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Abstract: Nuclear Magnetic Resonance (NMR) logging provides priceless information about hydrocarbon bearing intervals
such as free fluid porosity and permeability. This study focuses on using geostatistics from NMR logging instru-
ments at high depths of investigation to enhance vertical resolution for better understanding of reservoirs. In this
study, a NMR log was used such that half of its midpoint data was used for geostatistical model construction
using an ordinary kriging technique and the rest of the data points were used for assessing the performance of
the constructed model. This strategy enhances the resolution of NMR logging by twofold. Results indicated that
the correlation coefficient between measured and predicted permeability and free fluid porosity is equal to 0.976
and 0.970, respectively. This means that geostatistical modeling is capable of enhancing the vertical resolution
of NMR logging. This study was successfully applied to carbonate reservoir rocks of the South Pars Gas Field.
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1. Introduction

Nuclear magnetic resonance (NMR) logs contain invalu-able information about reservoir formations. NMR logsrecords can easily be converted to free fluid porosity andpermeability [1, 2]. Free fluid porosity includes the porescontaining fluids that are expected to flow. Permeabilityis defined as the capacity of a rock or sediment for fluidtransmission, and is a measure of the relative ease of fluidflow under pressure gradients. Through further process-
∗E-mail: asoodeh.mojtaba@gmail.com

ing, NMR log records can be converted for fluid type char-acterization [3] and capillary pressure curve generation [4].There are two types of instruments used for NMR logging:one focusing on vertical resolution (six inches vertical res-olution and 0.5 – 1.5 inches depth of investigation) andthe other focusing on depth of investigation (5 feet verti-cal resolution and 14 – 16 inches depth of investigation).Actually, there is no instrument that provides both highvertical resolution and high depth of investigation. Highdepth of investigation captures more flow path featuresand gives a more representative picture of the reservoir.Meanwhile high vertical resolution provides better under-standing of the rock property variations of the reservoir.Therefore, in order to reap the beneficial advantages of
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both types of NMR logging tools, a strategy is needed toenhance vertical resolution of instruments with high depthof investigation.The need for high resolution data is inevitable. How-ever, after enhancement of vertical resolution, accuracyof generated data is important, i.e., more accurate esti-mation, better decision for development and productionfrom the reservoir. Geostatistical methods are reliableand offer good accuracy for petrophysical properties esti-mation [5]. Geostatistics is concerned with any phenomenathat change in space. It is a science that presents a com-bination of tools for the understanding and modeling ofspatial variability [6, 7]. In this study, the Ordinary Krig-ing technique was used to enhance the vertical resolutionof NMR logging tools with high depth of investigation. Inthe first stage, midpoint data from a NMR log were re-moved and geostatistical modeling was carried out on restof data points. After model construction, midpoint datawere estimated through the use of the developed model.This strategy was successfully applied to South Pars GasField of Iran. This methodology enhances the resolutionof NMR log by a factor of two.
2. NMR Logging

As far back as 1946, nuclear magnetic resonance (NMR)signals from hydrogen atom nuclei (protons) were firstobserved independently by Purcell and Bloch, and havesince been used extensively to characterize materials.Magnetic resonance imaging instruments are commonlyused as diagnostic tools in medicine today. The first NMRlog was run in 1960, developed by Brown and Gamson ofChevron Research Company. The tool used the Earth’smagnetic field for proton alignment; the principle under-lying NMR logging tools for the next 30 years [8]. NMRlogging tools induces a magnetic field in reservoir lay-ers. This field causes hydrogen protons, abundant in bothwater and hydrocarbons, to align in the direction of the in-duced magnetic field. These magnetized protons producea signal due to the relaxation from the field direction. TheNMR log measures this signal versus time and gives theT2 relaxation or transverse relaxation distribution curvewhich is the basic output of NMR log which can be easilyconverted to free fluid porosity and permeability. Becauseonly fluids are visible to NMR logging, the porosity mea-sured by the tool contains no contribution from the matrixmaterials and does not need to be calibrated to forma-tion lithology. This response characteristic makes NMRfundamentally different from conventional logging tools,which are mostly dominated by matrix framework and thushave higher uncertainty.

3. Area of Study: South Pars Gas
Field

The data sets used in this study belong to south Parsfield. The South Pars field is located in the PersianGulf and was discovered in 1990 by drilling an appraisalwell that encountered a gas reservoir in Upper Permianand Lower Triassic carbonates. This field is actuallythe northern extension of Qatar’s North Field (Figure 1),which was discovered in 1971. The South Pars field, with441.5 tcf proved reserve, together with its Qatari exten-sion, North Field, with 900.5 tcf gas in place, forms theworld’s largest non-associated gas field. In the South Parsfield, gas accumulation is mostly limited to the Permian–Triassic stratigraphic units that became prospective dur-ing the 1970s following delineation of enormous gas re-serves. These units, known as the “Kangan–Dalan Forma-tions,” constitute very extensive natural gas reservoirs inthe Persian Gulf area, and are composed of a carbonate–evaporate series formerly known as the Khuff Formation.Figure 2 shows the Kangan and Dalan Formations in astratigraphic column of South Pars Gas Field.

Figure 1. Location map of the South Pars field and its Qatari coun-
terpart, the North Field, in the Persian Gulf.
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Figure 2. Stratigraphic column of the South Pars Gas Field in which
the Kangan and Dalan Formations are shown in gray.

4. Geostatistics Concepts

4.1. Kriging

The field of geostatistics arises from the work of Krige [9]in the mining industry in the early 1950s and was ex-panded upon by Matheron [10, 11]. Geostatistics is sup-ported by the axiom that geological data are spatially cor-related [12]. By recognizing the spatial pattern of varia-tions and applying it to unsampled locations, it is possibleto estimate a sought parameter, i.e., the extracted patternof variations determines weights of contribution of nearbysamples in estimation of the value of the desired propertyat an unsampled location [13].Kriging is a computational method for estimating a vari-able over a line (1D), area (2D) or in a volume (3D). Itis a method that is based on two criteria of minimization

of variance and unbiased condition [14]. Kriging is thebest linear unbiased estimator, with the exception of theSimple Kriging technique [15]. This estimator, defined as:
Z ∗k = n∑

i=1 λiZ (xi) (1)
Where Z (xi) and λi represent the value of the sample andthe weighting factor at point i, respectively. Z ∗k is thekriged estimator. The weights λi are calculated accord-ing to the criteria mentioned above. The ordinary krigingequation for estimation is defined as:

γ(−→x1 , −→x1 ) · · · γ(−→x1 , −→xn ) 1... . . . ... ...
γ(−→xn , −→x1 ) · · · γ(−→xn , −→xn ) 11 · · · 1 0



λ1
λ2...
λn
µ

 =

γ(−→x0 −−→x1 )
γ(−→x0 −−→x2 )...
γ(−→x0 −−→xn )1

 .

(2)
As seen in the above equation, crucial elements of theformula are variograms that are used for calculating thedifferences in the desired properties between two pointsand generally the spatial variation of the property.
4.1.1. VariogramsGeostatistical modeling comprises two main stages: firstcomputing and modeling the semi-variogram (extractingspatial patterns of features) and then estimating the de-sired variable. Continuity concept, homogeneity or het-erogeneity and spatial structure of regionalized vari-able are recognized by (semi) variogram [16]. The semi-variogram is simply defined as half of the variance of theincrements. In probabilistic form, the semi-variogram de-fined as:

γ(h) = 12E [(Z (x + h)− Z (x))2] (3)
The variogram (for lag distance h) is defined as the aver-age squared difference of pairs, separated approximatelyby h [10]. The following equation states this concept math-ematically.

2γ(h) = 1
N(h) N(h)∑

i=1 [Z (x)− Z (x + h)]2 (4)
Where, N(h) is the number of pairs for lag h.In this study, NMR log parameters, free fluid porosity androck permeability, constitute the sample pairs.
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Variogram fitting is an iterative trial and error task thatgreatly depends on the experience of the geoscientist con-ducting the work. Therefore, some rules of thumb are sug-gested by several researchers for easier fitting of the vari-ogram; however, all emphasis the fact that lesser numbersof pairs increase the uncertainty of prediction and viceversa. After choosing the appropriate minimal number ofpairs, the final step in variography is modeling the vari-ogram. The goal of the modeling is to determine the sill,slope, range, and nugget effect by use of specific theo-retical functions [16]. In this stage, a proper model thatbest fits the experimental variogram should be chosen fromamong common models such as: spherical, exponential,Gaussian, linear (pure nugget effect), cubic, power, DeWijs and Cauchy [17, 18].
5. Results and Discussion

In this study, 426 midpoints of NMR records were cho-sen for geostatistical modeling and the points betweeneach two successive points were estimated from the rec-ognized pattern along the well axis (one dimensional mod-eling along the Z-axis). Free fluid porosity and rock per-meability, that their variations’ patterns are desired, donot follow a normal distribution (Figure 3). Since almostall geostatistical techniques ask for data sets with nor-mal distributions, it is essential to transform data to anormal (Gaussian) distribution. Some attributes of nor-mal distributions include zero mean, standard deviationof one, zero skewness and kurtosis of three. The normalscore transform can transform any data distribution intothe Gaussian form with a mean of zero and standard de-viation of one. Table 1 shows the statistical description offree fluid porosity and rock permeability data. Figure 4illustrates distributions of transformed data that follow ex-act Gaussian functions. This figure indicates the normalscore transform has been successful in transforming datasets to an exact Gaussian distribution.Experimental variograms of free fluid volume and rock per-meability were calculated using WinGslib software. Toinitially obtain the interpretable structure, different lagdistances and lag tolerances were used for calculating thevariogram. Lag distances of 0.22 and 0.2 meter and lagtolerances of 0.1 and 0.11 meter were finally chosen forcomputing experimental variograms of free fluid porosityand rock permeability, respectively. It is worth mention-ing that experimental semi-variograms were calculated bya normal score transform data set of free fluid porosityand rock permeability. After calculating the experimen-tal variogram, theoretical models were fitted to each ofthem (see Figures 5 and 6). Figures 5 and 6 show that

Figure 3. Histograms showing the data distribution of: (a) free fluid
porosity and (b) permeability. Neither of these distribu-
tions follows a normal Gaussian function.

spherical and exponential models provide the best fit ofvariograms for free fluid porosity and permeability, re-spectively. Spherical and exponential models equationsare described below:
γ(h) =

0.52(3h9 − h3181.2 , if h ≤ 4.50.52 , if h ≥ 4.5 (5)

γ(h) = 0.52 [1− exp(− 3h2.75
)] (6)

An ordinary kriging algorithm with linear drift in Z direc-tion (i.e., along well axis) was used to develop the modelfor estimating free fluid porosity and rock permeabilityin unsampled points. Figure 7 shows cross-correlationbetween real and geostatistically-predicted data for freefluid porosity and permeability in training data (model-ing data). This figure confirms that ordinary kriging wassuccessful in finding the z-axial pattern of NMR data. Inorder to test the reliability of developed models, the Jack-nife method was used. In this method, testing data are
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Table 1. Descriptive statistics of free fluid porosity and permeability before and after normalization by normal score transform (Note: milli-Darcy
(md) = 9.86923 × 10−4 µm2).

a) Free Fluid Porosity (fraction)Mean STD Max Upper Quartile Median Lower Quartile MinNMR Data 0.0433 0.0245 0.0998 0.0617 0.0413 0.0237 0.0017Normalized Data 0.0 0.9985 3.0409 0.6745 0.0 −0.6745 −3.0409
b) Permeability (md)Mean STD Max Upper Quartile Median Lower Quartile MinNMR Data 3.1853 6.0346 38.4687 2.7128 0.5033 0.1 0.0033Normalized Data 0.0 0.9985 3.0409 0.6745 0.0 −0.6745 −3.0409

Figure 4. Histograms showing normal distributions of transformed
data: (a) Normalized free fluid porosity and (b) Normalized
permeability. Normal score transforming converted both
data sets to exact normal Gaussian distributions.

not used in developing the model, unlike the conventionaltechnique known as the ’Leave-one-out’ or ‘cross valida-tion’ method. Figure 8 shows the cross validation betweenmeasured and predicted values of NMR log parameters,including free fluid porosity and rock permeability in test(validation) data. A comparison between measured andpredicted values of NMR log parameters is presented in

Figure 5. Graph showing the best theoretical model fits to the ex-
perimental variogram of free fluid porosity. The spheri-
cal model provides a better match to the variogram in this
case.

Figure 9. This figure shows that geostatistics modelingenhanced the vertical resolution of the NMR log by a fac-tor of two. This figure also shows that the accuracy ofprediction is reduced in low values of free fluid porosityand permeability, which is attributed to the inherit flawof the NMR mechanism in recording low permeability orlow free fluid porosity intervals.
6. Conclusions
Processing of NMR logs provides two invaluable reservoirparameters: permeability and free fluid porosity. NMR in-struments cannot provide both high vertical resolution anddeep depth of investigation. This study was performed toenhance vertical resolution of NMR tools with deep depth
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Figure 6. Graph showing the best theoretical model fits to the exper-
imental variogram of permeability. The exponential model
provides a better match to the variogram in this case.

Figure 7. Graph showing correlation between measured and pre-
dicted NMR log parameters in training data: (a) free fluid
porosity and (b) permeability.

Figure 8. Graph showing correlation between measured and pre-
dicted NMR log parameters in validation data: (a) free fluid
porosity and (b) permeability.

of investigation by means of the ordinary kriging method.This study shows that kriging model is capable of ex-tracting and improving the vertical correlation of NMRlog parameters, including free fluid porosity and perme-ability. The present study improves vertical resolution ofNMR logging and breaks it magnitude in half with corre-lation coefficient of 0.985 and 0.992 for free fluid porosityand permeability, respectively. Estimation performance isgreater in high values of permeability and free fluid poros-ity, which is attributed to failure of NMR logging toolsto fully identify characteristics of less permeable rocks.Therefore, less permeable intervals contain noisy records,and consequently encounter higher estimation error. Oneshould bear in mind that lesser permeable parts of a reser-voir are due to lack of secondary processes (diagenesis)such as solution, fracturing, and dolomitization and there-fore, the majority of permeability in carbonate rock is dueto these secondary processes.
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Figure 9. A comparison between measured and predicted NMR log
parameters: (a) free fluid porosity and (b) permeability.
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