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4. RESULTS

4.1. STATIC 3D RESERVOIR MODELLING

4.1.1. 3D Model Description

This model was builtithin an area of 8700.19 acres. This area covers a total 226 well, of which 221
wells were used into 3D model Sigearred-1).

It was incorporatedseven zones in the model out of nine total zones identified for the
sedimentological model. Those zones are defined as Carbonera C7. Being the top Carbonera C7
named as zone A and the bottom named as zone H. Those zones were selected as they are relevan
production open zones in the well completions. Some wells mainly verticals are opened in more than
one zone, but only two vertical wellsA¥and WL58) are opened in four zones. The general opened
zones with number of wells are showkigiured-1 including vertical, horizontal, and deviated wells.
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Figured-1. Relation between numbers of wellgdrforated zones.

Figure4-2 shows the 3D static model workflow applied in this study. The workflow starts with a
quality control of reference elevatiooordinates, and directional surveys. Next step, is to validate
and calculate basic well logs which comes from petrophysical model. Finally, well tops from
sedimentological model are checked.

Once the structural surface is built with well tops,dbledse maps are created, and then a quality
control of the surfaces is performed. When the quality control is finished, the data can be used into
the static model to create the structural grid, zones, and layering. The well logs upscaling and data
analysisare done during facies modelling and property modelling. Volumetric uncertainty and
engineering calculations are the last steps during this proc¢egsr&ea).
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Figure4-2. 3D staticmodelworkflow.

3D lithofacies were built for three lithofacies, all under the same structural domain, but having
different modelling distribution criteria through@&tistical methodBigure4-3)
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Figure4-3. 3D geostatistical lithofacies modelling methods.

4.1.2. Structural Framework

This section explains how the structural framework was created using structural surfaces and well tops

from vertical and horizontal wells.

General properties of the grid are shown in the followingTablel)
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Grid Properties
Number of layers 141
Cells(nl*nJ*nK) 417*417*141
Total number of cells 24518349
Grid size 1JK 20mts*20 mts*1ft
Length 6847 mts
Width 5171mts
Gross Thickness (H) 141 ft

Tablel. General grid properties.

4.1.2.1. Gridding and Horizons

This model does not use faults from seismic interpretation, as they do not represent
compartmentalization into the reservoir in this specific area. Additionally, structural surfaces were
built through wells tops and seismic information was not usedraligeagthic top called zone A

sets the upper limit and zone H sets the bottom limit in the model. The horizons belong to 8 structural
surfaces created through the tops interpreted in the sedimentological model.

The grid size increment selected in | and J direction were 20*20. Normally models have a coarser grid
cells but for this case, it was necessary to increase the lateral resolution to include horizontal wells
details and heterogeneity which have a mininmggtih lef 600 feet, therefore, this length is divided
laterally into more than 6 cells.

4.1.2.2. Zonation and Layering

The zones created for this model were seven according to the sedimentological Figdet (see
4-4).
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Figured-4. Zones configuration.

Vertical layer resolution selected was 1 foot for all zones. It was selected 1 foot cell thickness to
represensmall laminations along the well [Sgare4-5)
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Figure4-5. Representation of layering defined.

According to the optimum layering, all zones were divided proportionally into 1 foot of thickness
corresponding to the number of layers showed iFetbie2.

Layer thickness Average zone thickness | Average zone thickness

(ft) (ft) (ft)
Zone 1 1 17 17
Zone 2 1 19 19
Zone 3 1 23 23
Zone 4 1 15 15
Zone 5 1 24 24
Zone 6 1 23 23
Zone 7 1 20 20

141 141

Table2. Number oflayers by zones.

4.1.3. Lithofacies Curve Creation

Lithofacies curves consist mainly of 3 lithologies: sandstone, shale, and shaly sand. These lithofacies
were defined through a normalized Gamma Ray (GRajf@om vertical and horizontal wells. It
was foundhat the best sand and shale GRyoffudre 55 APl and 88 API respectively.

These values have the best representation of lithology according to porosity and permeability
behavior, (se€igure4-6).

Once the cutoff was found and using the environmental facies identified in the sedimentological
model, it was stablished non reservoir lithology which is the shale, Next, it was created sand main
channels (8AC? - correlated to cylindrical shape), sand minor channels® (SMifg upward),

sands crevasse splay (S€8arse upward) and shaly sand for intermediate lithology as a retarding
rock. In that case, the model has 5 facies in total.
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Figure4-6. Normalizedyammaray cuoff.

Those initial lithofacies defined were checked through a porosity versus facies Crossplot to identify
differences and similarities between them and simplify therrafrfdries to be used.

The Crossplot irigure4-7 shows that SMAC, SMIC and SCS have the same minimum and maximum
porosity value, meaning that those facies can be merged in one lithofacies. The porosity’s behavior in
each lithofacies was the same for permeability.

It was decided to work only with sastiily sand and shale which were renamed as reservoir, retarding
and shale rock respectively, in order to represent lithofacies integrated with petrophysical properties.
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Figured-7. Crossplot lithofaciesrgeis porosity and permeability versus lithofacies.

63



Sedimentary Facies distribution Impact on Heavy Oil Production in aBdsimofseld, Eastern Colombia

4.1.3.1. Shale

It acts as a fluid flow barrier. Shale is the finest grain size lithofacies, it is a seal that contains water in
its structure and it does not allow the flow of fluids through it. Its maximuntypisr@s08 and
permeability less than 1 mD which is the threshold with the retarding rock.

4.1.3.2. Retarding Rock

The concept of a Retarding Rock is introduced in this study as a rock that slows down the fluid
movement and/or hydraulic pressure communicaticerthat this concept links the geology and

the reservoir engineering knowledge as a pure geological concept will name this rock as a shaly sanc
or sandy shale while a reservoir engineering concept will label this rock as a baffle.

The Retarding Roclak a wide spectrum of properties, because it shares a lithological transition with
shales having low porosities around 0.04 and has transition with reservoir rock lithofacies with
porosities 0.22 (s€égure4-9). These lithofacies is composed of fine and very fine grain size and
show how the accumulation of heavy oil is controlled by grain size.

From the author knowledge, this is the first study ticantent explicitly the link of geological and
engineering aspects of this kind of lithofacies. As one of this study objectives was to identify the facies
impact on the oil rate, it was found that this lithofacies plays an important role in the flyud mobilit
specially with high resolution grids as it covers a wide range of porosities having an average facies
proportion of 25% approximately (§egure4-13).

One can think of this lithofacies as a transition rock from the shale (that does not allow any fluid flow)
to a reservoir rock (that has the best flow capacity properties). In reservoir engineering, this kind of
rocks belongs to those named as bafiteshis study, it was properly identified and characterized
those baffles labeled as retarding rock.

Retarding rocks does not present oil stain even having good porosities up to 18% and permeabilities
up to 10 mD because its fine and very fine grain size do restrict the flow of heavy oil. The main
proportion of this rock belongs to rock type 5 and pactolif6.

4.1.3.3. Reservoir Rock

Reservoir rock is the best quality lithofacies rock, it has an average porosity of 0.22, it consists of
coarsgsandstones and conglomerates) and fine grain size. Based on the oil characteristics present in
this field, part of this lithofacie let oil flow (porosities up to 0.23 and permeabilities up to 600 mD)
(sedrigured-9). Reservoir rock is a potential rock that can storage hydrocarbons. The Shale acts as a
hydraulic seal.

Figure4-8 shows two wells with the basic set of logs (Gamma ray, and resistivity) in the first two
tracks, next to them electrofacies, and lithofacies curves, in the last tracks porosity and

64



Sedimentary Facies distribution Impact on Heavy Oil Production in aBdsimofseld, Eastern Colombia

permeability logs. This image also showslditeonship between curves in sandy zones porosity and
permeability deflecting towards high values. In the facies set, it is highlighted in magenta is the track
that will be used for modeled lithofacies.
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Figure4-8. Example of initial lithofacies and simplified lithofacies.

The validation of lithofacies curve results was done through a permeability versus porosity Crossplot
filtered by lithofacies (segured-9). The following graph shows a relationsétyween petrophysical
properties and lithofacies. The lithofacies classified as reservoir rock reveals porosities up to 0.20 and
nonreservoir lithofacies (Shale and retarding rock) have lower porosities. Reservoir lithofacies up to
0.23 porosity and 600Dms the rock with best oil flow capacity and storability (zone green in the
Figure4-9).
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4.1.4. Well Log Upscaling

Well log upscaling was generédedll logs that were going to be modeled such as: Lithofacies, shale
volume (Vsh), porosity (PHIE), and, permeability (K).

Lithofacies |l ogs as discrete variable were up
percentage of occurrence @ thcie in each cell and it uses the cell volume. This method selects the
facies with highest proportion represented into the well log, so it fills the grid cells with the facies
identified in the log.

Continuous variables (porosity, permeability anoineal of shale) were upscaled by arithmetic
average method, because it had the best representation of the input model data.

Additionall vy, the conditioner used to upscal
method. This method does the avesagording to cells that touch the well trajectory. It was selected
because it does not affect the upscaling in horizontal and deviated wells. Volume of shale, porosity
and permeability used neighbor cell as all input wells are vertical.

Well log upscilg was performed to reproduce the input of log facies to build a representative model.
The well log upscaling was executed in each well and their quality control was done through a
histogram comparing raw data and upscaledrFttaiee4-10 shows the match between upscaled
lithofacies, Vshale, porosity and permeability logs vs raw data of these logs with a maximum difference
identified of 2%.

The horiontal wells upscale depended mainly on the areal cells size more than layering definition.
This model has a good representation because it has a small cell size (20 meters*20 meters).

The averages are done using the facies, meaning that propertyaasersgmsated to the facies in
the upscaling process.
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Figure4-10. WeII Iogs VS upscaled Ibgmfames Vshale porosny and permeablllty histogram.
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4.1.5. Data Analysis

4.1.5.1. Vertical Proportion Curves

The Vertical proportion curves (VPC) step is only performed to lithofacies variable because it is the
only discrete variable to model. Data analmiess allows to perform a quality control of raw log
data and upscaled data, before performing facipstamghysical modelling.

These proportion curves depend on the vertical detail and the number of wells involved in each zone.
VPC for all model are the same because they are under equal number of layers and wells except for
the hierarchy geomorphologic model (HGM) as this manteitislled by the number of wells that

belong to a grouped facies region.

Specifically, to hierarchy geomorphologic SIS model is divided in two regions, one of them grouped
the electrofacies such as cylindric, coarsing upwards and finning upwardsprekeht facies
channels and crevasse splay. Floodplain region was associated to serrated electrofacies.

Zone 4, 5 and 6 are the sandiest zones, which are proportions of more reservoir rock potential
according to these curves.

In the Appendix A1 and AR s presented vertical proportion curves for each zone modeled, and the
regions mentioned are graphically showed.

4.1.5.2. Variograms

1 General Aspects

Some variogram maps were built to identify the anisotropy direction before building all variograms.
These mapsere done to compare channels directions obtained in the electrofacies model.

Through anisotropy maps helps to identify and find the best correlation of the major and minor range
and preferential directions. (Begure4-11).

The variograms were matched with an exponential model, due to the complexity of the
sedimentological feature and it represents a high variation of rock quality and petnaygersiesl p

The azimuth used as a reference to build the variograms was the main or preferential channels

direction given by the Ecopetrolds sedi ment ol
zones (zone 5 to zone 7) which do not have sadioginal mapsrable3).
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Zone Azimuth Source

Zone 1 275 Sedimentological maps
Zone 2 280 Sedimentological maps
Zone 3 280 Sedimentological maps
Zone 4 270 Sedimentological maps
Zone 5 305 Anisotropy maps
Zone 6 310 Anisotropy maps
Zone 7 280 Anisotropy maps

Table3. Azimuth and preferential direction used in variogram models.

Variograms were built in three directions vertical, minor, and major by zone and lithofacies. It was
modeled in total 261 variograms in these directions. These variograms are shown in Appendix B1 and
B2. Four lithofacies methods were completely depentieg\@ariograms except for Multiple Point

simulation which is tied to training images.
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Figured4-11 Anisotropy and electrofacies maps by zone.
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Lag distance and search radiusthe average distance of all wells is 668 meters. The lags distance
used was controlled by the mean distance between wells according to well spacing which intercept
each zone. The minimum distance used was 200 meters amdnma88 meters. For vertical
variograms lag distance selected was 1 foot according to the layering thickness and the search radiu:
was controlled by the half zone thicknessT@ale4). The search radius was a half distance of the

large direction, the minimum distance was 2700 meters with and a maximum of 4270 meters.

Vertical Variogram
Zone 1| Zone 2| Zone 3| Zone 4 | Zone 5| Zone 6| Zone 7
Zone Thickness, H (ft) 17 19 23 15 24 23 20
Search radius (ft) 10 11 12 8 13 13 10
Tabled. Vertical variogram search radius vs zone thickness.

Sill and Nugget: All variograms were adjustadinly in their first point until reaching the sill and
by defining the presence or not of nugget effect.

The highest nugget found was 0.0638 which belongs to zone 3 facie retarding rock, meaning this zone
has the most facies discontinuities. The semivariance is reduced in smallest values because the sampile¢
are more correlated, indicating samples are depeeatiezen each other.

Nugget and sill indicate the random aspect of the data. According to the variograms calculated in this
study the nugget effect found it in most cases were zero or close to zero. The sill found was greater
than 0.9, and it was reaché81% (Appendix B1 and B2). In the case where the sill was less than 1,

it means that value is the variability within the layers and the remaining part to reach 1 is the variability
between layers (see Appendix B1 and B2, alcalde2andTable6).

Range:The range shows the spatial data. variability. For SIS Variograms, in the major direction for
reservoir lithofacies the average range was 1042 meters, in the minor directians a28 wertecal

10.49 feet. SIS Hierarchy geomorphologic method trend modelling by region showed an average in
the major direction of 712 meters for reservoir rock lithofacies region 1 affBlésemndTable

6). These ranges can give an idea of the extension of the bodies (channels) in the AOI.

SIS Using facies tendency preferential direction

Range major Range minor | Range vertical

Code Lithofacies direction (m) | direction (m) direction (ft) Sl
0 Shale 1057 870 7.9 0.97
1 Reservoir rock 1042 725 10.49 0.98
2 Retarding rock 904 667 4.6 0.98

Table5. Results of variograms used to model facies through SIS using facies tendency preferential
direction modelling
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SIS Hierarchy geomorphologic method in the trend modelling

Region 1
Code Litofacies | gee B NN Gon(m | dreaton (my S
0 Shale 640 538 6.5 1.00
1 Reservoir rock 725 620 7.9 0.88
2 Retarding rock 769 511 4.7 0.91
Region 2
Code Lithofacies = angemajor | Range minor —Range vertical — g,
direction (m) direction (m) direction (m)
0 Shale 815 676 6 0.96
1 Reservoir rock 698 490 7.9 0.90
2 Retarding rock 711 422 4.5 0.97

Table6. Results of variograms used to model facies through SIS hierarchy geomorphologic method
in the trend modelling.

The range of data correlation depends on direction and distance. The vertical range correlation is less
thanthhor i zont al range. Waltherés Law, which is
horizontal variability found in the vertical direction; just at different length scales.

Some variograms have zonal anisotropy for example zone 1 regiopf(sig B2). It is common

to find geometric anisotropy in the horizontal direction. In the vertical direction of Shale lithofacies,

it is possible to see geological trends in large distances (see Appendix B2. for example, Zone 1, 2, 3
region 1) indicatingrain size or facial variation in the rock. It is identified in the variogram when the

sill increases beyond the seamiance to large distance (Appendix B2).

4.1.6. Data Distribution

First, it is assigndatle data distribution to each zone and petrophysical parameter to be modeled.
Then, the petrophysical properties are modeled using the same facies variograms. In the distribution
data step, the data is transformed into a normal distribution. The wistablgcted was standard,

where the minimum and maximum value from the data is taken by lithology and zone, and the
distribution was based on the upscaled data.

4.1.7. 3D Lithofacies Modelling

The area of study is covered by a transitional a fluvial depbsytstem, which have some modelling
challenges to capture their heterogeneity. This system has an impact on the rock properties which
ultimately impacts the flow of fluids in the reservoir.

The result of the variograms were one of the main inputsiés fagdelling as well as VPC for

modelling through SIS techniques. This information integrates the data obtained from
sedi mentol ogi cal maps such as preferenti al bo
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It was used 3 different geostatistical methods SISM, MPS and TGSentrtheréscies distribution
uncertainty. Also, these techniques were selected according to the data available for facies modelling.

Shal e vol ume, porosity and permeability wer
petrophysical model, other propstsuch as rock type, net to gross, and water saturation were
calculated cell by cell into the model according to algorithms, correlations and functions defined by
the petrophysical model.

The following is the proposed workflow in this study to genecddi@bgistic scenarios required to
identify the impact of facies areal and vertical distribution in the Gilgated(12):

1. The first lithofacies adel and petrophysical model built was called training model. This model
was used to control the training properties model in order to calculate de STOIIP. This
volumetric training case was used to perform 300 realization modifying the seed as &n uncertain
variable to obtain the base case model. This base case was built using the seed belonging to the
P50 percentile of training case.

2. Base case seed uncertainty was used to reproduce the lithofacies and properties model to do a
new 300 realizations to stlihe most representative percentiles (P10, P35, P50, P75 and P90)
in order to build a new model for each of them and represent them as static model uncertainty
scenarios.

3. Like training model, the base case lithofacies model controlled the propddiesucmoas
porosity, permeability, and shale volume. Using these models, it was calculated the net to gross,
rock types, and water saturation. As these impacts the variables to calculate the original oil in
place volume (STOIIP) for the probabilistic ades.

4. The process previously described were used in all the methods and this procedure was applied to
reduce the uncertainty to model the best facies approach.
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Training model Base case Model » Final Uncertainty Models
Lithofacies Model Lithofacies Model Lithofacies Model P10—
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I ]
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Figured4-12 Workflow to build 30acies and petrophysic probabilistic scenarios models.

4.1.7.1. Sequential Indicator Simulation (SIS)

Electro-Facies Tendency Using Only Preferential Direction Trends.

Sequential indicator simulation modelling technique is very detailed to capture the heterogeneity. It
uses variograms built with the preferential direction channels obtained with the electrofacies model
provided by the Ecopetrol sedimentological studg. mbdel does not have any background or
secondary attribute, because the seismic data was not available in depth to be used, then the
electrofacies maps will be used in another SIS model scenario which will be explained later.

SIS facies model method &wlkesimulated value in each location of probability data distribution,
which is calculated from sampled data. The algorithm starts randomly from one point and it
sequentially advances through the grid modeled. During the interpolation each poinhesearch ot
points in the neighborhood defined by the variogram.

Ordinary kriging was used, as the mean calculated by areas works better than global mean. It is
supported on the high density of the data used in the interpolation, the stationarity which was less
evident in some sectors of the model and high heterogeneity.

During the modelling stage, it was identified the seed and variograms in unsampled areas are high
impact variables. Seed defines the starting point for the algorithm to populate thasp2d0®

possible positions to initiate the sequential simulation. Variogram stablish the spatial correlation
among the data according to the bodies direction.
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Figure4-13 shows modeled lithofacies, upscaled and well logs histograms for all percentiles. Non
reservoir rocks (Shale code 0 and retarding rock code 2), have around 5% difference. Reservoir rock
is statistically well represented by the lithofaomsl nll percentiles models have similar lithofacies
distribution.

In Appendix C1 are displayed P50 percentile model. It shows an example of lithofacies distribution
according to electrofacies maps for zones 1 to 4 and anisotropy maps for zondhé ids

showed belongs to layers where it is easy to observe the bodies direction, in order to check its
correlation with electrofacies maps.
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Flgure¢13 T%istogrém fosequéntialr indicator simulat{&h9 base caselsing facies preferential
direction tendencySIS model percentile P50.

Seed parameter showed a big impact on the lithofacies distribution between percentiles meaning that
this variable is an important one to be checked during the myostelje (s¢@gure4-14). When

the results between lithofacies are visually compasedasy to find differences among them, for
exampld-igured-14 shows the grid results of the percentiles modeled with SIS method. These grids
showt he | ayer 19 which belongs to zone 2, and
connectivity changes among model s. This | ayer
W-91 well and also zone 2 which is one of the most common zone thygewells.

In general, the proportion of reservoir rock or sandstones (yellow) looks similar, but it changes in
some specific sectors. The distribution changes depending on the seed applied or the percentile
modeled. All models are using the same variogram datéelrritcseed. That result shows the seed
impact in the facies distribution modelling which also have an impact on the properties distribution
as well (Sdeigure4-29).
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Zone 2 layer19
SIS P10 SIS P35 SIS P50

SIS P75

LEGEND

I Shale (Non Reservoir)
[ 1Reservoir rock

[ Retarding rock (Non Reservoir

Figured-14. Example of lithofacies base case and P50 at zone 2 layer 19.

Hierarchy Geomorpholoqic from Electrofacies Maps as a hard data.

The main goal of this model is to incorpothéeelectrofacies maps and restrict the modelling to

them by trend modelling. To accomplish this task, first it was necessary to create an electrofacies
regions to limit the variogramas to specific depositional -&ecaito characteristics. These
electrdacies regions were grouped in two regions:

+ Region 1 contains structures such as block (main channels), coarsening upward (crevasse splay)
and finning upward (minor channel), They were grouped in this way because all this bodies have
potential to storagoil in their best rock typeigured-15).

+ Region 2 belongs to a serrated electrofacies (flootigilifiat), it is the shaly facies and it is
not a competent rock to contain oil (SBegire4-15).
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Electrofacie$&sroupedby Regions

Regiongrid | Electrofaciesmap Regiongrid | Electrofaciesmap

Zone 1 Zone 2

6 Km

Legend

. Regionl . Region2 |:| Serrated GR |:| Coarse up & Sharp top GRD Fine up & Sharp base GE Block GR
Figured-15. Electrofacies grouped by regions

These regions limited the horizontal variograms, because each variogram is now assigned to the new
region

Zones 5, 6 and 7 do not used a regionalivizecause they do not have an eléatial model, then
it was used the boundary of the model as the other methods.

Based on variograms and vertical proportion curves by region, zones and lithofacies were used to
apply the trend modelling workflow, as a result of this, it was obtained a probability cube by lithofacies
for all zones (see Appendix D1). This procedurendb@eed to be under seed dependency.

According to the statistics results presenfEakile7, the mean of reservoir rock probability is higher

thanthe other two lithofacies. In addition, the dispersion of this lithofacies is higher as well compared
to the other lithofacies based on the variance value.
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Probability cube Mean Standard deviation Variance
Shale 0.2060 0.1901 0.0362
Reservoir rock 0.5431 0.2715 0.0737
Retarding rock 0.2509 0.2105 0.0443

Table7. Summary of probability cubes by lithofacies results.

The previous statistics about probability applies to SIS techniques which are covered by the same data
wells.

The probability cubes are used to the model lithofacies training case and other cases (base case an
the percentiles) as well. They controlfhities proportions in each zone while variograms control
the areal correlation.

Appendix D2 shows the P50 case as a representative example of the uncertainty scenario of lithofacies
result.

Figure4-16 shows the histograms for modeled lithofacies, upscaled and well logs for all percentiles
modeled (sefeigured-16). The differences between upscaled and modeled data are greater than 5%,
indicating underestimation for lithofacies 1 and overestimation in lithofacies 0. Based on the histogram
information all models are quite similar, statistically themuma difference is 0.7 among models.

—— ' Hierarchy SIS P50

u ) “ i 5
.| Hierarchy SIS P10: Hierarchy SIS P35 Percentile

Percentile | Percentile

[ .

PR

hl

‘I Hierarchy SIS P75 " Hierarchy SIS P90/
“ Percentile | 1 Percentile

P Legend

[ Modeled
|:| Upscaled cells
|:| Well logs

‘ = ) . = " E Shale
i Reservoir rock
e . Retarding rock

[ 0.5 0t (e [T

Flgure416 HlstograrrSISH|erarch>GeomorphoIog|c from electrofacies maps as a hard data for
all percentiles modeled.

The difference among all percentiles is related to the distribution of the sand bodies and shales, both

used different seed with same variography model, this shows the seed impact on lithofacies
distribution in the model. Despite the small variation peesienthe general lithofacies proportion
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shown in the histogram among the percentiles, the visual inspection highlights important
dissimilarities between théseeFigure4-17).

Zone 2 layer19
SISHierarchy P10 | SISHierarchy P35 | SISHierarchy P50

SISHierarchy P75 SISHierarchy P90

LEGEND

I Shale (Non Reservoir)
] Reservoir rock

[ Retarding rock (Non Reservoir

Figure4-17. SIS Hierarchy geomorphologic lithofacies Example, for all percentiles modeled in zone
2 layer 19

4.1.7.2. Truncated Gaussian Simulation (TGS)

Truncated gaussian simulatiandelling, it is widely known technique that works very well in
transitional environments, some zones in this study were identified as transitional influence, mainly
zone 1; nevertheless, all zones were modeled under this method.

The lithofacies propoaotn were organized from lower to high lithofacies proportion percentage. In
that context lithofacies are prioritized to be modeled. Each zone has different lithofacies order based
on their proportionality.

This technique uses the same sequential indicatitattion variograms parameters, and the seed was
modified following the procedure described in other methods.

TGS P10 has the highest shale proportion (17.3%) and the lowest reservoir rock (57.3%) proportion
modeled, compared to other percentilesrdRegarock honored the upscaled cells and well logs
proportions in all percentiles (égure4-18).

The result of this technique showed variation on the lithofacies distribution in all pefogumées (
4-19, been a common fact in all modelling methods. The contact between lithofacies depend on the
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priority given to them. In general, in Figure4-19is common to find reservadrretarding rock
contacts than shadaeservoir rock, indeed retarding rock looks such as background lithofacies

[

"l 1G5 P10 Percentile .| TGS P3s Percentie | TGS P50 Percentie

BT e s o Do | Boan B tos s i Dllprsntoss | = : B0 a0 65 050 26 e oo [~ -
“| TGS P75 Percentile [ i «| TGS P90 Percentile g BT Legend
[ Modeled
I:l Upscaled cells
D Well logs

[[0] shale
Reservoir rock

ap o 2
. us |:| Retarding rock

Flgure418 Hisfdgram Iithoféc"i'és rhkb—del by_Truncated Gaussian Simulation (TGS).

.

Zone 2 layer19
TGSP10 | TGSP35 TGSP50

TGSP75 TGSP90

LEGEND

I Shale (Non Reservoir)

[_1Reservoir rock

[ Retarding rock (Non Reservoir

Figure4-19. Example of lithofacies model by T@&8er 19 zone 2.
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4.1.7.3. Multiple Point Simulation (MPS)

While SIS and TG8iodelling techniques uses variograms (two points statistic) to populate 3D
models, the Multiple Point Simulation modelling technique uses images:

According to the depositional environment, it was selected one satellite irraped4e€) and

t he el

ectrofaci

es

maps t

this step is represented by values from 0 to 1.

hat

represent
These images were processed in petrel by convertingttharnontinuous map, then the image in

Depositional

Coordinates

S Image Selected Name Source
ystem Latitude Longitude
Wave rtpmarinespedesr
Dominated WillpaBay | 46°4023.79'N| 12358'57.30"0] . P Species.org
introduced/wiki/Morphol
Estuary )
ogy_of_estuaries
- . Google earth
Fluvial Tidal Columbia | 13,45 81N 12333'11.82"0| hitp://marinespecies.org
Influence RiverEstuary . o
T, introduced/wiki/Morphol
ogy_of_estuaries
Me?ir\‘/de‘:”“g ChulymRiver| 57 7'45.86"N| 87°29'31.11"E Google earth
Braided River YukonRiver | 62°58'29.88"N| 16413'39.87"0 Google earth
https://earthobservatory
Braided river LennaRiver | 7229'40.66"N| 12712'53.14"E| nasa.gov/images/7343/l

nariverdeltarussia

t he

Figure4-20. General information about images selected to control the lithofacies model.

I es ¢

These images are incogded into a preliminary 3D grid and converted in a discrete variable tied to

lithofacies codes (Lithofacies 0, 1 and 2). After that, this grid image is edited in order to keep the
upscaled lithofacies proportion and correct some unidentified codebofdwd# proportion that
the grid integrate from the image must be compared to the upscaled cells, it must have a maximum

difference of 10%.

The images used had different levels of stationarity then, the search mask and the number of informed
nodes used ust have a high search radio. As these images lead to incorrect statistics, they were edited
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to preserve the proportion needed in each zone for modelling purposes. In the training process it was
necessary to have many iterations to get the most represenéageRigures-21).

Training images were created by multiple realizations by modifying the search mask parameters to
select the best illustratiohtbe zones to be modeled. One pattern when this image is obtained is
created and it is used to control the lithofacies model. The difficulty applying this method was

reproducing the training image with similar features as the origifigiuveé21depicts the process
and results of multiple point simulation.

Image converted into the Lithofacies final model

Input: Satelitalimage Processedbetrelimage grid Trained image layer

Zone 1

Image converted into the

Willapa Bay Processebetrelimageinto | grid asa discretelithofacies | Trained image based on Zona 1Layer 16
SouthwestPacific CoastUSA. continuos values log (lithofacies codes 0, 1, | discreteconvertedimage
Wave dominated estuary 2). Interpreted to honor

lithofacies proportion

Zone 2

a River Estuary,
Oregon. Fluvial tidal influence

Zone 3

e
Chulym River, Russia

Meandering river Zona 3Layer48

“Zona 4Layr 61

Zone 5 and 6

Yukon River, Alaska
Braided river depositional
system

Zona 5Layer90

Zone 7

Lena River,Russia
Braided river depositional
system

Zona 7Layer134

Figure4-21 Process and results multiple point simulation and some examples.

80



Sedimentary Facies distribution Impact on Heavy Oil Production in éBdsimofeld, Eastern Colombia

The percentiles modeled are quite similar among them with a maximum difference of 8% between
upscaled logs and modeled for lithofacie code 0 (shale) ardhatfaeies are below 4%idure
4-22).
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Legend
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|:| Upscaled cells
- Well logs
[0] shale
Reservoir rock
Retarding rock

o 1 2
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#igure4—22 Histogram lithofacies modelMuyltiple point Simulation (MPS).

Figure4-23 and Figure4-24 show the results of MPS technique for percentiles P10, P50 and P90
percentiles for each zone at one representative layer. All the results showed here depict features relatec
to the depositional environment associated to each zone wheessibie to identify channels

direction. Nevertheless, in braided representation {z@&)ed is quite hard to stablish the
preferential direction of the bodies because they are interlaced each other.
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MPS PERCENTILES

ZONE 1

ZONE 2

ZONE 3

ZONE 4

I shale (Non Reservoir) [ 1 Reservoir rock [ Retarding rock (Non Reservoir)

Figured4-23 3D Facies distribution zones 1, 2, 3, and 4 by MPS percentiles P10, P50 and P90.
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MPS PERCENTILES
P10 P50 P90
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Figure4-24. 3D Facies distribution zones 5, 6 and 7 by MPS percentiles P10, P50 and P90.

4.1.8. 3D Petrophysical Modeling
3D Petrophysical properties model was controlled by the lithofacies models previously described,

these |ithofacies defines from their curveds
try to differentiate characteristics which céthe oil accumulation.

4.1.8.1. Porosity and Permeability

Porosity and permeability are the most important petrophysical variables in hydrocarbon reservoir
evaluation. First, it represents the pore space available for fluids storage and secdedarédveble

the flow capacity.

Both models use the same variogram and seed applied in lithofacies modelling, because the idea is tc
guide the properties to keep the preferential direction defined in the lithofacies model.
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In the initial part of the proceefore building the lithofacies model these variables were compared
to verify the link between them (as was shown Fighe=4-9)

These propertiagsere modeled under sequential gaussian simulation (SGS). Additionally, permeability
used collocated algorithm effective to keep the relationship between these variables, constraining it to
the previously created porosity model.

The following tables shothe porosity and permeability statistics for modeled P50 lithofacies
methods and upscaled log porosity and permeability. Porosity deviation from upscaled mean is
maximum 0.0233 and minimum 0.002m|e8).

Lithofacies Modelling Minimum | Maximum Mean Standgrd

Methods Value Value Deviation

SIS 0.01 0.35 0.2105 0.1132

Modeled | Hierarchy Geomorpholog 0.01 0.35 0.1902 0.1182
P50 TGS 0.01 0.35 0.2005 0.1138
MPS 0.01 0.35 0.1989 0.1173

Upscaled Logs 0.01 0.35 0.1872 0.1182

Table8. Statistic repoxtf porosityfor modeledand upscaled logs.

Porosity presents a bimodal distribution Regpere4-25). It has two peaks, one towards low values
and the other one towards high porosities. Althinaggthata reported in tA@able8 are global it does
not discretize the two groups observed it in this histogram.

Permeability is skewed to left. laipositively skewed distribution, log normal distribBtgdré
4-26). The maximum value of this variable is 40133 and minimum 0.0001. All means betwee
percentiles even compared to upscaled logs are200.04D of differencd ble9).

Lithofacies Modelling Minimum  Maximum Standard

Methods Value Value Mean Deviation
SIS 0.001 40133 | 1991.2557 3210.7704
Modeled Hierarchy Geomorpholog  0.001 40133 | 1771.861¢ 3159.7976
P50 TGS 0.001 40133 | 1808.642¢ 3095.3094
MPS 0.001 40133 | 1864.950¢ 3181.5493
Upscaled Logs 0.001 40133 | 1690.6297 3244.8818

Table9. Statistic report of permeability for modeled and upscaled logs.
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Porosity Histogram (Percentile P50 all methods modeled )
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Figure4-26. Permeabilitiistograms.
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Figure4-27 is a typical crossplot porosity versus permeability filtered by lithofacies for P50 case
representing all lithofacies models, this graph represents the linear relationship between porosity and
permeability, in addition it depicts the transition between sétaleling rock and retarding r@ck

reservoir rock lithofacies.

In general retarding rock has porosities from 0.04 to 0.23 and permeability from 0.056 and 304.8 mD.
Shale’s porosity igtween 0.01 and 0.085 and 0.001 to 2.2 mD of permeability. Reservoir rock has
0.18 as a minimum and 0.35 as the maximum porosity value, now permeability range starts in 8 mD
and end in 40133 mD.

Porosity and permeability crossplot filtered by lithofacies
(Percentile P50 all methods modeled )

g Sequential indicator Simulation a: SIS Hierarchy Geomorphologic

1B_17074P50_RUN, 313]

Truncated Gaussian Simulation
Multiple Point Simulation

o
0_226310]

LEGEND
Il Shale (Non Reservoir) [ 1 Reservoir rock [ Retarding rock (Non Reservoir)
Figure4-27. Porosity vs permeability crossplot filtered by lithofacies scenario P50 for all methods
modeled.

The results of properties model using lithofacies modeled by different geostatistical facies model
methods can be visualize#Figure4-28 Properties are completely controlled by lithofacies direction

and the correlation between then is clear and easy to find. The ssnddpctied in those grids at

layer 19 through different percentiles reveal how each property model depends on how lithofacies are
distributed areally. Percentiles model are changing laterally because of the seed impact on properties
(see Appendix E).
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Porosity and permeability grid layer 19 zone 2. Percentile P50 all methods modeled

Sequential indicator Simulation

Lithofacies Porosity Permeability (mD)

I_ _°1.75..-°°2
Figure4-28 Example of lithofacies influence on porosity and permeability distribution, zone 2 layer
19 for all lithofacies model percentile P50.

Shale _Reservoir rock  Retarding rock

87



Sedimentary Facies distribution Impact on Heavy Oil Production in éBdsimofeld, Eastern Colombia

4.1.8.2. Net to Gross

Net to Gross (NTG) variable was caledats 1 minus normalized shale volume, this guarantees that
the range of the values were between 0 to 1. The NTG grid represents the sand proportion presented
in the gross thickness.

Net to gross calculation was modeled in each uncertainty scenario. rApgeledix E shows the
results of shale volume and net to gross P10, P50 and P90 percentiles selected layer by zone.

The histogram presentedHigure4-29shows that most of the data is concentrated in net to gross 1,
almost 35% of the data are concentrated in that value and shale volume values from 0 to 0.2, indicating
an important proportionfeand in the model.

Net to gross is used to calculated net thickness which is then linked to the flow capacity coming from
PBU results.

Shale Volume and Net to grosslistogram (Percentile P50 all methods modeled )
Sequential indicator Simulation

Shalevolume Net to gross

- e v o = P [ . s e

s
Truncated Gaussian Simulation

Shalevolume Net to gross

m. . = e

SIS Hierarchy Geomorphologic

Shalevolume 1 Net to gross

Multiple Point Simulation

Shalevolume Net to gross

LEGEND

- Modeled l:l Upscaled cells - Well logs
Figure4-29 Shale volume and net to gross histogrameifoentile P50.
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The areal distribution of net to gross and volume of shale are well control by lithofacies as well (see
Figure4-30). All percentiles odels depicted in this figure preserve the bodies geometry.

Shale volume and net to gross grid layer 19 zone 2. Percentile P50 all methods modeled

Sequential indicator Simulation

Lithofacies Shale Volume Net to gross

LEGEND

Figure4-30. Example of lithofacies influence on net to gross distribution, zone 2 layer 19 all
lithofacies methods modeled percentile P50.

Shale _Reservoir rock __Retarding rock
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4.1.8.3. Rock Type Model

Rock types were calculated cell by cell into the 3D grid. The pore throat radius function implemented
uses Pitman R50 equation. This function depends on porosity and permeability. It was selected the
rock types based on R50 cut off calculafibe best rocks are (1, 2, 3, 4, and 5) and they have a R50
>=29 mm to 4 mm.

Figured-31is an example of the crossplot porosity versus permeatstitiyad by rock types, where
the rock types 1 to 5 are the reservoir having permeability up to 500 mD and porosities higher than
0.19. All models has a graph like this with the same behavior.
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Figured-31 Porosity angiermeabilitgrossplot SIS facies model.

Figure4-32 shows the lithofacies modeled with all lithofacies methods and the rock tygermodel

P50 percentiles (see Appendix E all methods by P10, P50 and P90). It is possible to observe how the
lithofacies has a complete control on properties distribution. In a sampled location, it follows the hard
data and the unsampled zones, it takes dheetrg from the lithofacies model. where yellow color

is reservoir rock in lithofacies that is mainly associated to rock type 1, 2, 3, 4 and 5 which have the
best rock properties (high porosity and permeability). Retarding rock is the light brown in the
lithofacies grid which can be correlated mainly with rock type 6.
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R50 and rock type grid layer 19 zone 2. Percentile P50 all methods modeled
Sequential indicator Simulation
Lithofacies R50 Rock Type

SIS Hierarchy Geomorphologic

Truncated Gaussian Simulation

Multiple Point Simulation

Figure4-32 Example of lithofacies influence on rock type distribution, zone 2 layer 19 all lithofacies
modeledpercentile P50.
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4.1.8.4. 3D Water Saturation Model

The Free Water Level (FWL) defined for this field is tilted, based on hydrodynamic studies and wells
information. The FWL was builom the tops defined in the vertical wells.

This water saturation model started by building a height grid using the FWL surface, then it was used
to calculate a capillary pressure grid. Base on capillary pressure curves and using the J function
methoddogy, it was defined the water saturation by rock type. This water saturation model used a J
function correlation for each rock type.

All static models use the same capillary pressure grid, because it does use the oil and water densities
J function neegdto be recalculated for every static model as it has a porosity and permeability input
which are varying depending on the facies model used.

Figure4-33is an example of water saturation model cross section view for two model lithofacies
methods percentile P50. Water saturation hierarchy geomorphologic lithofacies model are more
saturated by ater in the potential upper oil zone, which means an increment of shaly rocks with low
properties (bad quality rock8T6 or 7 mostly).
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Figure4-33 3D water saturation distribution N\ASE direction
Not necessarily reservoir rock can be saturated with olil, in other words, this rock can have high water

saturation too. The sand bodies with 100% water saturation can be recognize#igtite{sé¢
and Appendix E).
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R50 and rock type grid layer 19 zone 2. Percentile P50 all methods modeled

Sequential indicator Simulation
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Figure4-34. Example of lithofacies influence on water saturation distribution, zone 2 layer 19 all
lithofacies methods modejeetrcentile P50.
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4.1.9. Volumetric Calculation

Before running any uncertainty realization, it was necessary to calculate the stankitdiykneil
place (STOIIP) for every case which is going to be used as a base or reference in @sldonte
process.

The initial volumetric for training and base case models were deterministic and they were used to set
the parameters to run the probabilistic scenarios for the first 300 realization. The same happens with
the base case scenario which correspond tcai*BOgmmodel percentile and it is used to set and run

a new uncertainty process; Baigle10.

Lithofacies Geostatistic Bulk Volume | Net Volumen | PoreVolumen HPV STOIIP
Methods (1076 Bbl) (1076 Bbl) (1076 RB) (1076 STB) | (106 STB)
Using facies tenden 6392 4217 115 613 601
preferentiatlirection
SIS
Hierarchy geomphdogic 6392 3818 974 525 514
Truncated Gaussian Simulation 6392 3913 996 534 523
Multiple Point Simulation 6392 380 1026 571 560

TablelQ Volumetric report dbiase cases percentile P50.

Appendices F1 to F4 show the STOIIP distribution in the training case and the base case for all
lithofacies method modeled. When all percentiles are contrasted into the same methods the difference
numerically between trainirase and base case are negligible values. Among methods the STOIIP
vary maximum 87 MMbls (around 15%) and minimum is 41 Midble1(0).

4.1.10Lithofacies Uncertainty Analysis

4.1.10.1Selection of Uncertainty Parameter

In order toidentify the sensitivity parameters, it was done a test to identify the most sensitive
lithofacies distribution variable between variogram and seed. Variograms are well known to be a
sensitive tool to evaluate the spatial correlation. Nevertheless asedter important parameter

but it has been less studied.

The test consists in evaluating how the STOIIP is impacted by using the maximum and minimum

seed value and maximum and minimum range in the major direction. Each input was used to build a
four gatic models (sdegured-35 changing only the values presented ihahkzl1l

94



Sedimentary Facies distribution Impact on Heavy Oil Production in aBdsimofseld, Eastern Colombia

Reference Case

Parameter Value STOIIP, MMstb
Variogram 1500 503
Seed 15244
Parameter Input Result
Value STOIIP, MMstb
. Major Direction Range Minimur 900 603
Variogram ; PRST .
Major Direction Range Maximui 2000 597
Maximum 32000 595
Seed —
Minimum 100 605
Tablell Parameters used in the sensibility evaluation.
Sequential Indicator Simulation Model
Minimum Seed 100 Medium Seed 15244Range 1500 I Mai:;i Iziee:jlgzooo Medium Seed 15244Range 900 [ Medium Seed 15244Range 2000
Lithofacies
el
I o
- o
. 1]
K r -
LEGEND 1 05 0
] Retarding rock (Non Reservir I shale (Non Reservoir) [ Reservoirock

Figure4-35 Scenarios modeled to evaluate the sensitivity offamgjerand seed.

Figure4-36shows that the seed has a higher impact than major direction of variograms. Base on this
analysis it was selectieel seed as an uncertainty parameter for this study.
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