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4. RESULTS 

 

4.1. STATIC 3D RESERVOIR MODELLING  

 

4.1.1. 3D Model Description 
 
This model was built within an area of 8700.19 acres. This area covers a total 226 well, of which 221 
wells were used into 3D model (see Figure 4-1).  
  
It was incorporated seven 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 relevant 
production open zones in the well completions. Some wells mainly verticals are opened in more than 
one zone, but only two vertical wells (W-27 and W-158) are opened in four zones. The general opened 
zones with number of wells are shown in Figure 4-1 including vertical, horizontal, and deviated wells. 

 

 
Figure 4-1. Relation between numbers of wells by perforated zones. 

 
Figure 4-2 shows the 3D static model workflow applied in this study. The workflow starts with a 
quality control of reference elevation, coordinates, 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, the isochore 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 
analysis are done during facies modelling and property modelling. Volumetric uncertainty and 
engineering calculations are the last steps during this process (see Figure 4-2). 
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Figure 4-2. 3D static model workflow. 

 
3D lithofacies were built for three lithofacies, all under the same structural domain, but having 
different modelling distribution criteria through 3 geostatistical methods (Figure 4-3) 
 

 
Figure 4-3. 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 following table (Table 1) 

Data Loading 

and Quality 

Control

Wells Information

Free Water Level  Surface

Structural Maps

Gridding

Horizons

Zone and Layering

Well Log Upscaling Data Analysis

3D Lithofacies 

Modeling

3D Petrophysical 

Modeling

Enginieering Calculation 

and Analysis

Volumetric Calculation

1

2

Vertical Proportion

Curves (VPC) 
Variograms Distribution

Lithofacies Uncertainty 

(Percentiles)

Conclusions

Lithofacies Curve 

Creation

Structural 

Framework

Isochores Maps

3D Lithofacies 

Modeling

TRUNCATED GAUSSIAN 

SIMULATION

MULTIPLE POINT 

SIMULATION

SEQUENTIAL INDICATOR 

SIMULATION

Using facies tendency as preferred direction

Hierarchy geomorphology from electrofacies maps 

as hard data.

AnalogousDepositionalenvironment(satelital)

Geostatistic Methods applied 

for lithofacies modelling
Gaussian variogram experimental ranges keeping 

electrofacies direction.



Sedimentary Facies distribution Impact on Heavy Oil Production in a Llanos Basin field, Eastern Colombia 

61 

Grid Properties  

Number of layers 141 

Cells(nI*nJ*nK) 417*417*141 

Total number of cells 24518349 

Grid size IJK1 20mts*20 mts*1ft 

Length 6847 mts 

Width  5171mts 

Gross Thickness (H) 141 ft 

Table 1. 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 used. The stratigraphic 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 I 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 minimum length of 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 model (see Figure 
4-4). 
 

 
Figure 4-4. Zones configuration. 

 
Vertical layer resolution selected was 1 foot for all zones. It was selected 1 foot cell thickness to 
represent small laminations along the well (see Figure 4-5) 

 
1 Grid size units IJ directions are meters and k in feet. 
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Figure 4-5. 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 in the Table 2. 
 

 Layer thickness 
(ft)  

Average zone thickness 
(ft)  

Average zone thickness 
(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 

Table 2. Number of layers 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 (GRn) Cut-off from vertical and horizontal wells. It 
was found that the best sand and shale GRn cut-off are 55 API and 88 API respectively. 
 
These values have the best representation of lithology according to porosity and permeability 
behavior, (see Figure 4-6). 
 
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 (SMAC2 - correlated to cylindrical shape), sand minor channels (SMIC3 - fining upward), 
sands crevasse splay (SCS4 - coarse upward) and shaly sand for intermediate lithology as a retarding 
rock. In that case, the model has 5 facies in total. 

 
2 SMAC: It is the abbreviation to refer to Sand belongs to main channels. 
3 SMIC: It is the abbreviation to refer to Sand minor channels. 
4 SCS: It is the abbreviation to refer to Sands crevasse splay. 
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9 
Figure 4-6. Normalized gamma ray cut-off. 

 
Those initial lithofacies defined were checked through a porosity versus facies Crossplot to identify 
differences and similarities between them and simplify the number of facies to be used. 
 
The Crossplot in Figure 4-7 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 sand, shaly sand and shale which were renamed as reservoir, retarding 
and shale rock respectively, in order to represent lithofacies integrated with petrophysical properties. 
 

 
Figure 4-7. Crossplot lithofacies versus porosity and permeability versus lithofacies. 
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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 maximum porosity is 0.08 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 communication, notice that this concept links the geology and 
the reservoir engineering knowledge as a pure geological concept will name this rock as a shaly sand 
or sandy shale while a reservoir engineering concept will label this rock as a baffle.  
 
The Retarding Rock has 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 (see Figure 4-9). 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 that document 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 fluid mobility 
specially with high resolution grids as it covers a wide range of porosities having an average facies 
proportion of 25% approximately (see Figure 4-13).  
 
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 baffles5, in this 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 part of rock 6.  
 

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 
coarse (sandstones 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) 
(see Figure 4-9). Reservoir rock is a potential rock that can storage hydrocarbons. The Shale acts as a 
hydraulic seal. 
 
Figure 4-8 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 
 

 
5 During dynamic reservoir simulation stage, it is common to include barriers and baffles to match reservoir pressure 
depletion with time and production. Baffles can be structural or sedimentological, in this study the retarding rock 
lithofacies belongs to a sedimentological baffle. 



Sedimentary Facies distribution Impact on Heavy Oil Production in a Llanos Basin field, Eastern Colombia 

65 

permeability logs. This image also shows the relationship 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. 
 

 
Figure 4-8. Example of initial lithofacies and simplified lithofacies. 

 
The validation of lithofacies curve results was done through a permeability versus porosity Crossplot 
filtered by lithofacies (see Figure 4-9). The following graph shows a relationship between petrophysical 
properties and lithofacies. The lithofacies classified as reservoir rock reveals porosities up to 0.20 and 
non-reservoir lithofacies (Shale and retarding rock) have lower porosities. Reservoir lithofacies up to 
0.23 porosity and 600 mD is the rock with best oil flow capacity and storability (zone green in the 
Figure 4-9).  
 

 
Figure 4-9. Crossplot permeability versus porosity versus lithofacies. 
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4.1.4. Well Log Upscaling 
 

Well log upscaling was generated for all logs that were going to be modeled such as: Lithofacies, shale 
volume (Vsh), porosity (PHIE), and, permeability (K). 
Lithofacies logs as discrete variable were upscaled by òmost ofó method which upscales facies using 
percentage of occurrence of the facie 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 and volumen of shale) were upscaled by arithmetic 
average method, because it had the best representation of the input model data. 
 
Additionally, the conditioner used to upscale facies is named as òsimpleó, which is an averaging 
method. This method does the average according 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 upscaling 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 upscaled data. Figure 4-10 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 horizontal 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 property averages are associated to the facies in 
the upscaling process. 
 

 
Figure 4-10. Well logs vs upscaled logs lithofacies, Vshale, porosity and permeability 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 analysis process allows to perform a quality control of raw log 
data and upscaled data, before performing facies and petrophysical 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 model is controlled 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 upwards which represent 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 A2, it is presented vertical proportion curves for each zone modeled, and the 
regions mentioned are graphically showed. 
 

4.1.5.2. Variograms 
 

¶ General Aspects 
 
Some variogram maps were built to identify the anisotropy direction before building all variograms. 
These maps were 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. (see Figure 4-11). 
 
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 petrophysical properties. 
 
The azimuth used as a reference to build the variograms was the main or preferential channels 
direction given by the Ecopetrolõs sedimentological study. Anisotropy maps were used for the last 3 
zones (zone 5 to zone 7) which do not have sedimentological maps (Table 3). 
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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 

Table 3. 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 depended on the variograms except for Multiple Point 
simulation which is tied to training images. 
 

 
Figure 4-11. Anisotropy and electrofacies maps by zone. 
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Lag distance and search radius: The 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 and maximum 798 meters. For vertical 
variograms lag distance selected was 1 foot according to the layering thickness and the search radius 
was controlled by the half zone thickness (see Table 4). 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 

Table 4. Vertical variogram search radius vs zone thickness. 
 
Sill and Nugget: All variograms were adjusted mainly 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 samples 
are more correlated, indicating samples are dependent between 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 reached at 81% (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, also see Table 5 and Table 6). 
 
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 direction 725 meters and vertical 
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 and 2 (see Table 5 and Table 
6). These ranges can give an idea of the extension of the bodies (channels) in the AOI. 
 

SIS Using facies tendency preferential direction 

Code Lithofacies 
Range major 
direction (m) 

Range minor 
direction (m) 

Range vertical 
direction (ft) 

Sill 

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 

Table 5. Results of variograms used to model facies through SIS using facies tendency preferential 
direction modelling 
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Table 6. 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 
than the horizontal range. Waltherõs Law, which is a principle of sedimentary geology, it supports the 
horizontal variability found in the vertical direction; just at different length scales. 
 
Some variograms have zonal anisotropy for example zone 1 region 2 (see Appendix 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) indicating grain size or facial variation in the rock. It is identified in the variogram when the 
sill increases beyond the semi-variance to large distance (Appendix B2). 
 

4.1.6. Data Distribution 
 
First, it is assigned the 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 distribution selected 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 depositional system, 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 inputs for facies modelling as well as VPC for 
modelling through SIS techniques. This information integrates the data obtained from 
sedimentological maps such as preferential bodiesõ direction.  
 

SIS Hierarchy geomorphologic method in the trend modelling  

Region 1 

Code Lithofacies 
Range major 
direction (m) 

Range minor 
direction (m) 

Range vertical 
direction (m) 

Sill 

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 
Range major 
direction (m) 

Range minor 
direction (m) 

Range vertical 
direction (m) 

Sill 

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 
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It was used 3 different geostatistical methods SISM, MPS and TGS to represent the facies distribution 
uncertainty. Also, these techniques were selected according to the data available for facies modelling.  
 
Shale volume, porosity and permeability were modeled from logs provided by Ecopetrolõs 
petrophysical model, other properties such 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 generate probabilistic scenarios required to 
identify the impact of facies areal and vertical distribution in the oil rate (Figure 4-12): 
 
1. The first lithofacies model 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 an uncertainty 
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 select the 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 properties model such as 
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 scenarios. 
 

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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Figure 4-12. Workflow to build 3D facies and petrophysic probabilistic scenarios models. 
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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 study. This model 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 takes a simulated 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 point search other 
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 the grid, it has 32000 
possible positions to initiate the sequential simulation. Variogram stablish the spatial correlation 
among the data according to the bodies direction. 
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Figure 4-13 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 lithofacies model. All 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 zones 5 to 7.  The grids 
showed belongs to layers where it is easy to observe the bodies direction, in order to check its 
correlation with electrofacies maps. 
 

 
Figure 4-13.  Histogram for sequential indicator simulation (SIS) base case: Using facies preferential 

direction tendency.  SIS 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 modelling stage (see Figure 4-14). When 
the results between lithofacies are visually compared, it is easy to find differences among them, for 
example Figure 4-14 shows the grid results of the percentiles modeled with SIS method. These grids 
show the layer 19 which belongs to zone 2, and it is possible to observe how the sand bodiesõ 
connectivity changes among models.  This layer corresponds to an open production zone in the PBUõs 
W-91 well and also zone 2 which is one of the most common zone open in the wells. 
 
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 data but different seed. That result shows the seed 
impact in the facies distribution modelling which also have an impact on the properties distribution 
as well (See Figure 4-28). 
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Figure 4-14. Example of lithofacies base case and P50 at zone 2 layer 19. 

 
Hierarchy Geomorphologic from Electrofacies Maps as a hard data. 
 
The main goal of this model is to incorporate the electrofacies 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 electro-facial characteristics. These 
electrofacies 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 storage oil in their best rock type (Figure 4-15). 
 

 Region 2 belongs to a serrated electrofacies (floodplain -tidal flat), it is the shaly facies and it is 
not a competent rock to contain oil (see Figure 4-15).  
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Figure 4-15. 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 region division because they do not have an electro-facial 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 procedure does not need to be under seed dependency. 
 
According to the statistics results presented in Table 7, the mean of reservoir rock probability is higher 
than the other two lithofacies. In addition, the dispersion of this lithofacies is higher as well compared 
to the other lithofacies based on the variance value. 
 
 
 
 
 
 

Region grid Electrofacies map Region grid Electrofacies map

Block GRSerrated GR Fine up & Sharp base GRCoarse up & Sharp top GRRegion1 Region2

Zone 3

Legend

Zone 4

6 Km0 Km

Electrofacies GroupedbyRegions

Zone 2Zone 1



Sedimentary Facies distribution Impact on Heavy Oil Production in a Llanos Basin field, Eastern Colombia 

76 

Table 7. 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 and 
the percentiles) as well. They control lithofacies 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. 
 
Figure 4-16 shows the histograms for modeled lithofacies, upscaled and well logs for all percentiles 
modeled (see Figure 4-16). 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 their maximum difference is 0.7 among models. 
 

 
Figure 4-16. Histogram SIS Hierarchy Geomorphologic 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 presented in the general lithofacies proportion 
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shown in the histogram among the percentiles, the visual inspection highlights important 
dissimilarities between them (see Figure 4-17). 
 

 
Figure 4-17. SIS Hierarchy geomorphologic lithofacies Example, for all percentiles modeled in zone 

2 layer 19. 
 

4.1.7.2. Truncated Gaussian Simulation (TGS) 
 
Truncated gaussian simulation modelling, 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 proportion 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 indicator simulation 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 percentiles. Retarding rock honored the upscaled cells and well logs 
proportions in all percentiles (see Figure 4-18).  
 
The result of this technique showed variation on the lithofacies distribution in all percentiles (Figure 
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 the Figure 4-19 is common to find reservoir ð retarding rock 
contacts than shale ð reservoir rock, indeed retarding rock looks such as background lithofacies 
 

 
Figure 4-18. Histogram lithofacies model by Truncated Gaussian Simulation (TGS). 

 

 
Figure 4-19. Example of lithofacies model by TGS, layer 19 zone 2. 
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4.1.7.3. Multiple Point Simulation (MPS) 
 
While SIS and TGS modelling 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 image (see Figure 4-20) and 
the electrofacies maps that represent the reservoirõs zones. Those images were used as training images. 
These images were processed in petrel by converting them into a continuous map, then the image in 
this step is represented by values from 0 to 1.  
 

 
Figure 4-20. General information about images selected to control the lithofacies model. 

 
These images are incorporated 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 codes. The lithofacies 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 must 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 representative image (Figure 4-21). 
 
Training images were created by multiple realizations by modifying the search mask parameters to 
select the best illustration of the 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 original one. Figure 4-21 depicts the process 
and results of multiple point simulation. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-21. Process and results multiple point simulation and some examples. 
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The percentiles modeled are quite similar among them with a maximum difference of 8% between 
upscaled logs and modeled for lithofacie code 0 (shale) and other lithofacies are below 4% (Figure 
4-22). 
 

 
Figure 4-22. Histogram lithofacies model by Multiple point Simulation (MPS). 

 
Figure 4-23 and Figure 4-24 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 related 
to the depositional environment associated to each zone where it is possible to identify channels 
direction. Nevertheless, in braided representation (zone4-5-6) it is quite hard to stablish the 
preferential direction of the bodies because they are interlaced each other. 
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Figure 4-23. 3D Facies distribution zones 1, 2, 3, and 4 by MPS percentiles P10, P50 and P90. 
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Figure 4-24. 3D Facies distribution zones 5, 6 and 7 by MPS percentiles P10, P50 and P90. 

 

4.1.8. 3D Petrophysical Modelling 
 
3D Petrophysical properties model was controlled by the lithofacies models previously described, 
these lithofacies defines from their curveõs creation has been attached to properties. Those lithofacies 
try to differentiate characteristics which controls the 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 second variable describes 
the flow capacity. 
 
Both models use the same variogram and seed applied in lithofacies modelling, because the idea is to 
guide the properties to keep the preferential direction defined in the lithofacies model. 
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In the initial part of the process, before building the lithofacies model these variables were compared 
to verify the link between them (as was shown in the Figure 4-9) 

 
These properties were 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 show the 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 0.0030 (Table 8). 
 

 Lithofacies Modelling 

Methods 

Minimum  

Value 

Maximum 

Value 
Mean 

Standard 

Deviation 

Modeled 

P50 

SIS 0.01 0.35 0.2105 0.1132 

Hierarchy Geomorphologic 0.01 0.35 0.1902 0.1182 

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 

Table 8. Statistic report of porosity for modeled and upscaled logs. 
 

Porosity presents a bimodal distribution (see Figure 4-25). It has two peaks, one towards low values 
and the other one towards high porosities. Although the data reported in the Table 8 are global it does 
not discretize the two groups observed it in this histogram. 
 
Permeability is skewed to left. It is a positively skewed distribution, log normal distributed (Figure 
4-26). The maximum value of this variable is 40133 and minimum 0.0001. All means between 
percentiles even compared to upscaled logs are at 100 -200 mD of difference (Table 9). 
 

 Lithofacies Modelling 

Methods 

Minimum  

Value 

Maximum 

Value 

 

Mean 

Standard 

Deviation 

 
Modeled 

P50 

SIS 0.001 40133 1991.2552 3210.7704 

Hierarchy Geomorphologic 0.001 40133 1771.8616 3159.7976 

TGS 0.001 40133 1808.6428 3095.3094 

MPS 0.001 40133 1864.9508 3181.5493 

Upscaled Logs 0.001 40133 1690.6297 3244.8818 

Table 9. Statistic report of permeability for modeled and upscaled logs. 
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 Figure 4-25. Porosity histograms.  
 

 
Figure 4-26. Permeability histograms. 
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Figure 4-27 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 shale - retarding rock and retarding rock ð 
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 is between 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. 
 

 
Figure 4-27. 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 visualized in Figure 4-28. Properties are completely controlled by lithofacies direction 
and the correlation between then is clear and easy to find. The sand bodies depicted 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).  
 
 

Porosity and permeability crossplot filtered by lithofacies 

(Percentile P50 all methods modeled )

P10P10 P35P35

P50

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34

PHIE_SSCM GRF simple_CD_DISTRIB_17074P50_RUN, [ft3/ft3]

0
.0

0
1

0
.0

1
0
.1

1
1
0

1
0
0

1
0
0
0

1
0
0
0
0

0
.0

0
1

0
.0

1
0
.1

1
1
0

1
0
0

1
0
0
0

1
0
0
0
0

K
F

V
c
l_

S
S

C
M

_
s
im

p
le

_
C

D
_

D
IS

T
R

IB
_

1
7

0
7

4
_

P
5

0
_

R
U

N
, 
[m

D
]

Z-values: LITHO_A_to_H_SIS_17074_P50_RUN_15244
Symbol legend

PHIE_SSCM GRF simple_CD_DISTRIB_17074P50_RUN vs. KFVcl_SSCM_simple_CD_DISTRIB_17074_P50_RUN vs. LITHO_A_to_H_SIS_17074_P50_RUN_15244 (All cells)

Sequential indicator Simulation 

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34

PHIE_SSCM GRF simple_CD_DISTRIB_FACIES_GEOMORPHO_RUN_3168_P50_6973, [ft3/ft3]

0
.0

0
1

0
.0

1
0
.1

1
1
0

1
0
0

1
0
0
0

1
0
0
0
0

0
.0

0
1

0
.0

1
0
.1

1
1
0

1
0
0

1
0
0
0

1
0
0
0
0

K
F

V
c
l_

S
S

C
M

_
s
im

p
le

_
C

D
_

D
IS

T
R

IB
_

F
A

C
IE

S
_

G
E

O
M

O
R

P
H

O
_

R
U

N
_

3
1

6
8

_
P

5
0

_
6

9
7

3
, 
[m

D
]

Z-values: HERARCHY_FACIES_GEOMORPHO_SEED_3168_P50_6973
Symbol legend

PHIE_SSCM GRF simple_CD_DISTRIB_FACIES_GEOMORPHO_RUN_3168_P50_6973 vs. KFVcl_SSCM_simple_CD_DISTRIB_FACIES_GEOMORPHO_RUN_3168_P50_6973 vs. HERARCHY_FACIES_GEOMORPHO_SEED_3168_P50_6973 (All cells)

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34

PHIE_SSCM_TGS_P50_2263, [ft3/ft3]

0
.0

0
1

0
.0

1
0
.1

1
1
0

1
0
0

1
0
0
0

1
0
0
0
0

0
.0

0
1

0
.0

1
0
.1

1
1
0

1
0
0

1
0
0
0

1
0
0
0
0

K
F

V
c
l_

S
S

C
M

_
T

G
S

_
P

5
0

_
2

2
6

3
, 
[m

D
]

Z-values: LITHO_A_to_H_TGS_P50_2263
Symbol legend

PHIE_SSCM_TGS_P50_2263 vs. KFVcl_SSCM_TGS_P50_2263 vs. LITHO_A_to_H_TGS_P50_2263 (All cells)

SIS Hierarchy Geomorphologic

Truncated Gaussian Simulation
0 0.04 0.08 0.12 0.16 0.2 0.24 0.28 0.32 0.36

0 0.04 0.08 0.12 0.16 0.2 0.24 0.28 0.32 0.36

PHIE_SSCM_MPS_P50_SEED_1280, [ft3/ft3]

0
.0

0
1

0
.0

1
0

.1
1

1
0

1
0

0
1

0
0

0
1

0
0

0
0

1
0

0
0

0
0

1
0

0
0

0
0

0

0
.0

0
1

0
.0

1
0

.1
1

1
0

1
0

0
1

0
0

0
1

0
0

0
0

1
0

0
0

0
0

1
0

0
0

0
0

0

K
F

V
c
l_

S
S

C
M

_
M

P
S

_
P

5
0

_
S

E
E

D
_

1
2

8
0

, 
[m

D
]

Z-values: MPS_LITHO_A_to_H_P50_SEED_1280
Symbol legend

PHIE_SSCM_MPS_P50_SEED_1280 vs. KFVcl_SSCM_MPS_P50_SEED_1280 vs. MPS_LITHO_A_to_H_P50_SEED_1280 (All cells)

<header>

Multiple Point Simulation

Shale (Non Reservoir) Reservoir rock Retarding rock (Non Reservoir)

LEGEND



Sedimentary Facies distribution Impact on Heavy Oil Production in a Llanos Basin field, Eastern Colombia 

87 

 
Figure 4-28. Example of lithofacies influence on porosity and permeability distribution, zone 2 layer 

19 for all lithofacies model percentile P50. 
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4.1.8.2. Net to Gross 
 
Net to Gross (NTG) variable was calculated as 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 modeled. Appendix E shows the 
results of shale volume and net to gross P10, P50 and P90 percentiles selected layer by zone. 
 
The histogram presented in Figure 4-29 shows 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 proportion of sand in the model. 
 
Net to gross is used to calculated net thickness which is then linked to the flow capacity coming from 
PBU results. 

 

 
Figure 4-29. Shale volume and net to gross histograms for percentile P50. 
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The areal distribution of net to gross and volume of shale are well control  by lithofacies as well (see 
Figure 4-30).  All percentiles models depicted in this figure preserve the bodies geometry. 

 

 
Figure 4-30. Example of lithofacies influence on net to gross distribution, zone 2 layer 19 all 

lithofacies methods modeled percentile P50. 
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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 calculation. The best rocks are (1, 2, 3, 4, and 5) and they have a R50 
>=29 mm to 4 mm. 
 
Figure 4-31 is an example of the crossplot porosity versus permeability classified 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. 
 

 
Figure 4-31. Porosity and permeability crossplot - SIS facies model. 

 
Figure 4-32 shows the lithofacies modeled with all lithofacies methods and the rock type model for 
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 the geometry 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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Figure 4-32. Example of lithofacies influence on rock type distribution, zone 2 layer 19 all lithofacies 

modeled percentile 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 built from 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 
methodology, 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 needs to be re-calculated for every static model as it has a porosity and permeability input 
which are varying depending on the facies model used. 
 
Figure 4-33 is 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 water in the potential upper oil zone, which means an increment of shaly rocks with low 
properties (bad quality rocks - RT6 or 7 mostly). 
 

 
Figure 4-33. 3D water saturation distribution NWW-SE direction. 

 
Not necessarily reservoir rock can be saturated with oil, in other words, this rock can have high water 
saturation too. The sand bodies with 100% water saturation can be recognized grid (see Figure 4-34 
and Appendix E). 
 

Water saturation P50 SIS hierarchy lithofacies model

Water saturation P50 SIS lithofacies model
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Figure 4-34. Example of lithofacies influence on water saturation distribution, zone 2 layer 19 all 

lithofacies methods modeled percentile P50. 
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4.1.9. Volumetric Calculation 
 
Before running any uncertainty realization, it was necessary to calculate the stock tank oil-initially-in-
place (STOIIP) for every case which is going to be used as a base or reference in the Monte- Carlo 
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 to P50 training model percentile and it is used to set and run 
a new uncertainty process; see Table 10. 
 

 
Table 10. Volumetric report of base 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 training case and base case are negligible values. Among methods the STOIIP 
vary maximum 87 MMbls (around 15%) and minimum is 41 MMbls (Table 10). 
 

4.1.10. Lithofacies Uncertainty Analysis 

 

4.1.10.1. Selection of Uncertainty Parameter 
 
In order to identify 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, seed is another 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 static models (see Figure 4-35) changing only the values presented in the Table 11.  
 
 
 
 
 
 

 

Lithofacies Geostatistic 
Methods 

Bulk Volume 
 (10^6 Bbl)  

Net Volumen  
(10^6 Bbl) 

Pore Volumen 
 (10^6 RB) 

HPV  
(10^6 STB) 

STOIIP  
(10^6 STB) 

SIS 

Using facies tendency 
preferential direction 

6392 4217 1115 613 601 

Hierarchy geomorphologic  6392 3818 974 525 514 

Truncated Gaussian Simulation 6392 3913 996 534 523 

Multiple Point Simulation 6392 3930 1026 571 560 
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Reference Case 

Parameter Value STOIIP, MMstb  

Variogram 1500 
603 

Seed 15244 

 

Parameter 
Input  Result 

Value STOIIP, MMstb  

Variogram 
Major Direction Range Minimum 900 603 

Major Direction Range Maximum 2000 597 

Seed 
Maximum 32000 595 

Minimum 100 605 

Table 11. Parameters used in the sensibility evaluation. 
 

 
Figure 4-35. Scenarios modeled to evaluate the sensitivity of major range and seed. 

 
Figure 4-36 shows that the seed has a higher impact than major direction of variograms. Base on this 
analysis it was selected the seed as an uncertainty parameter for this study. 
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