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e aim of geostatistical reservoir characterization is to utilize wide variety of data, in different scales and accuracies, to construct
reservoir models which are able to represent geological heterogeneities and also quantifying uncertainties by producing numbers
of equiprobable models. Since all geostatistical methods used in estimation of reservoir parameters are inaccurate, modeling
of �estimation error� in form of uncertainty analysis is very important. In this paper, the de�nition of Sequential Gaussian
Simulation has been reviewed and construction of stochastic models based on it has been discussed. Subsequently ranking and
uncertainty quanti�cation of those stochastically populated equiprobable models and sensitivity study of modeled properties have
been presented. Consequently, the application of sensitivity analysis on stochastic models of reservoir horizons, petrophysical
properties, and stochastic oil-water contacts, also their effect on reserve, clearly shows any alteration in the reservoir geometry has
signi�cant effect on the oil in place. e studied reservoir is located at carbonate sequences of Sarvak �ormation, �agros, Iran; it
comprises three layers.e �rst onewhich is located beneath the cap rock contains the largest portion of the reserve and other layers
just hold little oil. Simulations show that average porosity and water saturation of the reservoir is about 20% and 52%, respectively.

1. Introduction

e �rst step in optimizing the use of explored resources
is to de�ne the reservoir, which has a determinant role in
reservoir management [1]. De�nition of a reservoir includes
description of empty spaces and size of grains, porosity and
permeability of reservoir, identi�cation of facies, sedimen-
tary environment, and description of basin [2].

ree-dimensional models provide the best mechanism
for linking all the existing data [3]. Nowadays, efficient three-
dimensional simulation is popular in all major oil companies
and has become an essential part of normal exploration
and production activities. To overcome the inherent two-
dimensional limitation of paper, it is necessary to use de�ned
three-dimensional data. ree-dimensional simulation of
geological structures enables collection of all the existing data

for a certain project in a unitedmodel, bymeans ofwhich data
can be analyzed in soware environment [4].

ere are several methods for estimation. In a general
classi�cation, they can be divided into geostatistical and
classical methods. Classical methods are those using classical
statistics for estimation, while in geostatistical methods
the estimation is made based on spatial structure in the
environment [5].

3D geologicalmodels play an important role in petroleum
engineering.ere are different methods for 3Dmodeling, in
each of these methods geological, mathematical, or statistical
information is used [6].

Modern specialized soware programs can model com-
plicated and nonorderly geological volumes in three dimen-
sions.is is done by using geological maps and construction
information for creating a proper model [7].
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When calculating reserves using any of the above meth-
ods, two calculation procedures may be used: deterministic
and/or probabilistic. e deterministic method is by far the
most common. e procedure is to select a single value for
each parameter to input into an appropriate equation and to
obtain a single answer.e probabilisticmethod, on the other
hand, is more rigorous and less commonly used.ismethod
utilizes a distribution curve for each parameter, and through
the use of Monte Carlo Simulation, a distribution curve for
the answer can be developed. Assuming good data, a lot
of qualifying information can be derived from the resulting
statistical calculations, such as the minimum and maximum
values, the mean (average value), the median (middle value),
the mode (most likely value), the standard deviation and the
percentiles, see Figures 1 and 2.

e probabilistic methods have several inherent prob-
lems. ey are affected by all input parameters, including the
most likely and maximum values for the parameters. In such
methods, one cannot back calculate the input parameters
associated with reserves. Only the end result is known but
not the exact value of any input parameter. On the other
hand, deterministic methods calculate reserve values that
are more tangible and explainable. In these methods, all
input parameters are exactly known; however, they may
sometimes ignore the variability and uncertainty in the input
data compared to the probabilistic methods which allow the
incorporation of more variance in the data.

In recent years, the quanti�cation, understanding, and
management of subsurface uncertainties has become increas-
ingly important for oil and gas companies as they strive to
optimize reserve portfolios, make better �eld development
decisions, and improve day-to-day technical operations such
aswell planning. Stochastic approaches based on the standard
volumetric equation are now commonly used for screening
and value assessment of hydrocarbon assets. Uncertainty in
static volumes and recoverable reserves are quanti�ed by
Monte Carlo sampling of probability distributions for the
controlling parameters in the volumetric equation. Volumes
are calculated by simple multiplication of the sampled values
for each of the input distributions. As the Monte Carlo
sampling and direct multiplication is very fast, 1000s of
Monte Carlo loops can be run to provide reliable output
distributions.

Although these approaches are very fast, it is oen
difficult to estimate the intrinsic dependencies between the
input parameters, and they provide no quanti�cation or
visualization of the spatial location and variability of the
uncertainty. An alternative is to use a 3D model as the basis
for the volumetric calculations.is allows the dependencies
between the various input parameters to be treated in a realis-
ticmanner and provides information on the spatial variability
of the uncertainty [8]. e main sources of uncertainty come
from the reservoir’s geological structure, the variability of
petrophysical properties, and the OWC and GOC locations
[9, 10]. e probabilistic distribution of Gross Rock Volume
(GRV) (MMcu.m) and Stock Tank Oil-in Place (STOIIP)
(MMbbls) can then be obtained and used to get unbiased
volume estimates and to quantify the risk associated with
them [11, 12].
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2. Geological Setting

e reservoir under study is referred to as Savrak Formation
belonging to Zagros petroliferous region. e word “Saravk”
is derived from Tange Savrak in the mount Bnatsegna
in Khuzestan Province and its type section is located in
southwest of the mount Bnagestan.

is Formation is divided into three parts as lower,
middle, and upper limestone. Sarvak calcareous Formation in
Zagros is usually identi�ed with two shallow and deep facies
and spans from Albian to Turonian [13].

3. Methodology

is study was carried in two steps. A static model was
constructed in the �rst step and, in order to obtain results
with less errors, uncertainty analysis of the resulted model
was carried out in the second step.

e existing information for the provision of static model
is as follows.

(i) Data obtained from petrophysical logs of 9 wells.
(ii) Well trajectories and underground contour (UGC)

map on top of the reservoir.
(iii) Data obtained from core studies and petrographic

analyses.

ree-dimensional model generation was performed
using the Petrel (Mark of Schlumberger). is soware
program is able to measure various parameters such as the
amount of porosity, �uid permeability, and water saturation
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in each point by using petrophysical data of wells, such
as acoustic, nuclear, and electrical logs and by employing
positioning and statistical methods [14].

Modeling is carried out in four main steps as follows.
(1) Data loading and data quality controlling (Data

input).
(2) Structural modeling.
(3) Creation of three-dimensional petrophysical models

for reservoirs properties (property modeling).
(4) Analysis of uncertainty and volumetric calculations.
Brie�y, aer loading data in the �rst step and creating a

cohesive model proportionate to the existing map, a blocked
three-dimensional network was produced (Figure 3). is
network as themain body of themodel enables the simultane-
ous study of construction data and petrophysical properties
in order to produce reality-oriented models. Moreover, when
producing the petrophysical model, it enables petrophysical
parameters de�ned for each well to be generalized to the
entire reservoir.

e candidate reservoir is divided into a blocked network
in which the properties of each block such as petrophysical
and lithological properties are equal in all volumes and
similar properties in the blockswhich lack information can be
estimated in view of distance between networks and the value
of data. Obviously, the higher the amount of this information,
themore realistic these estimationswill be.edimensions of
blocks of this network in linewith𝑋𝑋 and𝑌𝑌have been set 100∗
100m and are separated with one-meter distance in reservoir
zone and with two meters distance in nonreservoir zones
aer creation of horizons (Figure 4) and in time of layering.
Next, in the step of production of petrophysical models of
properties, petrophysical logs information was scaled up.

Scale up means attribution of logs recorded values to
blocks of three-dimensional network [15]. Scaled up data are
processed during variography step in terms of permanency
and normality (average of data is zero and their standard
deviation is 1) and related variograms are depicted.

ere are several methods to assess normal data distribu-
tion. e two most common methods are considered below.

e �rst method is a graphical approach, so that the
cumulative frequency curve of data is plotted according to
high-level categories on a paper of which one of the axes is
arithmetic scale and the other axis a logarithmic scale. Since
the cumulative frequency curve of a normal distribution
in terms of high-level categories in these coordinates is a
straight line, the closer the extension of the sum of points
plotted on this paper to straight line, the closer the data
distribution to normal. e second method for evaluating
normal distribution of data is the qualitativemethod. For this
purpose, it is sufficient to plot the histogram of data [16].

Variogram analysis is an important part of geostatistical
modeling. Indeed, variogram shows the mean square differ-
ence between the two values as a function of their increment
[17]. e value of variogram is calculated by

𝛾𝛾 (ℎ) =
∑𝑛𝑛ℎ

𝑖𝑖=1 𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑖𝑖𝑖ℎ
2

2𝑛𝑛ℎ
. (1)

T 1: Parameters of variograms are delineated for porosity and
saturation data.

Nugget Sill Effective range Variogram layer property
0.126 1 2605.2 spherical Layer 1

Porosity0.092 1 2840.1 spherical Layer 2
0.277 1 3800 spherical Layer 3
0.290 1 3529.5 spherical Layer 1

Water saturation0.095 1 4047.8 spherical Layer 2
0.032 1 3843.2 spherical Layer 3

In the above equation, 𝛾𝛾(ℎ) is called semivariogram and 2𝛾𝛾(ℎ)
is called variogram, and 𝑛𝑛ℎ is the number of pairs of points
with the distance ℎ from each other participating in the
variogram. 𝑥𝑥𝑖𝑖 is a grade in point 𝑖𝑖 and 𝑥𝑥𝑖𝑖𝑖ℎ is grade in a point
with distance ℎ from the point 𝑖𝑖.

By calculating variogram for different ℎ values, the 𝛾𝛾(ℎ)
diagram in terms of ℎ can be drawn, and the ℎ value is called
lag.

For many modeling, the variogram model begins from
a nonzero value and increases up to range called effective
range (a), eventually reach to the constant value called sill.
e effective range is the range in which the data spatial
structure is relevant, and outside the range, the data effect is
independent from each other [18] (Table 1).

Property modeling is usually used for inherent properties
of a parameter. Variogram is a tool for describing these
inherent properties [19]. In other words, variogram is a
method of analyzing and describing these spatial changes
based on the principle that samples close together are more
similar than samples far from each other (Figure 5).

Following this three-dimensional model of reservoir
properties including porosity and water saturation are mod-
eled by using output variograms of variography step by
sequential Gaussian simulation method (one of probability-
oriented methods) (Figures 6 and 7).

In sequential simulation methods, the places lacking
sample are consecutively visited in a stochastic manner until
all places without sample are visited. In each place which
has no sample, multiple realizations can be obtained from
simulated variable on the basis of estimation as well as local
uncertainty and in the order that places without sample are
visited and the way in which a value in places without sample
are simulated. Two sequential simulation methods which
are widely used are sequential index simulation (SIS) and
sequential Gaussian simulation (SGS).

Sequential Gaussian simulation is the most widely used
geostatistical method in the recent modeling projects. is
method is very simple and �exible. Sequential simulation
of a variable is carried out in �ve steps: conversion of main
data to a new space; variogram modeling in new space;
determination of a stochastic route in order to visit all of the
places lacking sample; estimation of places without sample
in alternate way and �nally reversed conversion of simulated
values.
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Volumetric calculation produced models are performed
on the basis of linear equation.𝐵𝐵𝑂𝑂 andOWCvalues have been
set 1.2 and −10�4 in laboratory and �eld studies.

For oil reservoirs, the original oil-in place (OOIP) volu-
metric calculation is [20] as follows.

3.1. Imperial Consider

OOIP (STB) = Rock Volume ∗ 7, 758 ∗ 𝜙𝜙 ∗ (1 − 𝑆𝑆𝑆𝑆) ∗ 1
𝐵𝐵𝑜𝑜

,

(2)
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F 5: Variogram for porosity data in layer number one.
Variogram type is spherical, the sill is 1, and the nugget is 0.126.

where rock volume (acre feet) is the 𝐴𝐴 𝐴 𝐴, 𝐴𝐴 is the drainage
area, acres, 𝐴 is the net pay thickness, feet 7,758 is the API Bbl
per acre-feet (converts acre-feet to stock tank barrels), 𝜙𝜙 is the
porosity, fraction of rock volume available to store �uids, 𝑆𝑆𝑆𝑆
is the volume fraction of porosity �lled with interstitial water,
𝐵𝐵𝐵𝐵 is the formation volume factor (Reservoir Bbl/STB), 1/𝐵𝐵𝐵𝐵
is the shrinkage (STB/reservoir Bbl), 𝐵𝐵𝐵𝐵 and OWC values
have been set 1.2 and −107� in laboratory and �eld studies.

4. Uncertainty Analysis

e available data for oil and gas �elds are in general
not enough to minimize the uncertainties related to the
construction of reservoir models. e understanding of
uncertainties involved in reservoir modeling is an essential
tool to support decisions in the petroleum industry. e
knowledge of uncertainty management related to prediction
of hydrocarbon volumes has increased in the last decades,
as a result of reliable 3D geological models made available
by improvements in computer processing [21]. Lelliott et al.
grouped the sources of uncertainties related to geological
modeling into: data density (the density of boreholes used
to construct the model); data quality (quality of the data
used to construct the model, including borehole elevation,
sample type, drillingmethod, and logging quality); geological
complexity (geological variability throughout the site); and
modeling soware.

According to Zabalza-Mezghani et al. [22], the sources
of uncertainties, in reservoir engineering, can be classi-
�ed as anywhere within the reservoir modeling work�ow.
Such uncertainties are associated with: the static model, up
scaling, �uid �ow modeling, production data integration,
production scheme development, and economic evaluation.
ese authors classi�ed the different uncertainty behaviors as
deterministic, discrete, and stochastic uncertainties [23].

So, the uncertainties inherent to each input data set used
to build 3D static reservoir models cannot be expressed in a
single deterministic realization. Each of the said calculations
has an inherent uncertainty which causes a major uncer-
tainty in reservoir estimation in time of combination. ree-
dimensional models also follow this rule and the existence of
big elements of uncertainty in modeling steps is undeniable.
is amount of error is usually determined by using volumet-
ric equations, but recent soware advancements have enabled

Por.Eff.
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F 6: Cross-section of porosity distribution which is modeled
using SGS algorithm. Note, align along 𝐼𝐼-Direction.

the use of three-dimensional models as the foundation of
investigating this uncertainty in reservoir.

e use of these three-dimensional models has many
advantages over estimation based on direct application of
volumetric equations. Among these advantages is that three-
dimensional models enable presentation of inherent correla-
tions in a realistic attitude and this results in more accuracy
in our estimation of uncertainty and creation of a better
foundation for conscious capital management. In a general
classi�cation, we can mention analysis of uncertainty of
reservoirs impure stone volume, uncertainty of properties of
stone and �uid, and uncertainty of simulations of �ow in
reservoir.

In the present static model, analysis of uncertainty is
performed on reservoir stone volume and consequently volu-
metric calculations (which is affected by the said parameter).
To this end, such parameters as reservoir geometric structure
(existing horizons and zones), depth of water and oil (OWC),
and three-dimensional models produced for porosity and
water saturation have been studied. Each of these factors is
separately studied and the amount of its effect on volumetric
calculation and the amount of oil is determined. For this
purpose, cycles are created in which a combination of
realizations is created in each investigation by Mont Carlo
method and the effect of factor changes on the result of
volumetric calculations are measured. Next, the best choice
(closest sample to level of 50%) and its seed number are
identi�ed from among hundreds of produced samples. e
results can be shown in histograms (Figures 8, 9, and 10)
in which probability level of 10%, probability level of 50%
(reality-oriented model), and probability level of 90% have
been identi�ed and CDF curve can be depicted. is way we
can study performance of that parameter on the amount of
oil.

In analysis of uncertainty, 300 realizations (normally
between 50 and 500) for each of parameters under study
were produced by Mont Carlo method and the best routes
for creation of petrophysical models of reservoir were deter-
mined. e realization made by these routes is selected as
optimal model and the results of volumetric calculation
are reported as estimations with highest probability and
lowest error. Finally, aer studying the results of three-
dimensional simulation of well data, modeling distribution
of petrophysical properties and analyzing uncertainty in the
present model, the depth of water and oil contact surface
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F 8: Uncertainty analysis, which has performed on reservoir
geometry using �onte Carlo method. e �gure shows effect of
reservoir geometry on calculated STOOIP.

was determined as the most effective factor in creation of
uncertainty in themodel, meaning that lowest changes in this
value have high effect on the amount of estimations because
the depth has a direct effect on the volume of reservoir stone
(geometrical structure of reservoir) and �nally on the amount
of estimation of reserve amount. It is evident that in order to
minimize this error (uncertainty), the certainty of this value
must be increased. To this end, accurate recording of this
depth in more wells and more situations in the reservoir can
give us a more reliable value (a more frequent value).

5. Conclusion

e results of geostatistical simulation and creation of three-
dimensional models from petrophysical parameters and
analyses of uncertainty in reservoir indicated the following.

(i) Sequential Gaussian simulation is very efficient in
determination and investigation of uncertainties of
three-dimensional models owing to their high accu-
racy, absence of soening property and possibility to
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F 10: Uncertainty analysis, which has performed on reservoir
geometry using �onte Carlo method. e �gure shows effect of
property distribution on calculated STOOIP.

create many three dimensional realizations in which
heterogeneity and scope of changes in variables are
shown well.

(ii) According to results of study of uncertainty, the depth
of water and oil contact surface was determined as the
most effective parameter in calculations. erefore,
it is obvious that special care must be taken in
determination and investigation of changes of this
surface in reservoir. ese changes have direct effect
on geometry and total volume of reservoir (bulk
volume) and �nally on the amount of reserves.

(iii) e results of simulation showed that layer no. 1 holds
the highest volume of oil and has constituted oil zone
of the reservoir under study.
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(iv) Generally in the simulations performed, the average
porosity of reservoir was about 20% and water satu-
ration 52%.

(v) In volumetric calculations, amount of reserves in the
major layer (layer 1) is estimated 280 million barrels.
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