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Guidelines for effective-medium shaly sand Water Saturation Calculations 

(2009 by Charles R. Berg


This is an informal document summarizing some guidelines for calculating Sw using the effective medium algorithm in Berg (2007).  Also contained is supplementary material, such as example calculations and older material that has not been published for various reasons.  You will find that I use many terms without defining them or providing references, because this is an informal document intended for petrophysicists familiar with the terms, and because much of the material is covered in the 2007 paper.
It is clear from word-search phrases that there is a demand for more details on calculation, but progress on writing an applications paper has been slow.  Part of the reason for the delay was because I was discouraged from writing since there was little difference between Dual Water/Juhasz (DW) calculations and effective medium (EMT) calculations.  This document was written and uploaded because there are some firm recommendations and conclusions that should not change through the long process of writing, peer review, and publication.    I also have added some sample calculations as well as some parts of the 2007 paper that did not make it through peer review—not because of any inherent problems with the content, but mainly because of length or form issues.  
A common complaint with many petrophysical papers is the lack of log examples, and Berg (2007) is no exception.  I have included here a log example that for length reasons was omitted by me, and not by the request of reviewers, during peer review at Geophysics.  I have also included another example that I worked but did make it into the paper.  The two examples are both high-Rw, because most of the time there is little difference between the DW and the EMT calculations.  Some of the content described above is also in the “Increm4.doc” also available on my website, which was a version of the geophysics paper written long before the submission to Geophysics.  Refer to that document or my 2007 paper for references which have not been included here.
Some of you might take issue with some of the statements herein; especially since there are no derivations and discussion is brief.  Because these issues will likely come up in peer review, I welcome your input.  Inquiries, comments, discussion, and condemnation can be sent to me at crberg@resdip.com.  Bear in mind that if your email falls in the last category I may not answer unless there is a grain of constructive criticism in there.  In addition, I welcome any examples that you may be able provide, but I would like to especially request examples that can ultimately be published.  Right now, examples that I would greatly appreciate are high Rw, high Vsh, and low tsh, or combinations thereof, mainly because these are the areas in which EMT calculations differ the most with DW.  There may be other problem areas, so if you have examples where DW isn’t working out, I could look at them, providing they are in LAS v2 format.
Calculation Issues


The first issue covered here is that of how to convert shale volume (Vsh) to shale grain volume (Vshg).  When I first started working on calculating Sw, I simply assumed that Vshg was a direct result of gamma calculations and that shale water volume (Vshw, a.k.a as Qvn or Rwb) was the direct result of neutron-density crossplot techniques.  Later, I realized that, in practice, Vsh is almost always the result of shale volume calculations, because we typically define a shale point and a clean-sand point, and since the Vsh to Vshg and Vsh to Vshw conversions are linear.  (I put “almost always” in that last sentence because although I personally don’t know otherwise, there will always someone who knows of an exception.  If you know of one, let me know.)  Following is the conversion for Vsh to Vshg:
Vshg = Vsh (1 - tsh) / (1 - t).                                                   (1)


The second issue that I feel is important is that, for EMT calculations, Vsh should always be linear and not based on the statistically derived “consolidated” and “unconsolidated” methods.  Many petrophysicists always use linear calculations anyway, because there is no good reason why natural gamma radioactivity should behave in a nonlinear manner unless there are local, geologic issues.  It is likely that the nonlinear statistical fits used in the Vsh calculations are the result of the wide sampling, with some of the samples containing excess natural radioactivity (not from clay) and others not.  Added to this is the variability in natural radioactivity of different clays.  I do believe, however, that using the nonlinear Vsh calculations is justified in DW calculations, but not for Indonesia calculations.  For those of you needing reasons for the preceding statement, you can either contact me directly or wait for publication.  This issue is likely to be very controversial, and if I get too much grief in peer review because of it I will probably leave it out of the final manuscript.

Another issue on adaptation of the incremental technique in Berg (2007) is whether to use the 2-component or the 3-component methods.  Although the 3-component method theoretically the most correct, the 2-component method has n equivalent to Archie n.  Since there is not much difference between the two methods, except at very low Sw, I would recommend using the 2-component method.  At this time, I have been able to program a much more robust version of the continuous equivalent (Berg, 2007, equation 5) to the discrete (a.k.a. “incremental”) 2-component method.  It still is not as robust as the incremental method, and may never be, but the possibility exists that calculations can be sped up considerably by preferentially using the continuous method and only switching to the discrete method when it is needed.  As fast as computers have become, there is really not much need for speed in all but the longest wells using a high number of incremental steps.
Sample Calculations


Table 1 contains some sample calculations for those of you wishing to check out your programs.  (I’ve kept the table in text format so that it can be copied into a spreadsheet.)  This is one case where answers should compare to 8 significant digits, if not more.  This kind of precision would normally be unnecessary, but when translating into Fortran77 a difference between calculations in the 4th or 5th significant digit was caused by a typo.
Log Examples


Figure 1 is an example originally edited out of the Geophysics manuscript.  For nomenclature and references refer to Berg (2007).  Figures 2 and 3 are from an example, provided by Olivar de Lima, illustrating how nonlinear Vsh correction can help out DW calculations at high Rw.  There are many issues concerning the calculations which have not been discussed because I really wanted to make this document available in the shortest possible time.  It is likely that the DW calculations can be helped out in Figure 1 as they were in Figures 2 and 3.  (Although the DW Sw curves may appear reasonable, the corresponding Swe curves do not.)
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Figure 1.  Log calculations on data from the Alto do Rodrigues Field copied from Lima and Dalcin (1995).  “EMT Sw” calculations are from the incremental method and “DW Sw” calculations are from the Juhasz (1981) “normalized Qv” method.  “EMT Sxok” calculations are by the new incremental method and “CRIM Sxok” calculations are from the CRIM method of Wharton, et al. (1980).  Sxok from the incremental and CRIM methods are so close that it is difficult to see the dashed line of the CRIM calculations.  Wells with higher water salinity exhibit larger differences between CRIM and EMT calculations.  See Table 1 for calculation parameters.
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Figure 2.  Log calculations on data from high-Rw data set generously provided by Olivar de Lima.  Note that the DW calculations are significantly higher than the Indonesia and EMT calculations.   Additionally, the calculations on this and the next figure have not been thoroughly checked out, but expect only minor changes in the final manuscript (Providing, of course, that this example makes it to the final manuscript.)
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Figure 3.  Log calculations from data set in Figure 2, but with DW calculations using Vsh calculated using the “unconsolidated” method.  Note that the DW calculations are now in fairly good agreement with the EMT and Indonesia calculations.

Berg, C.R., 2007, An effective medium algorithm for calculating water saturations at any salinity or frequency, Geophysics, 72, p. E59–E67.

Table 1.  A list of input variables and calculations for the 2-part and 3-part EMT routines.
	input variables
	
	
	
	
	

	
	Name
	Value
	Description
	
	
	

	
	Rrsh
	1
	Shale grain resistivity
	
	

	
	Vsh
	0.15
	Shale volume
	
	
	

	
	phiSa
	0.2
	Sand porosity
	
	
	

	
	phiSh
	0.05
	Shale porosity (phiTsh)
	
	

	
	Rw
	0.25
	Water resistivity
	
	

	
	Cw
	4
	Water conductivity
	
	

	
	Crsh
	1
	Shale grain conductivity
	
	

	
	Vshg
	0.17325228
	Shale grain volume
	
	

	
	Sw
	0.5
	Water saturation
	
	

	
	phi
	0.1775
	Total porosity (phiT)
	
	

	
	msh
	3
	Shale porosity exponent
	
	

	
	msa
	2
	Sand porosity exponent
	
	

	
	n
	2
	Water-saturation exponent
	
	

	
	nSteps
	100
	Number of incremental steps
	
	

	
	tolerance
	0.000001
	Calculation tolerance in HB routine
	

	
	maxIter
	25
	Maximum number of iterations allowed in HB routine

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	calculated values
	
	
	
	
	

	
	Method
	
	Calculated
	Total HB
	Regula Falsi
	Maximum

	
	Used
	Ct
	Sw
	Count
	minimum x
	HB Count

	
	incremental 2 part from DLL
	0.07458611
	0.5
	2649
	1.3202E-11
	3

	
	incremental 3 part from DLL
	0.07697902
	0.5
	5392
	0
	3


appendix
The program listings here were written in Borland ® C++.  I can provide Pascal, Fortran77, and VBA (Excel) versions on request.
Below is a listing of the core routine that calculates 0 with either 2 or 3 disperse elements.  The variable names correspond closely with the text (Berg, 2007) except that “C” has been substituted for “” and that “” has been spelled out.

//Arrays here are one element larger than needed in order to match indices in the

//text that start at 1.

typedef double Array3[4];

void C0incrementalNpart(double Cw, Array3 C, Array3 Vol, Array3 m, int s, int k,

      double tolerance, int maxIterations, double &C0, int &maxCount, int &totalCount){

  double Vij, phiT, phiij;

  Array3 V;
  int i, j, count;

  //initialize

  count = 0;

  maxCount = 0;

  totalCount = 0;

  Vij = 0;

  phiT = 1;

  for (int p = 1; p <= k; p++){

    phiT -= Vol[p];      //total porosity is 1 minus total disperse volume

    V[p] = Vol[p] / s;

  }

  //Initial Cw is the actual Cw.  After that Cw becomes C0 from the previous step.

  C0 = Cw;

  //Calculate

  for (i = 1; i <= s; i++){

    for (int j2 = 1; j2 <= k; j2++){

      //order-switching to increase accuracy with the same number of HB calls

      if (fmod(i, 2) != 0.0) j = j2; else j = k + 1 - j2;

      //the total volume added to this point, no need for summations here

      Vij += V[j];

      //porosity for this step

      phiij = 1 - V[j] / (phiT + Vij);

      //calculating C0, water conductivity (left) is C0 from previous step

      C0HB_C(C0, C[j], phiij, m[j], tolerance, maxIterations, C0, count);

      //maxCount tracks HB convergence, totalCount tracks efficiency

      if (count > maxCount) maxCount = count;

      totalCount += count;

    }

  }

}

The routine below calls the above routine to calculate mixture conductivity using all three disperse elements, including hydrocarbons.  To change this to a “hydrocarbon first” routine, “V[3] ” is not set, “Cw” in the HB call is replaced by “Cw * pow(Sw, n)”, and the number of elements is set to 2 instead of 3.  Additionally, by changing “nSteps” to 1, the algorithm will become a “shale first” method with results identical to Spalburg (1988).

void Ctincremental2part(double Cw, double Crsh, double Vshg, double Sw, double phi,

    double msh, double msa, double n, int nSteps, double tolerance, int maxIterations,

    double &Ct, int &totalCount, int &maxCount){

  Array3 V, Cr, m;

  double Cwh;

  //Setting the arrays

  V[1] = Vshg * (1 - phi); //dry clay volume (BV)
  V[2] = 1 - V[1] - phi;   //sand volume (BV)
  V[3] = 0;                //Not used
  Cr[1] = Crsh;            //Shale grain conductivity
  Cr[2] = 0;               //Sand grain conductivity
  Cr[3] = 0;               //Not used
  m[1] = msh;              //Shale porosity exponent
  m[2] = msa;              //Sand porosity exponent
  m[3] = n;                //Not used
  //Calculating "hydrocarbon first" water conductivity

  Cwh = Cw * pow(Sw, n);

  //Calculating total conductivity

  C0incrementalNpart(Cwh, Cr, V, m, nSteps, 2, tolerance, maxIterations, Ct, maxCount, totalCount);

}
The HB conductivity procedure is as follows:

void C0HB_C(double Cw, double Cr, double phi, double m, double tolerance,

            int maxIterations, double &C0, int &count){

    if (fabs(phi - 1) < tolerance)

      C0 = Cw;

    else{

        if (fabs(Cr) < tolerance)

            C0 = Cw * exp(log(phi) * m);   //Archie's law

        else{

            R0HB_C(1 / Cw, 1 / Cr, phi, m, tolerance, maxIterations, C0, count);

            C0 = 1/C0;

        }

    }

}

The following HB resistivity routine (called from the above conductivity routine) is actually more robust and tends to converge faster than routines based on the HB conductivity equation.

void R0HB_C(double Rw, double Rr, double phi, double m, double tolerance,

            int maxIterations,double &R0, int &count){

//Finds Hanai-Bruggeman R0 from the resistivity equation.  This routine is more

//robust and converges faster than routines HB conductivity equations.

  int i;

  double A, B, C, u, fu, dfu, deltaU;

  if ((fabs(phi) > tolerance)&& (fabs(Rw - Rr) > tolerance))//prevent zero divides

  {

    u = Rw;

    i = 0;

    A = 1 / phi / (Rw - Rr); //Precalculate constant value

    do{

      B = u - Rr;            //Break up repeated calculations for efficiency.
      if (A * B < 0){

        u = 0;

        break;

      };

      C = Rw * exp(log(A * B) * m);//pow() was slower than exp(log())

      fu = C - u;

      dfu = C * m / B - 1;

      deltaU = -fu / dfu ;

      u = u + deltaU;

      i+=1;

    } while (!((u == 0)||    //prevent zero divide on next boolean expression
               (fabs(deltaU / u) < tolerance)||  //"deltaU / u" keeps tolerance
               (i > maxIterations)));            //relative to size of return
    if (u == 0){   //this is extremely rare but...
      i = -1;//reset count to show failed convergence
      //either go to another way of calculating R0 or return a number

      //representing a non-value

      //u = R0HB2(Rw, Rr, phi, m, tolerance, maxIterations, count);

      u = 1 / -999.5;//reciprocal non-value for conductivity

    }

    R0 = u;

    count = i;

  }

  else{

    if (fabs(phi) <= tolerance)

      R0 = Rr;

    else //(fabs(Rw - Rr) <= tolerance)

      R0 = Rw;

    count = 0;

  }

}

Below are the two routines that calculate Sw.  The routine SwIncrementalNpart is called externally.  It calls the golden search from Press, et al. (1996) which, in turn, calls calcSw_MinCt.  Together, these routines find Sw by repeatedly trying values of Sw until calculated Ct equals measured Ct within the given tolerance.
//The following variables need to be declared outside of calcSw_MinCt below because

//it can only take one argument.  It is possible to modify the golden routine from

//Press, et al. (1996) to take more arguments here, but this way the code does not

//have to be shown.

double Cw2, Crsh2, Vshg2, phi2, msh2, msa2, n2, tolerance2, Ct2;

int maxIterations2, nSteps2, totalCount2, maxCount2;

double calcSw_MinCt(double Sw){

  double Ct;

  int maxCount, totalCount;

  CtincrementalNpart(Cw2, Crsh2, Vshg2, Sw, phi2, msh2, msa2, n2, nSteps2, tolerance2,

                     maxIterations2, Ct, totalCount, maxCount);

  totalCount2 += totalCount;

  if (maxCount > maxCount2) maxCount2 = maxCount;

  return (fabs(Ct - Ct2));

}

void SwIncremental2part(double Ct, double Cw, double Crsh, double Vshg, double phi,

                        double msh, double msa, double n, int nSteps, double tolerance,

                        int maxIterations, int MAXIT, double &Sw, int &totalCount,

                        double &minSw, int &maxCount, int &SwCount){

  //initializing

  totalCount2 = 0;

  maxCount2 = 0;

  //setting variables for calcSw_MinCt to use

  Ct2 = Ct;

  Cw2 = Cw;

  Crsh2 = Crsh;

  Vshg2 = Vshg;

  phi2 = phi;

  msh2 = msh;

  msa2 = msa;

  n2 = n;

  nSteps2 = nSteps;

  tolerance2 = tolerance;

  maxIterations2 = maxIterations;

  //The golden search from Press, et al. (1996), has been modified to set a limit on

  //iterations (MAXIT) and to return the number of passes (SwCount) to the main loop.

  //This keeps track of efficiency and prevents getting stuck in the loop.  The

  //golden routine was also altered from the original by using "double" floating-

  //point numbers. Another minor change was making the code C++ instead of C to

  //enable passing Sw and SwCount by reference.

  //  When minSw>tolerance or SwCount>MAXIT, another minimization method could be

  //tried, such as the Brent search in Press, et al. (1996).

  minSw = golden(2, 0.5, 0.0, calcSw_MinCt, tolerance, MAXIT, Sw, SwCount);

  maxCount = maxCount2;

  totalCount = totalCount2;

}

The following golden routine is modified from Press, et al., 1996.  The variable count was added to keep track of the number of calls to calcSw_MinCt2part.  The golden unit was compiled in C++ instead of C in order to pass the variables Sw and count by reference. 

double golden(double ax, double bx, double cx, double (*f)(double), double tol, int MAXIT, double &xmin, int &count)

{


double f1,f2,x0,x1,x2,x3;

        count=0;


x0=ax;


x3=cx;


if (fabs(cx-bx) > fabs(bx-ax)) {



x1=bx;



x2=bx+C*(cx-bx);


} else {



x2=bx;



x1=bx-C*(bx-ax);


}


f1=(*f)(x1);


f2=(*f)(x2);


while ((fabs(x3-x0) > tol*(fabs(x1)+fabs(x2)))&&(count<MAXIT)) {



if (f2 < f1) {




SHFT3(x0,x1,x2,R*x1+C*x3)




SHFT2(f1,f2,(*f)(x2))



} else {SHFT3(x3,x2,x1,R*x2+C*x0)




SHFT2(f2,f1,(*f)(x1))



}

                count+=1;


}


if (f1 < f2) {



xmin=x1;



return f1;


} else {



xmin=x2;



return f2;


}

}
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