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Sedimentologic modelling of the Ap-13
hydrocarbon reservoir

Szabina Grund, Janos Geiger
Department of Geology and Paleontology, Univeristy of Szeged, Szeged

Over the years many studies have been conducted to understand the delta system of the Algyé
field, many of them dealing with the Ap-13 reservoir. In the present study, therefore, several papers
have been reviewed and analyzed to provide the basis for a more detailed description of this
reservoir.

A macro-scale sedimentological model was developed using Markov analysis. Golden Software's
Surfer 8.1 and Strater were used to construct the maps and to define the vertical sedimentological
facies of the A-993 borehole. The mega-scale sedimentological 3-D model and the petrophysical
parameters of 144 boreholes were analyzed using the Rockware RockWorks 15 and SPSS software.

It is concluded, when comparing the vertical section of the A-993 borehole (from the core
description) with the sand content from the 3-D model at similar depth, considering the results of the
embedded Markov model and the 3-D sedimentological model, that the reservoir is a deep-marine
sand body, with a sand content less than 55% and siltstone content of around 30%. It is characterized
by the features of proximal middle fan systems.

Key words: Algy6 delta, factor analysis, vertical sedimentary facies, 3-D model,
prodelta submarine fan

Introduction

One of the most interesting research areas in Hungary is the Algyé oil field,
because of its huge hydrocarbon reserves. The crest of the Algy6 high was
mapped by seismic and gravity surveys around 1960. It was assumed that the
conditions in the thick basin deposits were convenient for hydrocarbon
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generation, migration and trapping. The focus of exploration turned to relatively
deeper layers, which meant dealing with increasing pressure and temperature
conditions. This study is focused on the Ap-13 gas cap reservoir, which is situated
between 2400-2550 m (TD); its thickness ranges between 4 and 50 m. This
reservoir is part of the Szolnok Formation in the Lower Pannonian sequence.

Objective

The aim of this study was to perform a more detailed sedimentological study
of the Ap-13 hydrocarbon reservoir than the previous ones. The available
database was used as input for statistical computations, 3-D visualization, and
geologic modeling. The importance of this renewed study lies in the prediction
of remaining hydrocarbon reserves, and a better understanding of the
depositional process.

Brief history of hydrocarbon exploration in the Algy6 Field

Exploration began in the 1960s. The first significant success occurred in 1965,
when the Upper Pannonian productive sequence was reached. This field is still
the largest hydrocarbon accumulation in Hungary. The A-1 well reached a final
depth of 2262 m, which is the top of the Lower Pannonian sequence. At this time
the most important research topic aimed at understanding the lithostratigraphic
connections and defining the basic genetic features. The new genetic approaches
to Neogene sediments in the basin were based on the research of this period
(Bérczi 1969; Mucsi 1973). The second phase of exploration (geologic
understanding) occurred between 1970 and 1990 (Révész 1976, 1977, 1979, 1980a,
1980b). The main approach was the identification of small-scale heterogeneity
using geophysical micrologs and cores. At the end of the 1980s geostatistics began
to increase in importance as the analytical method of geologic processes. These
early geostastical studies provided the basis for 3-D modeling (Geiger and
Komlési 1991; Geiger and Révész 1992; Geiger and Komlési 1993, 1995a, 1995b,
1996; Geiger and Kissné 1995).

Brief evaluation history of the Algyé delta system

The Algy6 Field contains both gas and oil. This HC-bearing sequence can be
divided into three major parts. In the lowest position is the Szolnok Formation.
These sand-mud deposits are turbiditic sand bodies which were derived from
prodelta fans. The middle part of the sequence is formed by delta slope
sediments, with less favorable reservoir parameters than the other parts. The
reservoirs in the upper part belong to the Ujfalu Formation, formed by delta
plain processes.
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The Pannonian Lake had existed from 12 Ma to 4.5 Ma in the area of the
Carpathian Basin, making up a fluvio-lacustrine system. This lake had been
charged by rivers from the northwest, with large delta systems similar to those of
major recent river systems; thus their significance for the sedimentation process
was considerable. Using seismic, magnetostratigraphic and biostratigraphic
measurements, Magyar (2010) created a map of the extension of the shelf edge
migration through time (Fig. 1).

Fig. 1
Extent of the shelf edge (Magyar 2010)

Features of Ap-13 hydrocarbon reservoir (based on former studies)

The reservoir depth is 2400-2550 m bmsl. It is a gas-cap hydrocarbon reservoir,
showing decreasing thickness from the northeast to south. The greatest vertical
thickness is 50 m and the thinnest occurrence is 3.5 m. The coordinates of this
field in EOV (Unified National Projection) are:

Xmin: 585,600; Xmax: 594,800

Ymin: 360,400; Ymax: 372,000

This Algy6 Delta sequence is made up of three parts (Fig. 2). In the highest
position are the delta front and delta plain facies. The delta slopes occur in the
middle part; the deepest position is occupied by the prodelta area with turbidites.
The studied reservoir is one of the deepest in this system. This area had been
drilled by 144 wells, with accompanying geophysical logs and cores. This study
presents the detailed work of a core description from the A-993 well.
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The Ap-13 reservoir was divided into five sections in former studies (Hniszné
1996). These levels were defined by their reservoir properties. Parts "A", "B", "C"
and "D" interfinger with each other. "B" and "D" have better reservoir properties;
"C" is variable and complex, and "A" and "E" have poor reservoir parameters
(Mucsi and Geiger 1989).

The core material contains fining-upward sequences, and some parts of the
Bouma series ("A" sequences with intraclasts, "B", "D" and "E" parts of the series).
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Depositional model of the sand body

The cored A-922 well provided information for defining the modal sequence,
using the Markov analysis method (Mucsi and Geiger 1989). It was possible to
determine eight lithological elements.

Based on the previous analysis, the sedimentation cycle model is as follows:

Horizontal layered clay marl — unlayered, fine-grained sandstone — layered,
fine and medium-grained sandstone — unlayered, fine-grained sandstone —
laminated clay-marl.

Applied test methods
Macroscopic analysis — Core description

To begin with it is necessary to define the formal lithological units and the
scale. Facies, in this case, is defined as a rock body with specified characteristics.
In the case of sedimentary rocks, it is defined on the basis of color, bedding,
compositional texture, fossils and sedimentary structures. The expression "bed"
was employed for units of thickness greater than 8-10 cm, distinguished from
others by lithology type, grain size, more rarely grain orientation, shape or the
change of vertical bedding. If the units are thinner than 8-10 cm, they are called
layers. Amalgamation surfaces and sole marks were also defined. To describe the
sequence of the sedimentological facies it is important to understand the
environment of facies changes (deformation, erosion and deposition) within the
structure of the core.

Statistical analysis
EDA — Exploration Data Analysis

The study began with the primary analysis of data series, and the computation
of basic statistical quantities. This process is considered to be useful in order to
obtain a better understanding of the data structure.

It consists of two steps: 1) Determination of summary statistics, and 2) graphic
representation of the data.

It provides an overall picture and permits drawing conclusions concerning the
data population. The graphic presentation allows the determination of the
connections and systems existing between data values; it confirms or rejects
certain assumptions and can identify potential problems.

The types of data used are calculated reservoir parameters from geophysical
well logs, which were constrained by core measurements (PERM — permeability,
FIAP - porosity, SWAP — bound water saturation, HEFF — effective thickness,
VSND - sand content, VSHA - shale content).
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Q-Q diagram/plot

In statistics, this is a graphic method for comparing two probability
distributions. "Q" stands for quantile. This diagram plots the quantiles against
each other. One plot is empirical, showing the features' quantile values, while the
theoretical one shows the distribution of data value quantiles and the distribution
of theoretic quantiles.

P-P diagram/plot

This is a probability plot for estimating how tightly two data sets agree with
each other, and which plots the two cumulative distribution functions against
each other.

For these two plots the following settings were used:

Test distribution: Normal

Proportion Estimation Formula: Blom's
Transformation: Standardized values
Rank assigned to ties: Mean

Frequency histograms

To plot the frequency, for each feature histograms were employed:
a) data discretization
b) frequency
c) frequency plot; column height is proportional to frequency

These statistics were developed using the SPSS 13.0 software. The technical
settings are as follows:

For the variables one of geophysical feature was selected; the number of
columns was defined by the rule of population <= 21, n = the number of
columns. Eleven columns were used in every case, since the population was
around 1800. This does not represent the entire population: a selection had to be
made, so in order to achieve a reasonable result, only the values from permeable
units were selected.

Further aspects of the analysis

Definition of mode: in an ideal case there is only a single peak. Geologic
applications use mode as the forming process of values. Thus, unimodal refers to
the mode formed by a homogeneous process. In the case of multimodal
distribution, all that can be stated is that there is more than one process involved.
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Covariance

Covariance was used to analyze the correlation in the data. This is one of the
most fundamental statistics to show how tight the relationship between two
variables can be. It is important (Geiger 2007) because:

— the (negative or positive) sign shows the direction of connection

— its value is independent of the order of variables,

— if the value is 0, it means that there is no connection, and

— it can lead to either a negative or a positive result.

Cov(x, )= 21 (x; = x)(y, —¥)/n (1)

Factor analysis

This is a multivariable method. It is a statistical method to describe variability
among observed variables in terms of a potentially lower number of unobserved
variables called factors. During the process artificial variables are generated,
which express the geologic processes. The number of artificial variables depends
on the number of original variables and the strength of the connection. This is a
correlation matrix, which contains the connections pairwise. The values along
the main diagonal are equal to one. The following formula is used to prepare the
artificial variables:

Cj= blj X1+b2j X2+...+bnj Xn.. (2)

where

Cj = artificial variable (j <n)

X1...Xn = the n pieces of samples with measured features,
b1, b2 = weights applied to x1, x2.

During this type of analysis, the whole data table was used without the
extreme values, which were selected in the EDA section of this paper The
technical parameters were as follows:

Analyze/Data Reduction/Factor Analysis

Extractions: Principal components
Number of factors: 5

Display: unrotated factor solution
Scores: regression

Options: excluded cases pairwise

Markov analysis

The Markov model represents one type of stochastic process model. The
embedded Markov chain was used for defining the facies relationships. It is
based on information from the A-993 core description. The embedded type of
Markov chain does not take into consideration the thickness of the beds, nor the
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rate of deposition. It deals only with the order of the beds. The model does not
contain every lithological type. The conditions for its use in stratigraphy are:
—no hiatus is permitted, and
— the number of states is independent and finite.

rij=0, rij=Pij/—pii, if i # | 3)

Vertical facies definition

The Golden Software Strater program was used to plot the vertical
sedimentary facies. A table was constructed containing the following parameters:
hole ID, intervals (from- to), lithology keywords, lithological description and
indent percentages (the latter term is from the Strater software, and refers to
numbers proportional to the lithology type's grain size). Ten lithology types were
defined.

3-D mega-sedimentological modeling

Model building begins with interpolation of the stratigraphic system
boundaries between the information source points. Top and base maps are
created during this process. Thus every stratigraphic unit can be placed in its
correct spatial location. The modeling software uses grid systems. Every grid
block has X, Y, and Z coordinates. It is possible to obtain a column of equal
rectangles if every grid block is of the same scale. The result is the chosen
stratigraphic unit filled by grid blocks. This is the principals of geocellular
models; this model is called a frame model. The challenge is to populate the
measured features into the 3-D model. At this point every grid block at well
locations has 4 values: X, Y, Z coordinates and a properties value. To describe the
desired features in space (Seller and Foldes 1992), it is necessary to make
predictive property maps for every stratigraphic unit, and place it within the
model framework. The solution is spatial kriging (Jones 1992), according to which
the view of the model is defined by the model framework as well as by
stratigraphic correlation (Geiger 2002). The 3-D definition of the depositional
environment is obtained by mapping the sedimentary facies (Geiger 2002).

The 3-D modeling steps (Geiger et al. 2002) are:

— definition of the sedimentary facies,
— definition of the form of deposition (granulometric composition) (Geiger 1981,

1986),

— areal extension of the sedimentary facies, provided the depositional mode and
sedimentary facies are correctly correlated,

— the model can be extended to the zones without physical core material by
calibrating the geophysical logs and the core material (Révész 1980a, b), and
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— after defining the sand content based on the calibrated well log and mapping
it, the resulting contours represent the depositional environment (Geiger
2002).

If the 5th step is repeated at tight depth intervals, a 3-D shape of the
depositional environment is obtained (Geiger 2002).

In order to achieve this it is important to choose the appropriate time horizon.
In delta environments it is possible to use the horizontal clay marls. This level is
considered the 0 m level, from which horizontal sections can be made. The
distance between these layers in the introduced model is 0.4 m.

Results

The A-993 core is not described in detail here; however, it is correctly shown
(Fig. 3). This is one of the longest cores cut in the Ap-13 reservoir, which it
represents vertically in its entirety. Parts of the core are unstructured, compact, or
collapsed; there are also parts which can be defined as thin-layered turbidites or
slumps. The entire core shows a fining-upward nature. In the thicker sand beds
imbricated clay pebbles, or clay intraclasts and amalgamation surfaces could be
recognized. The thinly-layered parts of the core show deformation structures
such as load casts, erosion structures as sole marks and sharp transitions. At the
base it is possible to identify the lower oil contact.

Statistical analysis

Table 1 shows the statistical parameters of the sand and shale content,
permeability, porosity and bound water saturation.

Table 1
Statistical properties
Confidence interval
Mean Median | Variance
95% for mean
VEND = . - —.
or mr e |03.7 (std. error: 0.194) |63.31-64.08 64 38 60 43
Sl WY
VEHA =10 A —— E— .
BT 66 (std. error: 0.192) [17.28-18.04 16.94 67.3
AN Y )
FTAP 17.01 (std. error- 0.059) | 16.80.17 13 P e
os rroery |4 000 LB BITOT WUAFY | 10.eF-10. 1) 11,4 wa)
(V)
?E "-..: - :‘3 F?d. ""'"ﬁs-ﬂ -ls-\. ~ 5 ;_13-\. - E
:]' 7.0 B 2oL Vas) La.Ll-21.9] QLal ol
SWAD |- S Lo s S tae
o rmre | 3007 (ztd. error: 0.32) | 38.93-61.00 34.58 404 36
..:..L-'-\. ¥ )
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Indent percentage
B B g B
B = 2 B
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2414
2416

2418
2420
2422
2424
2426
2428
2430
2432
2434
2436

2438
2440
2442
2444
24465
2448
2450

Indent percentage value
30- clay marl, 35- fine silt — clay marl, 40- fine silt, 50- course silt,
55- course silt — fine sandstone, 60- fine sandstone — fine aleurolite, 65- fine sandstone

70- medium sandstone — fine silt, 80- fine-, medium sandstone, 90- medium sanstone
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None of the distributions are normal (Fig. 4), and the permeability distribution
is lognormal.
Normal Q-Q Plot of VSND

Frequency

Expected Normal
)

S m

o

20 40 B0 80

o &1

100

VSND

Observed Value

Fig. 4
Histogram and Q-Q plot of sand content

Factor analysis

The component matrix and the total variance table (Table 2) show the
following:

The first component indicates a process whereby the sand content and the
porosity increase, and the shale content and bound water saturation decrease.
This can be explained by an increased influence of channel deposits.

Table 2
Component matrix and total variance

Component Mattix (a) Total variance

< Fig. 3

Vertical facies column of the A-993 core with specific photos

Component Initial Eigenvalues
Component

1 2 3 4 5 Total | %o of Variance | Cumularive %0
PEEM 13 1 3873 77432 77432
SWAP -.833 s 7) 2 683 13.695 91.147
FIAP ol 206 3 363 Te25T 83404
VSHA -3 106 || 4 059 1173 90 376
VSND 242 100)|5 021 424 100.000
Extraction Method: Principal Component Analysis.
a j components extracted.
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The second process is deals with a feature which was not measured, but causes
permeability to increase. This is a sorting process for the system.

The third concerns grain size fining.

The fourth component's variance and the value in the matrix are small; thus
there is not much confidence in the forming process. One explanation for the
increase in porosity can be the secondary dissolution of the feldspar grains.

The fifth process is as uncertain as the fourth. A possible reason for the increase
in sand and shale content at the same time is the influence of turbiditic flow.

Covariance
The covariance matrix (Table 3) shows the connections between the properties
by values, and Figure 5 shows it as a figure for better understanding.

Table 3
Covariance

FIAP
FERM
SWAP
WEHA
WEND

I ]

e o | i It

L Fig. 5
FERM Properties connections

This figure shows the reservoir parameter connections in the examined system.
A simple lines indicates a positive relationship, and the stripped lines shows
negative influences. Thus porosity and sand content, or porosity and
permeability, have positive connections, as do sand content and permeability or
water saturation and shale content. Other connections can be characterized with
negative relationships, such as porosity and shale content, shale content and
permeability, sand content and shale content, water saturation and porosity, or
permeability and water saturation.
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Markov analysis

The result of Markov analysis (Table 4) is merely informative; it contains
considerable uncertainty because of the small number of samples.

Table 4
Differential matrix without zero values

M edium Fine and M edium
Clay Fine =and sand stone | medium =and
marl Sike stone and =ikt | and =ilt sand stone |stone
Clay marl 0.283 0.152
ikt 0.057 0.419
Fine zand
stone and 0.116 020
zilt
Medium
=and stone 0.273 0.114
and silt
Fine and

medium 0.87
=and =tone
Medium

0.056 0.056

Ca
P
P
P

==nd stone

Thus the sedimentary cycle framework (Fig. 6) is: Unlayered clay marl — silt —
medium-grain sandstone — unlayered clay marl. Not all of the lithology types
are included.

Silt
Silt Fine and 5 Fine and
medium sand Silk medium sand
h N
- ‘\\ i \
Medium /
Clay marl Medium sand Clay marl F_ine sand and sand and
silt fine silt

N —F X

Silt . | Medium sand M

Clay marl

. v

Fig. 6
Facies connection diagram
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3-D model

The 3dimensional shape of the reservoir, with sand content, definitely shows
(Fig. 7) that the reservoir is thinning from north to south. The highest sand
contents are at the top and in the deeper northern part of the reservoir. They are
separated by beds with lesser sand content.

VSND |
88.24 .

78.24
68.24
58.24
48.24
38.24 R . RISt oy
28.24 s""ﬂ'

18.24

824

Fig. 7
3-D model of sand content

The cross-sections (Fig. 8) were made using Rock Works 15. These figures show

the studied core (well A-993) as well as the sand content and porosity
distribution.

I

I Bd 24 I 23.98
824
- EEEE 18.98
58 24
48.24 L
3824
508
28.2¢ .
18.24 Fig. 8
5 E;-l 3¥8  Cross-sections showing sand content

and porosity
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The high porosity values appear where sand content increases. The highest
sand contents have porosity values of around 20-24 vol%. The cross-sections
underscore the main characteristic of this area (prograding lobes).

Results, discussion and conclusions

Based on the obtained results, the studied reservoir represents a deep-marine
clastic system, with 30-70% sand content, presenting the characteristic of
prograding lobes (Fig. 9).

CHENIERS, BARRIERS

MUD/SAND-RICH
DELTA COAST & SHELF

DEPOSITIONAL
LOBES

IN THE
SUBSURFACE

10 - 100 km

Fig. 9
Mud-sand-rich submarine fans (Reading and Richards 1994)

Based on the factor analysis results the main process involved is the extension
of the delta system; the smaller processes are the migration of sand bodies
through turbiditic flows. The vertical facies column (which was based on the core
description) is appended to the 3-D model section (Fig. 10), underlining their
mutual similarity.

The vertical facies column supports the model of a mud/sand-rich submarine
fan system. These clastic systems are of medium size (area: 560 km?2 — 44 000 km?,
volume: 75-3 000 km3, radius: 10-450 km).

The middle fan can be recognized by its convex shape in cross-section, a
morphological shape (suprafan lobes) named by Normark (1970).
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2474 -
2416 —
2418
2420
2422
2424
VSND
2426 89,24
2428 o
658.24
2430 58.24
2472 48.24
38.24
2434 28.24
2436 18.24
824

2438
2440
2442
2444
2446

2448
2450

\IlJ|IIIII

Fig. 10
3-D model W-E section, with location of the A-993 well and the hypothetical prograding alluvial fan
(Walker 1978)
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