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SOME PRAISE FOR PREVIOUS EDITIONS: "If you do geostatistics, you certainly should own [this book], because there are no competitors..."-TECHNOMETRICS "This is an introductory book on geostatistics (spatial statistics) with an emphasis on multivariate analysis of spatially indexed data. Explanations are intuitive, with graphical interpretations
included where possible. Additionally, mathematical relationships are explained with uncommon clarity."-JOURNAL OF THE AMERICAN STATISTICAL ASSOCIATION "This book is an excellent modern introduction to geostatistics, which is one of the main branches of spatial statistics [...] this is a fine book for students of statistics, statisticians and
well-informed engineers and geologists.”-BIOMETRICAL JOURNAL "For a physical geodesist ... it is both informative and beneficial to learn about these marvelous techniques which have so much in common with the applied methods of our branch of science. What a great source of inspiration!”-JOURNAL OF GEODESY "The book is attractively
finished and well printed ... the author's style is very readable. It should have an immediate appeal to geophysicists, hydrogeologists, engineering geologists and those mathematicians and physicists already engaged in stochastic modelling in the oil and gas industry.”-GEOSCIENTIST "... This book is an insightful introduction to linear geostatistics in
general and multivariate geostatistics in particular, and provides a springboard to further study and research in this very interesting area.”-METRIKA "The text is well structured and easy to read; the style is plain and appealing. It moves from practical intuitive ideas to their mathematical formulation in a straightforward and natural way.”-
COMPUTERS & GEOSCIENCES " "Without doubt the book will find an extensive readership including serious practitioners." -SHORT BOOK REVIEWS (INTERNATIONAL STATISTICAL INSTITUTE) " Very often, comparisons are made between least squares prediction and collocation with kriging. [The book] is a must for all those scientists and
engineers who want to know the similarities of both techniques applied to geosciences." -GIS GEO-INFORMATIONS-SYSTEME Page 2 Geostatistics is a rapidly evolving branch of applied mathematics which originated in the mining industry in the early fifties to help improve ore reserve calculation. The first steps were taken in South Africa, with the
work of the mining engineer DG Krige and the statistician HS Sichel (see reference number [164] in the bibliography).KeywordsOrdinary KrigingVariogram ModelGeostatistical SimulationDrift FunctionCross Covariance FunctionThese keywords were added by machine and not by the authors. This process is experimental and the keywords may be
updated as the learning algorithm improves. This is a preview of subscription content, access via your institution. Unable to display preview. Download preview PDF. Do you navigate arXiv using a screen reader or other assistive technology? Are you a professor who helps students do so? We want to hear from you. Please consider signing up to share
your insights as we work to make arXiv even more open. Article Multivariate geostatistics is a broad term that encompasses all geostatistical methods that utilize more than one variable to predict some physical property of the earth. Bivariate geostatistics is obviously the simplest subset of the multivariate techniques and thus the standard technique
of cokriging could be called multivariate geostatistics. However, in this paper we will use the name to refer to geostatistical methods that use more than two variables. Even then, there are many different methods that fall under this heading. There are three major subcategories: Methods that produce an output value from a linearly weighted sum of
the input values. Methods that use artificial neural networks (ANN's) to combine attributes. Methods which construct a final answer using principal component analysis. In this paper, we will be considering only techniques described in point (1). For a discussion of point (2), refer to a series of papers in The Leading Edge by Ronen et al (1994). For a
discussion of methods in point (3), refer to the textbook by Wackemagel (1995). 2.0 Using Seismic Attributes to Estimate Log Properties The idea of using multiple seismic attributes to predict log properties was first proposed by Schultz et al (1994), in a series of TLE articles. In these articles they point out that the traditional approach in using
seismic data to derive reservoir parameters has been to look for a physical relationship between the parameter to be mapped and some attribute of the seismic data, and then use that single attribute over a 2D line or 3-D volume to predict the reservoir parameter. Examples of such attributes include: Analysis of the seismic trace itself for amplitude
increases, which indicate changes in reflection coefficient size, since; for example, if the acoustic impedance shows dramatic changes, as in a gas sand, so should the seismic trace. Extraction of the acoustic impedance from the seismic data by integration. Of course, the result will lack a low frequency component due to the effect of the seismic
wavelet. This is often corrected for by adding the low frequency component from a well log model. (Schultz et al object to calling the result a seismic attribute, since it has already been influenced by the well log data). The use of prestack data to extract information about intercept and gradient, and hence Poisson's ratio or shear wave reflectivity. The
use of instantaneous attributes derived from the seismic data. These attributes are based on the definition of the complex trace, which, in polar form, give us the three classical seismic attributes: the amplitude envelope, instantaneous phase, and instantaneous frequency. These are the three primary attributes, but many more can be derived from the
basic three. New attributes which have been introduced recent!y, such as coherency. Indeed, any seismically derived attribute can be introduced into this discussion. Although relationships have been inferred between these attributes and reservoir parameters, the physical basis is not always clear, and we may want to derive statistical, rather than
deterministic relationships. This approach, which Schultz et al call a data-driven methodology, is summarized in Figure 1. Figure 1: The data-driven statistical interpretation (after Schultz et al) In the most general case, we look for a function that will convert m different attributes into the desired property. This may be written: P(x,y,z) = F[A1(X,y,Z,),
.... , Am(x,y,z)] (1) where: P = The property as a function of coordinates x, y and z. F = The functional relationship, Ai, i= 1, ..., m = the m attributes. The simplest possible case would be a linearly weighted sum: P = wo+W1A1l+ ....wmAm (2) Obviously, this raises two questions: which attributes should we use, and how do we judge their quality. The
number and types of attributes must be determined geophysically, and the quality of the attributes can be determined using crossplots between the attributes and the parameter to be measured. As an example of such a linear function, let us consider: ¢(x,y) =W0+ wll(x,y) + w2E(x,y) + w3F(x,y) (3) ¢(x,y) = Porosity I(x,y) = Acoustic impedance, E(x,y)
= Amplitude Envelope, F(x,y) = Instantaneous frequency, and  wi = weights In the above example, the reservoir zone is given by the vertical average of a spatially varying time zone over a picked seismic surface. The question now becomes how we determine the weights wi . One approach would be to first calculate an estimate from the well logs
using kriging. The problem here is that you need a fairly large number of well logs in the area to come up with a reliable map estimate. A second approach would be to estimate the coefficient over longer depth or time zones calculated at the well logs themselves: ¢(t) = WO+ wllI(t) + w2E(t) + w3F(t) (4) where: ¢(t) = porosity at the well integrated to
time and calibrated to the seismic data. For both of equations (3) and (4), the solution can be arrived by using the least squares approach. The attributes used in the linear sum can then be measured for goodness of fit with the parameter to be predicted by use of the correlation coefficient between each variable, given by: where: AP = covariance
between A and P, oA = standard deviation of A, 0P = standard deviation of P, A is the attribute, and P is the parameter. If we have N attributes, there will be N!/(2!(N-2)!) correlation coefficients, and these can be ordered from best to worst. However, it should be noted that when we determine the best combination of attributes to use in the final sum,
the order of the attributes used may not be the same as the order of their correlation coefficients. This may seem strange at first, but consider a simple example. One of the attributes could just be a linearly scaled version of another attribute, and it would obviously have just as good a correlation coefficient. But adding this attribute to the sum would
not improve the fit. The quality of the fit can be determined by finding the RMS error between the known parameter and the estimated parameter. By using this criterion, we can find the optimal combination of attributes to use. An example of the preceding equations applied to estimates of porosity between a well log and a seismic section will now be
shown. 3.0 A Case Study Using the Weighted Sum Method As an example of the technique described in the previous section, we will look at a case study involving the prediction of sonic logs at various locations along a seismic line from Alberta. The attributes used were as described in the previous section: Bandlimited acoustic impedance, found by
integrating the trace. The reflection coefficients were the trace samples themselves normalized by dividing by the maximum absolute amplitude on the trace and multiplying by 0.25. Figure 2: The initial five sonic logs. Figure 3: The seismic trace and three attributes at well 75. Amplitude envelope of the seismic trace. Instantaneous frequency of the
seismic trace. The seismic time itself, used as a ramp function to introduce the DC bias and low frequency content. Note that the porosity was actually derived from a set of sonic logs using Wyllie's equation: ¢ = (At - Atma)/(Atf - Atma), (6) where: At = sonic transit-time, Atma = matrix transit-time, and Atf = fluid transit-time. The sonic logs are shown
in Figure 2. Only one of them, well 75, is actually a measured sonic log. The others were derived from well 75 by stretching and squeezing the log so that the derived synthetics matched the seismic trace from the same location. The bars on the plot show the zone of interest, which covers a series of Cretaceous events, but does not extend into the
higher velocity Devonian events. Figure 3 shows the attributes calculated for well 75, where we have included a display of the seismic trace. The reason that it was felt that the integrated trace should be used rather than the original trace is found when we crossplot the attributes against the P-wave sonic. Figures 4 through 7 show the crossplots of
the seismic trace, integrated trace, amplitude envelope, and well 75 sonic. Notice that the seismic trace displays the poorest correlation when correlated against the sonic log values. When all 5 wells are taken into account, the situation is magnified even more. Table 1 shows the averaged correlations of all 5 wells, with the seismic trace by far the
worst. Figure 4: Crossplot of seismic trace against sonic log. Figure 5: Crossplot of integrated trace against sonic log. Table 1 Next, the multi-attribute analysis was done, using a 30 point, symmetrical operator. Table 2 displays the numerical results, showing the residual error after the addition of each attribute. Figure 8 shows the final result, with
the predicted trace superimposed on the original trace. Figure 6: Crossplot of amplitude envelope against sonic log. Figure 7: Crossplot of instantaneous frequency against sonic log. Table 2: Multiattribute analysis showing errors. Conclusions In this paper, we have shown a fairly straightforward example of the use of multivariate geostatistics. We
have concentrated on the prediction of a well log parameter using a weighted sum of seismic attributes. The result, shown in Figure 8, is surprisingly good when you consider that no geological information was used to predict the sonic logs. That is, they were recreated simply by a linear convolutional sum of three seismically derived attributes. The
linear operators were created by "training" the program using the techniques of geostatistics. This simple example was just to demonstrate the concept. By using more attributes (with the caution that there is an optimum number that should not be exceeded) and other techniques (such as Artificial Neural Networks), the prediction can get even
closer. Figure 8: The final result. Modeled well logs are in red. Obviously, there are many other applications of the technique that we have just shown. It is our feeling that the introduction of geostatistical techniques to our industry gives us a powerful tool which will challenge the deterministic model of seismic processing and lithology prediction that
has been in use for so many years. Schultz, P.S., Ronen, S., Hattori, M., and Corbett, c., 1994, Seismic guided estimation of log properties, Parts 1,2, and 3: The Leading Edge, Vol 13, Nos. 5,6, and 7. Wackernagel, Hans, 1995, Multi variate Geostatistics: Springer-Verlag, Berlin, Heidelberg, New York. Sorry, no results were found.
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