
Seismic Wave Attenuation in Cracks and Pores  
of Partially Saturated Rock 

 
 

Holly Rotman 
GEOP 523 
May 2011 

 
 
 

Abstract 
 

 Attenuation results in loss of seismic wave intensity over distance and time.  Attenuation 
via viscous dissipation results from relative fluid-solid motion and pressure gradients within the 
fluid, which is contained in a pore or crack.  Here, a classic derivation of dissipative attenuation 
is summarized and its drawbacks and need for derivations specific to the microscopic scale are 
explained.  Two derivations of viscous dissipation at the microscopic scale of a pore or crack are 
presented and compared.  One derivation involves a highly elongate partially fluid-filled crack.  
The last derivation is based upon a moderately elongate fully saturated pore.  The derivation for 
the partially filled crack yields maximum attenuation at seismic frequencies, but the approach 
utilized for the fully saturated elongate pore is most practical. 
 



Introduction and Relevance 

Attenuation is an all-encompassing term for the loss of intensity of seismic waves during 

passage through the Earth.  Attenuation is grouped into two categories, scattering and 

dissipation.  Scattering is elastic and preserves energy, and will not be addressed here.  

Dissipation is inelastic and exothermic, where the propagating wave (system) loses energy as 

heat to the rock body (surroundings) [Mavko et al., 1979].  In place of attenuation measurements 

at locations along the wave, many analytical models have been derived to represent attenuation 

and yield specifics for the general representation of attenuation Q [Shearer, 2009, p. 164]: 
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Here, I will focus on viscous dissipation at the microscopic scale of pores and/or cracks 

containing fluid, after giving a brief introduction to the subject of dissipative attenuation. 

There are many causes of dissipative attenuation.  Anelastic behavior of rocks and 

friction at grain boundaries; phase change and thermal relaxation; point defect hysteresis friction; 

and viscous fluid flow or viscous dissipation [Jackson and Anderson, 1970; Mavko et al., 1979] 

are just a few examples of causes of dissipative attenuation.  The focus of this paper is viscous 

fluid flow, which involves a porous and/or cracked medium that is partially or fully saturated.  

Pressure gradients and relative fluid-solid motion are key aspects of viscous dissipation, which 

includes shear relaxation via fluid-enabled sliding, pressure changes, and re-equilibration of 

pressure between or within cracks and/or pores [Mavko et al., 1979; Walsh, 1995]. 

There are three general scales at which attenuation is observed or analyzed (Figure 1).  

The macroscopic scale is on the order of wavelengths and is essentially the scale of observation 

in most situations.  At the mesoscopic scale, heterogeneities in the rock body at a scale  



 

Figure 1.  Scales of attenuation [Muller et al., 2010].  Top: Macroscopic scale of attenuation, on 
the scale of wavelengths, or observation scale.  Middle: Mesoscopic scale, between pore size and 
wavelength.  Bottom: Microscopic scale, at the level of individual pores in the rock. 
 

intermediate between the lower limit of pore size and upper limit of wavelength are addressed 

[Muller et al., 2010].  The microscopic scale is on the order of micrometers, where the focus is a 

single fluid-bearing pore or crack and its response to a seismic wave.  The fluid involved may be 

a liquid or gas, and the crack or pore may be fully or partially saturated.  The physical response 

is quite interesting under partial saturation, when the surface contact area to volume ratio of the 

liquid is relatively high, leading to more viscous flow per quantity fluid. 

There are many reasons to determine ways to accurately represent attenuation, other than 

the attraction of a fascinating intellectual problem.  Interest in fluid-related dissipative 

attenuation was triggered due to laboratory experiments on previously dry rocks that were 

slightly wetted and found to have greatly increased attenuation [Mavko et al., 1979].  



Applications of attenuation exist in several earth science fields: in hydrogeology to determine 

aquifer properties; in industry to distinguish between oil, gas, and water; and in consulting or 

development of geothermal power to determine if liquid or gaseous water is present [Mavko and 

Nur, 1979; Walsh, 1995; Pride et al., 2004; Gurevich et al., 2010; Muller et al., 2010]. 

The primary focus of this paper shall be on key aspects of derivations of fluid-related 

attenuation.  The derivation of Biot [1956] is regarded as classic and may be appropriate over the 

mesoscopic scale, but has some drawbacks.  The derivations of Mavko and Nur [1979] and 

Gurevich et al. [2010] specifically address fluid in a crack or pore at the microscopic scale.  

Mavko and Nur [1979] focus on flow to obtain attenuation due to a partially fluid-filled crack.  

Gurevich et al. [2010] primarily utilize bulk moduli to arrive at attenuation due to a saturated 

elongate pore.  Each approach has strengths and weaknesses that will be discussed. 

 

Biot’s approach 

Prior to addressing the more modern approaches specific to the microscopic scale, a 

classic approach to seismic wave attenuation and its drawbacks will be addressed.  The 

derivation begins with the motion equation, adapted to simply equal total force.  In the ideal case 

with no dissipation, the forces on the fluid, Q, and on the solid, q, are [Biot, 1956]: 

€ 

q = ρ11
∂ 2u
∂t 2

            

€ 

Q = ρ12
∂ 2u
∂t 2

 (2) 

 

Note the right-hand side here is simply the left-hand side of the motion equation as commonly 

represented.  To account for the different densities, some coefficients are introduced that will be 

used extensively later to simplify expressions [Biot, 1956]:  
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where ρ11 is solid density excluding pores plus a fluid-related density, or an effective solid 

density, ρ22 is fluid density in the rock body, ρ12 is the density relation between fluid and solid, 

and ρ is the effective density for the entire mass under consideration [Biot, 1956]. 

When dissipation is assumed to be occurring, motion of solid and fluid are different, so 

the dissipation function is given at the sum of the squared differences for each velocity 

component [Biot, 1956]: 
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where Ui is fluid velocity and ui is the solid velocity.  Certain hydraulic properties of the rock 

mass are represented by the coefficient b, which is [Biot, 1956]: 
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where µ is viscosity, β is porosity, and k is permeability.  The hydraulic coefficient b and the 

density coefficients γij are used to govern an introduced characteristic frequency [Biot, 1956]: 
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Building on these equations as well as many not included for brevity, the real and 

imaginary energy components are shown [Biot, 1956]: 
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Note that the attenuation depends upon easily established physical properties, such as 

densities, porosity, and permeability, as well as frequency.  Frequency governs the effective 

scale length, or whether the region can respond with maximum effectiveness to the passing 

seismic wave. 

The derivation of Biot [1956] is now regarded as useful over the mesoscopic to 

macroscopic scales because of the utilized assumptions.  The formulation rests on a 

homogeneous fully saturated body of rock with zero net fluid flow and with pores and no cracks.  

Pores tend to be approximately equiaxial by comparison with cracks, a significant difference that 

will be clear in the Mavko and Nur [1979] derivation.  Furthermore, the zero net fluid flow is 

known to be a rough approximation, since flow occurs on smaller scales within the body of rock 

[e.g., Mavko et al., 1979].  The need to address viscous dissipative attenuation at the microscopic 

scale due to fluid flow that averages to zero over the mesoscopic scale has led to several more 

recent derivations for (1), only two of which will be addressed here. 



Partially filled crack 

 Mavko and Nur [1979] address attenuation in a partially fluid-filled crack using the 

motion equation, displacement of crack walls, pressure, and balancing work to determine 

specifics of (1).  The physical representation of the system is shown in Figure 2.  Important 

conditions of the derivation are a crack width:length <.01, and a crack partially filled with liquid 

[Mavko and Nur, 1979]. 

 

 

Figure 2.  Representation of the partially fluid-filled elongate crack of Mavko and Nur [1979].  
The crack half-length is c, and the half-height of the crack and fluid (white) is a.  There is an 
additional descriptive dimension d in and out of the plane of the page.  The length of the fluid is 
D. From Mavko and Nur [1979]. 

 

The general motion equation for fluid is: 
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where ρ is density, u is velocity, t is time, P is pressure, x is position in the crack, and η is 

viscosity [Mavko and Nur, 1979]. 

 The seismic wave has a cyclical pressure variation, so stress, strain, and rock contact 

motion are also cyclical, in a format generally recognizable from any equation for a body wave: 
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σ =σ 0 exp(i(ωt + φ))  

 

€ 

U =U0 exp(i(ωt + φ)) 

(9) 

 

where a(x) is width by position, a(x,t) is width by position and time, ε is strain, ω is angular 

frequency, ϕ is a phase offset, σ is stress, and U is displacement of the crack surface due to wave 

passage [Mavko and Nur, 1979]. 

 After substitutions to a general fluid flow equation and the fluid volume with respect to 

pore position, the fluid flow is found: 
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where A(x) is infinitesimal fluid volume by position, ν is kinematic viscosity, and i is the 

imaginary number [Mavko and Nur, 1979]. 

 In order to obtain specifics for (1), the energy loss and total energy must be found.  The 

energy loss is dependent on shear stress: 
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where τ is shear stress and u is velocity [Mavko and Nur, 1979], which is then utilized in the 

dissipation function, Φ: 
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where T is period and V is volume, which can be rearranged into a form with a single integral: 
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where d, D, and a are shown in Figure 2, A* is the complex conjugate, and R(z) is: 
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where T(z) is a tangent and hyperbolic tangent function of z, which is [Mavko and Nur, 1979]: 
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 To find total energy, the second and third equations of (9) are used to define W: 
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Reciprocity (Figure 3) is then used to find specifics of the total peak energy: 
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where M is λ + 2µ (the Lamé parameters), c is as in Figure 2, and S(x) is a useful function for 

movement of crack walls due to the wave, and is: 
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where ξ is Poisson’s ratio, E is Young’s modulus, and P is average fluid pressure, given as 

[Mavko and Nur, 1979]: 
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Figure 3.  Representation of reciprocity.  On the right, overburden stress is balanced by 
hydrostatic pressure.  On the left, an additional stress has been applied, resulting in deformation.  
From Mavko and Nur [1979]. 
  

After substitutions for the total peak energy W, the specific version of (1) is here: 

 

(19) 

 

where φ is porosity and all others are as previously defined [Mavko and Nur, 1979]. 



 There are circumstances in which (19) looks more tractable and easier to solve.  If the 

crack width is constant, which is likely a good approximation for the aspect ratios under 

consideration, the dissipation is easily evaluated [Mavko and Nur, 1979]: 
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 Furthermore, if: 
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the wave does not trigger sufficient fluid motion to create a substantial pressure gradient in the 

fluid, and the second term of the total energy consequently drops out [Mavko and Nur, 1979]: 
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 Dependence of attenuation on frequency is shown in Figure 4.  Recall that wavelength 

and crack/pore length act together to trigger the frequency limits.  The higher the frequency, the 

shorter the wavelength and therefore less time between wave cycles, so at high frequencies the 

fluid will have less time to absorb maximum energy and return to equilibrium state between 

wave passages.  A short crack can equilibrate up to higher frequencies and absorb all possible 

energy from wave passage.  Relative attenuation for P and S waves is shown in Figure 5. 



 

Figure 4.  Attenuation as a function of frequency at low, intermediate, and high frequencies.  
Seismic wave attenuation is proportational to ω to ω3/2.  From Mavko and Nur [1979]. 
 
 
 
 

 
Figure 5.  The ratio of P-wave attenuation to S-wave attenuation as a function of Poisson’s ratio.  
Note that for Poisson’s ratio of .25, Qp/Qs is also ~.25.  From Mavko and Nur [1979]. 
 

 

 



Saturated elongate pore 

 A simpler microscopic flow model than Mavko and Nur [1979] is recently presented by 

Gurevich et al. [2010], in an arrangement designed to be relatively easily used to analyze seismic 

or logging data.  Here, frequency- and pressure-dependent bulk moduli are used to find the 

relevant bulk modulus at the pore.  The physical system is shown in Figure 6.  

 

 

Figure 6.  Representation of the scenario of Gurevich et al. [2010].  The compliant pore is filled 
with fluid, but the stiff pore is completely dry. 
 

 The saturated bulk modulus Ksat is given by: 
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where Kg is the mineral bulk modulus, Kf is the fluid bulk modulus, and Kmf is the material bulk 

modulus when elongate pores are mostly filled, and ϕ the porosity of dry, equiaxial pores (Figure 

6).  This helps set the limits for which bulk moduli are useful dependent on frequency and 

pressure.  The effective bulk modulus K* is then also used [Gurevich et al., 2010]: 
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where ΔF is the force and Δh is the displacement of the elongate pore, and a is pore length, h0 is 

original pore width, J1 and J0 are Bessel functions, and k is the wavenumber, given by: 
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where D is the viscous resistance [Gurevich et al., 2010].  Note h0 is in the numerator of (25) and 

denominator of (24), and vice versa for Kf, so a large or small value for either will not cause K* 

to go to some exceptional lower or upper limit due to the check and balance effect thereby 

introduced. 

 The product ka sets the frequency limits for determining attenuation with the relevant 

bulk moduli, where ka is [Gurevich et al., 2010], with η viscosity and α aspect ratio: 
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 Seismic frequencies are at the lower end of the possible frequency range, so the relevant 

limit is, with hypothetical dry bulk modulus Kh: 
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which leads to a statement for Kmf that is dominated by Kdry: 
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so in this case the attenuation is dependent on Kdry rather than an alternative bulk modulus 

[Gurevich et al., 2010]: 
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 Dependence of attenuation on frequency is shown in Figure 7.  Note this shows very 

small attenuation at relevant seismic frequencies, and contrast with attenuation from the Mavko 

and Nur [1979] derivation.   Recall that Mavko and Nur [1979] derive attenuation for a very 

elongate partially fluid-filled crack, and Gurevich et al. [2010] derive attenuation for a 

moderately elongate (h/a ≈ .1) fully saturated pore, so the initial conditions substantially affect 

the frequency dependence of the derived attenuation. 

 

Figure 7.  Dependence of P-wave attenuation on frequency for Gurevich et al. [2010].  Seismic 
frequencies are at the low-frequency end of the spectrum and have very low attenuation values. 



Discussion 

 The merits of Mavko and Nur [1979] and Gurevich et al. [2010] approaches relative to 

each other depend substantially on what the user of the attenuation derivations is trying to 

address.  Mavko and Nur [1979] approach yields the maximum attenuation at seismic 

frequencies, and perhaps larger attenuation in general, than the approach of Gurevich et al. 

[2010].  Mavko and Nur [1979] also find the fluid movement, which is quite useful, and 

therefore directly address the attenuation due to viscous fluid flow. 

 The relative usefulness of each under field conditions is clear upon examining the 

variables needed to solve for attenuation in each case.  The derivation of Mavko and Nur [1979] 

relies a great deal on knowledge of crack dimensions and the likely dimension of the fluid 

partially filling the crack.  Gurevich et al. [2010] utilize pore aspect ratio, but knowledge of the 

fluid-bearing pore dimensions is not as important to the calculations.  Both approaches utilize 

physical constants such as bulk moduli, Young’s modulus, and viscosity, which will be known or 

are straightforward to estimate.  It is therefore easier to find approximations for attenuation with 

the approach of Gurevich et al. [2010], in terms of variables required and computational time.   

For example, if pore dimensions are poorly constrained, it is straightforward for the Gurevich et 

al. [2010] derivation to write a program to search over likely dimensions and find a suite of 

attenuation values, then use those to generate synthetic results for comparison with the data.  Of 

course, a program can be written to cover different crack and liquid dimensions for the Mavko 

and Nur [1979] derivation, but it would involve a multi-dimensional result and contain more 

dependent statements. 

 The difference between pores and cracks is also crucial to the usefulness of the 

derivations.  If properties of the rock, such as grain size and sorting, are known, very reasonable 



estimates of pore size can be made, including the size of the elongate fluid-saturated pores of the 

Gurevich et al. [2010] derivation.  However, while crack aspect ratio might be predicted by 

examining stress tests on blocks, the actual size of a crack is often difficult to predict using 

known properties such as grain size, sorting, and burial or deformation history. 

 Therefore, it is likely that the derivation of Gurevich et al. [2010] is more useful in the 

field than that of Mavko and Nur [1979].  The usefulness of Mavko and Nur [1979] outside 

circumstances of laboratory experiments is debatable.  It is possible that if the rock for which 

attenuation being determined is exceptionally well documented, enough might be known about 

crack and fluid dimensions to successfully apply Mavko and Nur [1979] in the field.  However, it 

seems reasonable that many technicians or scientists would see the advantages of the Gurevich et 

al. [2010] approach and utilize it for their attenuation calculations. 

 It is useful to briefly compare the approaches of Biot [1956] and Mavko and Nur [1979].  

Both derivations utilize the motion equation, at least in part.  However, Mavko and Nur [1979] 

yield attenuations approximately four orders of magnitude greater than Biot [1956] for the same 

frequencies.  This is in part due to Mavko and Nur’s [1979] consideration of a non-saturated 

crack as opposed to a homogeneous saturated rock.  It is also important to note that Mavko and 

Nur [1979] incorporate the pressure, shear modulus, and viscosity, and explicitly incorporate the 

strain (strain is implicit in Biot [1956]), rather than relying on density coefficients as the primary 

physical property [Biot, 1956; Mavko and Nur, 1979].  It seems reasonable this is at least partly 

responsible for the increase in attenuation found with Mavko and Nur [1979] over Biot [1956]. 

 
Conclusions 

 Understanding and successfully determining attenuation, analytically and practically, is 

critical to obtaining accurate information about rock reservoirs that may contain water aquifers, 



oil or gas reservoirs, or water as steam.  There are many scales on which to examine the 

attenuation, and the microscopic scale attenuation caused by a fluid-bearing crack or pore, which 

is easy to underestimate, has been presented for two different initial scenarios.  It is possible to 

incorporate considerable detail about crack and fluid dimensions into the attenuation derivation, 

but there is a trade-off between detail and usefulness for a real body of rock.  The attenuation 

obtained by Mavko and Nur [1979] for a partially filled crack is analytically intriguing, but the 

attenuation equation of Gurevich et al. [2010] relies on physical properties that are more 

straightforward to obtain and utilize. 
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