and seismic pressure 
at angular frequency ω; J1 and J0 are Bessel functions of 
first and zero orders respectively; ζ is the zeta-potential; 
εm is the dielectric constant of fluid mixture; Sw is water 
saturation; η and ρ are viscosity and density of a fluid 
mixture respectively (w – water, water; g – gas, air).  
 In our calculations, we assumed constant value for 
pore radius of 80 μm. Zeta-potential of 48 mV was 
calculated using Eq. 2 at a constant salinity with an 
assumption that the EDL is not affected by changing 
water saturation. Values for other remaining variables 
were obtained from engineering tables at the temperature 
of 25 0C. Furthermore, we performed calculations of the 
seismoelectric coupling at various water saturation values 
within the frequency range of 10 kHz to 150 kHz.  

4 Results and Discussion
The seismoelectric coupling was calculated for a two-
phased saturated porous medium. The phases considered 
are water and air. The calculations were performed at the 
range of seismic frequency and water saturation – 10 kHz 
to 150 kHz and 10 % to 100 %, respectively. The 
normalized coupling coefficients against normalized 
frequencies are shown in Fig. 3. The coupling coefficient 
was calculated for every water saturation value at the 
given frequency range. Subsequently, we normalized the 
values of each coupling coefficient with respect to the 
largest coupling coefficient, which was obtained at the 
frequency of 10 kHz for each water saturation. 
Furthermore, each frequency value was then normalized 
by the highest frequency, i.e. 150 kHz. The results show 
that the normalized curves at various water saturations 
coalesce into a single curve, indicating that the relative 
strength of the coupling coefficient is the same at the 
given frequency regardless of water saturation. 
Apparently, Fig. 3 illustrates the frequency-dependence 
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of the coupling coefficient, where the normalized curves 
at each water saturation values decreases exponentially 
when normalized frequency increases. The decline trend 
of the coupling can be divided into two regions 
depending on the normalized frequency. When the 
normalized frequency ωn is low, i.e. less than about 0.4 
(60 kHz), the coupling coefficient decreases fast. On the 
other hand, when the normalized frequency ωn is high, 
i.e. greater than about 0.4, the coupling coefficient 
decreases slowly.  

 

 
Figure 3. Normalized seismoelectric coupling (Ln) as a 
function of normalized seismic frequency (ωn)

  
Apparently, at high frequency, the seismoelectric 

conversion is less efficient due to interference and 
nonlinearities and as such, the coupling coefficient is low 
at higher frequencies. Figure 4 shows variation of the 
normalized coupling coefficient with water saturation at 
various seismic frequencies. As it can be observed from 
the figure, the frequency-dependence of the coupling 
appears to be significant in the lower frequency range, i.e. 
less than 60 kHz. However, frequencies greater than 60 
kHz does not affect the coupling coefficient that much. 
Moreover, Fig. 3 and Fig. 4 imply that the seismoelectric 
coupling curves would exhibit identical trends, 
irrespective of water saturation.  

 

  
Figure 4. Normalized seismoelectric (Ln) as a function of 
water saturation (Sw)

Figure 5 shows effect of water saturation on the 
seismoelectric coupling at various frequencies. Brine 
concentration was fixed at 0.01 mol/l. When water 
saturation is 0.1, the magnitude of the coupling 
coefficient reduces drastically by 380 %, i.e. from 0.19 
nV/Pa to 0.05 nV/Pa, when frequency increases from 10 
kHz to 150 kHz. Although subsequent reduction in the 
coupling coefficient is seen when water saturation is 
fixed and frequency increases, the decline rate lessens 
when water saturation increases from 0.1 to 0.6. When 
water saturation is greater than 0.6, the rate of reduction 
of the coupling coefficient remains almost constant as 
frequency increases at fixed water saturation suggesting 
that frequency has negligible effect on the coupling 
coefficient at high water saturation.  

In a porous medium saturated with water and gas, the 
seismoelectric coupling is rather enhanced at low water 
saturations. Our results obtained from investigating the 
effect of water saturation on the coupling coefficient 
show consistence with experimental and theoretical 
findings obtained by Bordes, et al. [3]. Additionally, our 
results are in full agreement with findings of Zhu, et al. 
[29], where they show frequency-dependence of the 
coupling in fluid-saturated porous media.   
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Figure 5. Seismoelectric coupling as a function of water 
saturation (Sw) and frequency (f) 

5 Conclusion  

In this paper, we extended the calculation of theoretical 
seismoelectric coupling coefficient to partially-saturated 
conditions, whereby the ratio was a function of seismic 
frequency and water saturation. Our results suggest that 
regardless of fully- or partially-water saturated 
conditions, the seismoelectric coupling coefficient 
reduces when frequency increases. At lower water 
saturation, i.e. less than 0.6, the magnitude of the 
coupling coefficient significantly drops when frequency 
increases. On the contrary, the magnitude of the coupling 
coefficient remains rather constant when water saturation 
increases at constant frequency. When water saturation is 
greater than about 0.6, regardless of frequency the rate of 
decline of the coupling coefficient remains almost 
constant. The results observed in our study are consistent 
with experimental and numerical findings of other 
researchers. 
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