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Summary 

 

In  this  study,  we  investigate  how  well  the  shear  wave velocities (Vs) can be predicted from different rock physics models  

and  empirical  relations  for  Chalk  Reservoirs.  We also test the fluid effects on compressional velocities (Vp). We  investigate  

the  applicability  of  different  rock  physics models applied in three different wells at the Ekofisk Field, North  Sea.  We  test  

four  rock  physics  methods  and  three empirical relations. Since some of the rock physics models need  prior  information  

of  either  Vp  or  Vs  to  predict  the other, we choose log derived saturated P-wave velocities as an input and then estimate 

saturated S-wave velocities and also  dry  P-wave  velocities.  We  compare  these  estimated saturated S-wave velocities with 

the saturated sonic S-wave velocities.   We   also   compare   the   estimated   dry   P-wave velocities  with  the  computed  dry  

P-wave  velocities  using the   Gassmann   equations.   Our   investigation   shows   that prediction  of  fluid  effects  by  using  

Fabricius’s  Iso-frame model or the Self Consistence Approximation (SCA) model of Berryman is similar to the Gassmann 

estimation. On the other  hand,  various  methods  differ  significantly  for  Vs estimations. We observe that different models 

work well for different  wells.  Among  them  the  Iso-frame  model  and  the SCA model give promising results for the three 

wells used in this study.      
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Introduction 

 

A  crucial  step  for  successful  geophysical  applications  

in carbonate reservoirs like chalk is to develop robust, 

accurate,  and  practical  carbonate  rock  physics  models  

(Xu et  al.,  2007).  It  is  extremely  difficult  because  the  

pore systems in carbonate rocks are complex compared to 

clastics. While clastic rocks  have   mainly inter-granular  

pores, carbonate rocks can have various pore types, such 

as, inter-particle, intra-partical, moldic, and vuggy pores 

(Xu et al., 2007). Recent papers show that the pore types 

strongly affect the porosity-velocity relationships of  chalk   

(e.g. Eberli et al., 2003). In this study, we test how well the 

shear wave velocities can be predicted from different rock 

physics models and empirical relations. We also test how  

fluid effects in Ekofisk chalk can be predicted. Here, the 

validity of Gassmann’s relations (Gassmann, 1951) is 

illustrated for chalk.  We  use  the  Gassmann  equation  to  

estimate  dry  P-wave  velocities  using  log  information  

(i.e.  Vp,  Vs  and density) and the elastic properties of 

chalk, which are then used to compare with the dry P-wave 

velocities derived by other rock physics models and  

empirical  relations.   We  deduce   dry-P   wave   velocities   

and saturated S-wave velocities using various rock physics 

models like Modified Upper Hashin-Shtrikman method    

(MUHS), Bound Averaging Method (BAM), Isoframe 

method of Ida 

 

Fabricius (IF), Self consistent approximation  of Berryman  

(SCA) and three empirical relations (e.g. empirical 

relations of  Castagna  et.  al.  (1993),  Pickett  (1963)  and  

Hubuns (1997)). We compare derived shear-velocities    

(from different  rock  physics  models)  with  saturated  

shear  sonic velocities of three wells (2/4-X05, 2/4-X14 

and 2/4-C11A) to   examine   the   applicability   of   

different   rock   physics models for the Ekofisk chalk 

reservoir. 

  

Methodlogies  

  

We   use   different   rock   physics   models   and   empirical  

relations  in  our  study.  Here  we  discuss  about  all  the  

used  models,  one  by  one.  The  most  common  method  
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for  fluid substitution  is  to  use  the  Gassmann  equation  

(Gassmann, 1951) which can be written as   

 

 

 
 

where, are  saturated  bulk 

modulus,  dry  bulk  modulus,  saturated  shear  modulus,  

dry shear  modulus,  mineral  bulk  modulus,  effective  

fluid  bulk modulus, and porosity, respectively.   

 

Walls   et   al.   (1998)   and   Anderson   (1999)   propose   

a heuristically Modified Upper Hashin-Shtrikman  

(MUHS) model. The modified Hashin-Shtrikman model 

connects two end members in the elastic modulus-porosity 

plane, one end member (K0, G0) is at the high porosity 

point (ϕc). Here, ϕc  is the critical porosity (Nur et al., 1991, 

1998) for chalk. The other  end  member  is  at  zero  

porosity  with  the  modulus of the solid phase (KS, GS). For 

any porosity, the upper bound for  dry  rock  effective  bulk  

and  shear  moduli  are  ( 𝐾
𝑀𝑈𝐻𝑆
𝑑𝑟𝑦

 and 𝐺
𝑀𝑈𝐻𝑆
𝑑𝑟𝑦

, 

respectively) (Figure1.C and Figure 2.C) 

 

 
 

where, K0 and G0 are the dry frame bulk modulus and shear  

modulus at critical porosity (ϕc)), respectively. GS is 

solid/mineral  shear  modulus.  We  have  considered  

critical porosity  of    50%  which  gives  more  reasonable  

estimation for   both   dry   P-wave   velocities   and   

saturated   S-wave velocities. So,  at critical porosity, K0 = 

KRc and G0  = GRc and they can be expressed as   

 

 
 

Here, Kair is the bulk modulus of dry air. 

 

Marion   and   Nur   (1991)   present   a   heuristic   method   

to estimate elastic moduli based on theoretical bounds.  

These theoretical bounds could be two extreme bounds, 

like Voigt and Reuss bound. At any given volume,   

fraction of constituents, the effective modulus will fall  

between  these two extreme bound. The weighting factor 

(w) ranges from 0 at  the  lower  bound  to  1  at  the  upper  

bound.  By  using  the MUHS  bound  as  the  upper  

extreme  bound  and  the  Reuss bound  (MR)  as  the  lower  

extreme  bound,  the  effective  P-wave modulus with the 

new fluid, MBAN,2 becomes: 

 
 

where,  w  =  (Mmeas,1MR,1)/(MMUHS,2MR,2) and the 

subscripts ‘1’ and ‘2’ are, respectively, the initial and the  

new saturating fluid. Here, Mmeas,1is the effective P-wave  

modulus calculated  from  sonic  log  data  (Figure  1.B  

and  Figure 2.B).  

  

Ida  Fabricius  (2003)  introduces  a  new  term  ‘IF  Values’  

which  quantifies  how  much  of  the  solid  must  be  in  

the supporting  effective  frame  in  the  Upper  Hashin  –

Strikman model in order to match the elastic moduli. This 

idea looks good as all the grain materials don’t take part in 

building the frame  and  stay  in  pore  space  in  suspension.  

Estimated  ‘IF Values’ from saturated P-wave moduli then 

can be used to calculate dry P-wave modulus, as well as  

saturated shear wave modulus.  The effective bulk (K1F)  

and  shear (G1F) moduli can be expressed as: 

 
 

where,  f1 and  f2  are calculated from the volume fractions 

of the suspension (termed  2) embedded in the mineral  

frame (termed 1) (Figure 1.A and  Figure 2.A) : 

 
 

Berryman     (1980     b)     formulates     the     self-consisted  

approximation  (SCA)  model  for  porous  rocks,  where  

a uniform  host  material  contains  spherical  and  

ellipsoidal inclusions. Suppose N families of inclusions 

with different aspect  ratio  (α)  for  each  family  are  
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embedded  in  a  host medium  with  self-consisted  

effective  moduli    K*  and  G*, and can be expressed as: 

 
 

 
 

where, i refers to the ith material, is its volume fraction, P 

and   Q   are   the   geometric   factors   of   different   shaped  

inclusions (Berryman ,1980 b). As the cavities are isolated  

with  respect  to  fluid  flow,  this  approach  is  considered  

to simulate  very  high  frequency  saturated  rock  

behavior. To minimize this effect, we first compute the dry 

moduli using SCA and then fluid substitute using the 

Gassmann equation  (Figure  1.D  and  Figure  2.D).  The  

application  of  this  SCA method is limited due to the 

inadequacy of the information about  the  volume  fraction  

and  aspect  ratio  for  each  pore type.  Saberi  et al (2009, 

2010) grouped the porosity effect on velocity into three   

main   categories- grain porosity, matrix porosity and crack 

porosity. The matrix porosity can be subdivided into 

groups-  pore  body  and  pore  throat.  He also  defined  a  

constant  aspect  ratio  for  each  type  of  the pores. We 

further simplify this assumption considering that there are 

only  two  types  of  dominated  pores.  Those  are grain  

porosity  and  matrix  porosity  which  is  mainly  pore-

throat.  It’s quite reasonable  to  consider  only  two  types  

of pores as they are the dominant types in the porous 

system. The aspect ratio for grain porosity is defined to 1 

whereas the aspect ratio of the pore-throat is 0.01-0.02.  

Firstly, we estimate the volume fraction of these two pore 

types using saturated  P-wave  velocity  of  the  log.  Then, 

we use these estimated volume fractions to predict 

saturated shear wave and dry P-wave velocities.   

 Empirical rock physics models are widely used for their 

simplicity to implement. Most of the empirical models are  

data driven and work well for a particular type of data set.  

Here we use three empirical equations. Those are:  

  

Empirical  Vp-Vs  relation  for  pure  lime-stone  (Castagna  

et al., 1993) , expressed as (Figure 2.F): 

  
Empirical   Vp-Vs   relation   for   pure   lime-stone   

(Pickett, 1963), expressed as (Figure 2.G): 

 
Empirical  dry  moduli-porosity  relations  by  Hubans  

(Yin, 1997). These trends were obtained from well 2/4-

C6C Ekofisk  chalk  reservoir  and  expressed  as  (Figure  

1.E  and  Figure 2.E) : 

 
 

We compute saturated S-wave velocities from the first two  

relations  using  saturated  P-wave  velocities  and  the  last  

relation is used to compute both dry P-wave and saturated  

S-wave velocities using porosity information. For the fluid  

substitution,  the  Gassmann  equation  is  used  for  the  

last equation. 

 

Table  1.  Comparison between  measured  and  estimated  velocities  or  between  the  two  estimation  methods.  Here, average error 

is defined as the average of (|(A-B)/A|)and the standard deviation of the error shows how close estimate B is to A, where A  and B  

represent any measured or estimated velocity. Slope of the linear fit between A and B  also indicates the goodness of any model. 
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Figure 1. Comparison between dry P-wave velocity (estimated by the Gassman equation) and dry P-wave velocity (estimated by other  

methods).  Estimated  dry  P-wave  velocities  using  the  Gassmann  equation  are  in  X-axes  for  all  panels  (A  to  E). (Details are 

available on Table 1.). 

Figure  2.  Comparison  between  saturated  S-wave  velocity  (measured  from  sonic  log)  and  saturated  S-wave  velocity (estimated 

by other methods). Measured S-wave velocities are in X-axes for all panels (A to G). (Details are available on Table 1.). 
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Results      (Comparing      Different      Rock 

Physics Models)  

  

We   test   different   rock   physics   models   and   empirical  

relations  on  three  different  well  log  data  of  the  Ekofisk  

reservoir. In order to compare various estimation methods,  

we use the error ((A -B)/A) together with the standard   

deviation of the error to show how close the estimate B is 

to  A, where A and B represent any measured or estimated 

velocities. We also include the slope of the linear fit of the  

A-B cross plot to better understand the correlation (Table 

1).  

  

We  estimate  dry  P-wave  velocities  using  different  rock  

physics  models.  The  estimations  of  dry  P-wave  

velocities from different models are shown in  Figure 1. 

Here, dry P-wave  velocities  (estimated  using  the  

Gassmann  equation) are  on  the  X-axes  while  estimated  

dry  P-wave  velocities from other models/methods are on 

the Y-axes. We observe that   both   the   methods   --

Berryman’s SCA model or Fabricius’s  Iso-frame  model,  

are  similar  to  the  Gassmann estimates  for  the  case  of  

dry  P-wave  velocity  estimations (details  are  shown  on  

Table  1).  The estimations  of  shear wave velocities from 

different models are shown in  Figure 2. Here, log-

measured saturated sonic S-wave velocities are on the X-

axes  while  estimated  saturated  S-wave  velocities from  

various  models  are  on  the  Y-axes.  We observe that 

average error is below 8% (Table 1) for all the estimations.  

However, the standard deviation of  the  error  is  relatively 

high  for  some  methods,  such  as  for  dry  Vp  as  well  

as saturated Vs estimates using the MUHS model.   

  

Discussions and Conclusions   

 

We compare different rock physics models using well log  

data.  We  must  emphasize  that  we  have  used  only  three 

wells, so we cannot claim to have a strong statistical basis   

for our conclusions. Our observations indicate that it is 

challenging to choose one universal rock physics model 

for a  chalk  reservoir  like  Ekofisk.  For  all  three  wells,  

two methods  --Berryman’s  SCA  model  and  Fabricius’s  

Iso-frame model are similar to Gassmann estimates for the 

case of estimating dry P-wave velocities using saturated 

sonic P-wave and S-wave velocities and saturated log 

density data. This  means  that  one  can  use  those  models  

for  the  fluid substitution   case   as   equally   efficient   as   

the   Gassmann model. Here, we need to mention that many 

authors raised questions about the applicability of the 

Gassmann equation for carbonate rocks. We have found   

larger   differences between  the  models  with  respect  to  

Vs  estimation.  We observe that different models work 

well for different wells. It  is  hard  to  find  one  single  

model  to  estimate  S-wave velocities  for  all  the  wells.  

Though  among  all  the  rock physics  models,  Berryman’s  

SCA  model  and  Fabricius’s Iso-frame  model  give  best  

results.  Empirical  relation  of Hubuns also produces good 

estimates for shear velocities. 
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