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ABSTRACT

Cephy is a software toolkit written in Java that enables the user to perform spatial interpolation of subsurface data by
ordinary kriging. Key features of the software include data exploration by map plot with symbol dimension
proportional to the magnitude of the property at a given location; variogram modeling and interpolation of
petrophysical properties; as well as oil in place estimation per area unit throughout the reservoir. Cephy enables the
user to define the tolerance and the minimum number of pairs required to validate the experimental variogram of the
corresponding lag distance when learning the relationship between geolocated data. The software is entirely made of
a graphical user interface for adjusting the variogram modeling parameters and visualizing the subsequent
interpolationally-generated map.

Cephy is applied on Kinkasi reservoir in Kinkasi field (Coastal basin of DR Congo) to demonstrate its functionalities.
The result supports a better understanding of oil distribution throughout the reservoir and can be used as a baseline
for the suggestion of new infill drilling locations.
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1. INTRODUCTION

The estimation of the volume of hydrocarbon in a reservoir is a core task in the upstream petroleum industry, and it
provides the basis for a field development plan [1-3]. Two types of methods are used for evaluating the volume of
hydrocarbon in place (HIP): volumetric methods and dynamic methods [4,5]. Dynamic methods are based on
principles that depend on production data. They include the Material Balance Equation and simulations, while
volumetric methods are static and rely on the volume of the net reservoir and petro physical properties, including the
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area (A), the thickness (h), the net pay (he), gross thickness (ht), the porosity (®), the water saturation (Sw) and
eventually the formation volume factor of hydrocarbon (FVF) in place®.

h
Axhx'"€¢/, x@x(1-S,,)
HIP = /e

T (1.2)
The two main issues with volumetric methods are the ignorance of the heterogeneity of reservoirs and the fact that
samples are limited to the number of wells drilled in the reservoir. Therefore, the need for interpolation techniques
comes in to estimate petrophysical properties at non-sampled locations [7].

Geostatistical interpolation techniques are more reliable since they take into account the dependence between
observations when they are located in space. Several approaches have been developed, amongst which are the Inverse
Distance Weighting [8], Splines [9], and Kriging [10]. Kriging, known as the best linear unbiased predictor, is a
complex procedure for geospatial interpolation that relies on the variogram model depicted by a given spatial property
[11-15].

In this article we present Cephy, a software toolkit that aims to simplify kriging for reservoir evaluation in a
straightforward one-way flowchart while giving geoscientists the possibility to adjust variogram modeling parameters
such as the minimum number of pairs and tolerance and visualize their fitting. The result of Cephy is not only the
amount of oil and gas in place but also a 2D map of the distribution of oil quantity in the reservoir. The source code of
Cephy is publicly available on GitHub (https://github.com/patkambm?2/cephy). Cephy is written in Java and is
designed to be operating system-independent — to be portable from one system to another (Windows, Linux, macOS,
etc.).

The feature set of Cephy is divided into four parts:

- Input tab: it consists of importing data that should be in CSV format and assigning column heading to data.

- Data exploration tab: this panel displays the map of the wells in 2D, and it gives the possibility to assign a
circular symbol whose radius is directly proportional to any property collected on the well in order for the user to
depict any possible directional trend of data on the field.

- Variogram tab: it consists of five subtabs that display the default spherical variogram from each structural and
petrophysical property that will be subjected to kriging allowing the user to change the tolerance and the minimum
number of pairs of codistant wells to validate the variogram.

- Kriging tab: this last tab operates the kriging to finally calculate the quantity of oil in place (OIP) by
volumetric method requiring the oil-water and gas-water contact, if any. It also visualizes the distribution of OIP over
the 2D map of the oil field using a color bar scale.

2. DESIGN AND IMPLEMENTATION

2.1. Theoretical and expérimental variograms

According to Matheron™!, nature is not entirely unpredictable. Two observations located close to each other should,
on average, be more similar than two observations located far apart. The difference between the values taken by two
random variables is x(u)-x(u+L). It is also a random variable whose variance can be calculated. This variance should
be minor when the points are close together (the values are more similar on average) and significant when the points
are far apart. The half variance of this difference is called the semivariogram or variogram[16].

y(Z) = %Var (x(u + ﬁ) - x(f)) (2.1)

The variogram is defined as the variance of the difference between field values at two locations . It measures
“spatial variability", i.e., the dissimilarity between values based on their separations ™!, It describes the spatial
continuity of the regionalized variable practically implemented as follows .
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n(Z) is the number of pairs with L the lag distance
x(u,) the sampled property at u, location
x(u; + Z) the sampled property at (u; + Z) location

2.2. Getting sufficient pairs

The variogram can be computed over all directions (omnidirectional) for both regular and irregular sampling designs.
For a regular grid, the initial nominal lag interval should be that of the grid spacing, whereas, for irregularly scattered
data, the choice is wider because the observations may be separated by potentially unique lags in both distance and
direction 2. As defined, the variogram is a statistical property; we compute the average of the squared difference
between two values located at a specific distance (lag distance) from each other. For this average to be truly
representative of a certain lag distance, a certain number of data pairs are needed.

It is difficult to say that a precise number of pairs for all lag distances is sufficient. However, seven to ten pairs are
needed for a reliable variogram estimate for a given lag distance, so the more pairs one has, the more accurate the
variogram estimate will be 4,

There are no set rules for determining what lag size should be used. The researcher's skill, knowledge of the
phenomenon being studied, and the reason(s) for modeling a variogram help to determine the appropriate lag size.

Eventually, as the lag distance corresponds to the exact distance between any two points, it may be that only one pair
of data is available at this distance, on which one might not be able to obtain a reliable estimate of the variogram.

So, to avoid this problem, a rule of thumb found in the literature ®*#! is to use a maximum lag of no more than a third
to half of the extent of the data in experimental variogram construction.

The other alternative to ensure a sufficient number of pairs for a given lag distance is to define the lag tolerance in
both distance and direction . In fact, the lag tolerance AL is a defined distance close to a given lag distance L which
is set to validate pair of locations as at the lag distance L. To estimate the variogram at a lag distance L, we collect all
pairs of lag distances L = AL.

P(L £ L) = 5t S Ol - x(@; + €+ AD)]° @23)

Figure 1. The tolerance AL in relation to the lag distance L

The appropriate tolerance in relation to distance and direction is a tough decision, and the key principle is to use an
appropriate tolerance to obtain a clearly interpretable variogram structure 12,
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In fact, according to Deutsch®® and Zhang et al. ™, tolerance parameters are required to infer an experimental
variogram that is both precise and stable for subsequent modeling. The trade-off between stability and precision is
illustrated in the experimental variograms shown in Figure 2. The variogram A is considered to be overly precise and
highly unstable, with few pairs informing each point, and the variogram C to be too imprecise for accurate modeling.
This study provides a starting point for experimental variogram tolerance parameter selection with the goal of

Variogram

AL A B C

L
0 5000 0 5000 0 5000
Lag Distance

inferring a precise, stable variogram, such as variogram B.

Figure 2. Three experimental variograms calculated on the same data set with different lag separation
distances and lag tolerances %,

In general, spatial structure cannot be obtained by manipulating the tolerance and direction if it did not exist in the
data; however, a wrong choice of tolerance could mask the existence of spatial structure, so a tolerance should be
chosen in the sense of obtaining the most interpretable variogram possible 1.

Practically, the variogram estimation should start with a small tolerance, and if the variogram does not clearly show a
defined structure or shows strong fluctuations, the tolerance should be increased; the smallest tolerance from which an
interpretable structure can be observed should be used for the variogram estimation. This technique applies to
determine whether the tolerance is defined with respect to distance or direction. If the tolerance is so large, the
variogram estimate may not be precise, and some detail of the structure may be lost.

Especially if the spatial structure indicates anisotropy, a high tolerance with respect to direction could camouflage this
anisotropic structure. It is, however, preferable to start with a variogram of an isotropic structure before looking for the
presence of the anisotropic one; the isotropic structure of the variogram shows that a variogram structure is a function
of the distance and not of the direction.

2.3. Modeling the variogram

The experimental variogram is not defined everywhere, especially at distances h for which there are no pairs of

measurement points. Therefore, a mathematical function called the variogram model is fitted to it. The spherical
model is the most widely used of the existing models *"?!. Its equation is written as follows:

_ .3
Mo (@) = y(L) = Co [; (%) - %(%) ] for [L|l<a  (2.4)
and Mg, (L) = Co for |L|za  (2.5)

with M, (L) the spherical model which has range a. An equivalent covariance model can be written as follows:
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¢(L) = Co [1 - 3@) - %(E)S] for|L|<a  (2.6)

a

and C(|L))=0 for |L|>a 2.7)

2.4. Ordinary kriging

Kriging is a linear combination of neighboring regionalized variables X (u,) variables, each of which is assigned a
weighting A; in order to estimate variable X*(u,) at an unsampled location as follows M2

X*(ug) = Lizg i X (W) (2.8)

Forcing Y;i~; A; = 1 and we add Lagrange parameter p in the sum of variances.

The matrix is then written with the constraint ., A; = 1

) eI [\ /e )
T = 2.9
@) el |\ | =\ camm) (29)
1 1 0 u 1

As usual, for calculating A;, we write |A] = |C|™Y|c|

As A; is calculated, we get X*(u,). And we can also estimate the variance of the error such that
65" = c(tt, o) + Tty A (&, Ug) — 1 (2.10)

2.5. Block Kriging

Block kriging allows the estimation of the value of unsampled sites over a certain area (2D) or volume (3D)%%. As for
Cephy, block kriging is especially useful for generating cell properties for subsurface mapping and for estimating the
guantity of hydrocarbons in place based on the estimated reservoir properties.

In principle, block kriging calculates the arithmetic mean of several points located in the same cell. Its interest is that it
considerably decreases the computational cost of estimating the values on several points within the cell by just
calculating the covariances with a certain number of points in the cell and then deducing the arithmetic mean, and it is
this mean covariance that is used to characterize the whole cell - so only one matrix to invert per cell.

As for mapping, there is often little difference between the estimates from punctual and block kriging, but the block
estimates may seem more reliable because as the size of the block increases, the estimation variances decrease B,

3. CASE STUDY OF KINKASI RESERVOIR
3.1. Available data

The available data were from 42 wells spread across Kinkasi field in the DR Congo Coastal Basin and penetrated six
Turono-Coniacian layers of the net reservoir that are subject to the present evaluation. For each well and layer, the top
and base depths, the mean porosity, and saturation were available.

3.2. Input module
It consists of the following tools:
- Importing data in the file menu
- Linking column headings to boxes at the bottom of the screen
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Figure 3. Graphical interface of Cephy: (a) dialog box for data import (b) matching titles to columns.

3.3. Exploration Module

It consists of the following tools shown in Figure 4:

This tab allows us to visualize the distribution of wells on a left-hand map bordered by UTM coordinates with
the possibility of labeling wells by petrophysical parameter values in order to study trends in values.

The map on the right labels the wells with circular symbols such that the radius of the circle is proportional to
the values corresponding to the wells respectively, depending on whether the user wants to view one or
another parameter in the drop-down menu on the far right.
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Figure 4. Mapping of all data with symbol width proportional to the magnitude of the sampled property.

This right-hand circular label map allows us to detect whether the data have a variation related to a particular direction
in order to exclude the assumption of isotropy of the regionalized variable.

At least we see that no particular direction is followed by the depths of the top; rather, depths are increasing from the
center to the reservoir periphery.

3.4. Variogram module

It consists of five sub-tabs (Top, Base, Porosity, Saturation, Net-Pay) which play the same role for different
parameters respectively. As an example, we will only show in this text the functioning of the top sub-tab.

By clicking on the display button of this sub-tab, it displays the experimental variogram as well as the curve of the
corresponding spherical model (in blue) with the indication of the sill and the range in red (figure 5).

The experimental variogram consists of the points (y, h) calculated on the basis of the following relation:

YL +E) =

2n(L)

1

With £ being the tolerance.

S Olxw) - (u+ L+ )]’

(3.1)

This tolerance can be adjusted in the drop-down menu on the right. It is by default 0.02% of the maximum value
separating all the points and can be adjusted by the user to 0.04%, 0.06%, 0.08% to 0.1%.
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Figure 5. Display of the experimental variogram and visual fitting of the spherical model
The same applies to the minimum number of pairs of sampled stations to take into account a point(y, h).

The curve of the spherical model is obtained by linear regression (least square) of the points found by the experimental
variogram. After linearization of the spherical model (eqg. 2.4) as follows:

v@ |3y g

Ty = o [z G)-ier (32)
1 () B LI S | . Co

By posing =¥ |I]” = X 23 c=b ;2 =a

We have the following spherical model in the linear form: Y= aX+b

At a tolerance of 58 meters of distance with a minimal number of 7 pairs of stations per variogram, we note that our
experimental variogram has an interpretable aspect by the spherical model, which is the only model that we
implemented in this first version of Cephy.

3.5. Kriging module
This tab has three main features illustrated in figures 6 and 7:
a) Calculate

The calculate button requests the insertion of the Oil-Water Contact (WOC), Gas-Oil Contact (GOC) depths, and the
Oil Formation Factor (Boi) to precede the reserve calculation. If the WOC and GOC box is not filled or an incomplete
value is entered, the program notifies that it is assumed that OWC and GOC have not been met and proceeds with the
calculation in the following manner, while the insertion of Boi is mandatory:

- It retrieves the variogram equation according to the distance corresponding to the last adjustments made in the
previous tab (variogram)

- It takes the map set up in the "Data Exploration™ tab and subdivides it into small square areas. This mesh is
made so that the longitude is subdivided into 225 blocks(pixel).

- For each block, it looks for 4 nearest stations with which it will proceed to the estimation of the value of the
block according to the process of the kriging of block aforementioned in section 2.5.

- Then for each block whose estimated top or base values include or are between the spaces in the oil zone, it
calculates the amount of oil in place included in that small portion of the block volume by the general oil
accumulation formula OIP = AH;®S;,/B,; with A the area.

- Finally, it displays the sum of these small amounts of hydrocarbons obtained in each cell in the OIIP box, and
thus the main objective of this study is achieved.
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It should be remembered that the kriging algorithms involve the inversion of matrices to obtain the weights 2;
described in equation 2.27. As the number of selected neighboring stations increases, the size of the matrix increases.
When the size of the matrix becomes larger, the memory and computation time also becomes more demanding. For
example, doubling the number of samples requires four times more memory and eight times more computing time
(processor)?,

This is where we ask for more patience for users who have to wait for results for up to twenty minutes depending on
how good their PC is, but 5 to 10 minutes is enough for a 2.4 GHz processor computer.

b) Show top

This button then allows each block(pixel) to be painted with a corresponding color proportional to the estimated top
depth for that block relative to the color scale displayed to the right.
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Figure 6. On the left is the bathymetric map of the top of the reservoir; on the right, the 2D oil and gas
mapping; and on the extreme right panel, the oil in place quantity.

It also displays in 2D (seen from above) the distribution of water, oil, and possibly gas in the reservoir.
As we could already predict from the data exploration, the structure of our reservoir reflects the shape of an ellipsoidal
anticline whose major axis lies in the NW-SE direction through its pinkish colouring in the centre, signifying the

shallow depth of the reservoir top and less warm colours towards the peripheries.

c) View OlIP

This button allows you to map the hydrocarbon-impregnated blocks with a color legend bar corresponding to the
amount of hydrocarbon estimated on this block.
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Figure 7. Qil in place distribution in the reservoir

The blank map on the left is for the interpolated net-to-gross ratio map, but unfortunately, the data were not available.
The distribution of net pay in the field would serve as a guide for locating highly porous and permeable places to drill.

The map on the right shows the distribution of oil quantity in the field in 2D (top view) per unit of area.

4, RESULTS AND DISCUSSION

A significant amount of oil was found in layers Z2 to Z5, while Z1 contained essentially gas and Z6 water. Table 1.
shows the amount of oil generated from interpolation of porosities, saturations, top depth, and base depth in reservoir

conditions since the FVF was not available.

Table 1. Amount of oil in place by area

Zones Accumulations Accumulations
(m°) (rb)

Z2 417 621 2631012

Z3 2 590 267 16 318 682

Z4 1300872 8195 493

Z5 3300943 20 795 940

TOTAL | 7663703 48 281 328

The maps of tops obtained by our software perfectly match the literature on Kinkasi reservoir in Kinkasi field (Coastal
Basin of DR Congo), which states that it consists of an ellipsoidal anticline with a long axis of about 7.5 km running
NW-SE and a short axis running NE-SW of at least 4 km.

5. CONCLUSION
The focus of this work was to develop a software for automatic evaluation of oil accumulations in a given terrain
using the solely well data by ordinary kriging interpolation over the reservoir.
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The calculation of the quantity of hydrocarbons in place was carried out by an optimal probabilistic method (kriging)
which made it possible to calculate not only the volume of the impregnated reservoir rock but also the petrophysical
parameters all over the reservoir by taking into account the spatial variation relationship.

We have opted for ordinary kriging with the change of support (point to surface) to calculate the quantities of
hydrocarbons contained in thousands of small virtual blocks representing the ground.

The software is capable of visualizing the results of the variogram analysis as well as maps of the subsurface showing
the 2D distribution of liquid and gaseous hydrocarbons and possibly water while giving the geoscientist the possibility
to adjust and visualize the variogram model, and depict eventual outlier, clustering or directional trends in data from
the exploration tool on the map.

An application of the Cephy tools on the Kinkasi reservoir (Coastal Basin of DR Congo) demonstrated its usefulness
by simplifying kriging in one way, straight forward steps. The use of the exploration tool facilitated understanding of
the distribution of data in the field and helped to depict an outlier. This tool is a framework for further modeling the
processes of the subsurface by the scientific community, public administration, and the private sector for a wide range
of reservoir modeling, namely petrophysical properties distribution throughout the reservoir.

The software is proposed in its first version, and further development will address 3D modeling with the integration of
dynamic data such as permeability and production history in order to make a micro numerical reservoir simulator that
is simple, light, free, and fast.
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