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2.2. Results 

2.2.1. Model Construction 

The TOC model shown in Figure 5 was constructed by upscaling log values calculated 

using Equation 1 for TOC, kriging them to a grid, and normalizing them by bulk density and 

formation thickness. The units for the color scale are pounds of TOC per square foot. The grid in 

Figure 5 aligns with the Township-Range-Section boundaries. The three townships used for the 

TOC correlation analysis are shown by the black outlines. The black dots represent the vertical 

well locations which contained bulk density data used to develop this property model. The values 

taken from the model for use in the TOC correlation analysis can be found in Appendix 1. 

 

Figure 5: TOC property model (Section Grid) 

2.2.2. Production Data 

Cumulative production and values used for normalization of the production data that was 

used in the TOC correlation analysis can be found in Appendix 1.  
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2.2.3. Analyzing Data 

All cross plots generated from the TOC correlation analysis can be found in Appendix 2. 

The R2 values from the cross plots used to compare the effectiveness of two different TOC units 

are in Table I for oil, gas, water, and produced water-oil ratio. Values for R2 shown in red in the 

following tables denote an inverse relationship and in black denote a direct relationship. The data 

set used to generate the results in Table I included 124 wells.  

Table I: Comparison of TOC units for TOC correlation analysis 

 

Coefficient of Determination (R2) 

TOC (lbs/ft2) vs 

(bbl/comp. ft) 

TOC (weight %)  

vs  (bbl/comp. ft) 

Oil 0.1901 0.0002 

Gas  0.2606 0.0026 

Water  0.0560  0.0323  

WOR 0.2514  0.0221  

 

The R2 values from the cross plots of the three production normalization methods are 

presented in Table II below. The data set used for the cross plots came from 124 wells. 

Table II: Comparison of production data normalization methods for TOC correlation analysis 

  

Coefficient of Determination (R2) 

(bbl/ft) (bbl/ft/pore-ft) (bbl/ft/lb-sand) 

Oil 0.1901 0.2116 0.2080 

Gas  0.2606 0.3068 0.2566 

Water  0.0560  0.0396  0.0038  

WOR 0.2514 0.2514 0.2514 

 

The R2 values from the cross plots of the filtered sets of wells are presented in Table III 

and Table IV. The filter description and number of wells in the data set are shown in the table 

headings. 
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Table III: Comparison of filtering well list by lateral type and well operator for TOC correlation analysis 

 Coefficient of Determination (R2) 

# Wells 76 17 93 30 80 30 

Filter 
1 mi 

Laterals 

2 mi 

Laterals 

1&2 mi 

Laterals 

Dual 

Laterals 
Enerplus XTO 

Oil 0.3369 0.4630 0.3193 0.0204 0.3173 0.0011 

Gas  0.3964 0.3967 0.3896 0.0023 0.3994 0.0554 

Water  0.1163  0.0002  0.0698  0.0153  0.0835  0.0000 

WOR 0.4348  0.5117  0.3804  0.0005  0.3925  0.0497  
 

 

 

Table IV: Comparison of filtering well list by year drilled for TOC correlation analysis 

 Coefficient of Determination (R2) 

# Wells 13 15 17 17 28 32 34 62 

Filter 2004 2005 2006 2007 04-05 05-06 06-07 04-07 

Oil 0.3101 0.0377 0.2090 0.6362 0.1606 0.1628 0.3971 0.2989 

Gas  0.2628 0.0824 0.3217 0.7476 0.2404 0.2531 0.5694 0.4434 

Water  0.0001  0.2140  0.0393  0.6529  0.0716  0.1329 0.2296 0.1351 

WOR 0.1647  0.2350  0.3262  0.7177  0.2132  0.3302  0.5650  0.4110  

 

The two correlations found during this study which were selected for use in the 

simulation model came from TOC (lbs/ft2) versus both 5-year cumulative gas production and 5-

year cumulatively produced water-oil ratio. These results came from wells operated by Ener Plus 

and drilled in 2006 & 2007. This provided the best correlation from a sufficient sample size. The 

two cross plots are presented in Figure 6 and Figure 7.  
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Figure 6: TOC vs 5-year cumulative gas production cross plot 

 

Figure 7: TOC vs 5-year cumulatively produced water-oil ratio cross plot 
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2.3. Discussion 

2.3.1. TOC Model 

The TOC property model generated for this research showed a wide range of values 

ranging under 100 lbs/ft2 to over 200 lbs/ft2. Most of the values were in the mid-100’s as seen in 

Figure 5. The extreme high and low values are considered to be either artifacts of the model or a 

result of local variations in the upper Bakken lithology which are not accurately modeled by the 

constants in Equation 1. The variation throughout the field could be attributed to varying thermal 

maturity, formation thickness, or other properties which could affect the heat flow through the 

source rock and alter how much organic carbon was converted to expelled oil. 

2.3.2. TOC Correlation Analysis 

2.3.2.1. Normalizing Upper Bakken TOC Values 

The first step of the data analysis was to determine the normalization for the TOC in the 

cross plots. The two normalization methods investigated were weight percent and mass per unit 

area. The plots included in Appendix 2 using TOC (wt %) showed no correlation. The plots 

showed in Appendix 2 using TOC (lbs/ft2) resulted in R2 values meriting further investigation. 

The difference between results of the different TOC units indicate that a mass of TOC in the 

adjacent source rock must be used to take into account the variability of bulk density and 

thickness seen in the upper Bakken. Since the upper Bakken Shale is tight, most of the oil 

expelled during maturation would be forced into the middle Bakken. TOC in units of weight 

percent does not account for the potential of thicker sections of the upper Bakken to expel greater 

quantities of hydrocarbons. Weight percent TOC can also be hard to spatially compare due to the 

range in bulk density of the upper Bakken. A denser portion of the upper Bakken would contain 

a greater mass of organic carbon than a less dense portion with an equivalent TOC (wt %). 
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Further data analysis used TOC (lbs/ft2) to account for variations in the upper Bakken thickness 

and density. 

The correlations generated from TOC weight per unit area and the cumulative production 

data showed an inverse relationship for oil and gas. This suggests that the upper Bakken in the 

Elm Coulee originally had a relatively consistent TOC weight per unit area. A consistent TOC 

weight per unit area could have been achieved through inconsistent rates of sedimentary 

deposition and consistent rates of organic matter deposition throughout the Elm Coulee during 

the upper Bakken’s depositional period.  

In order to speculate that the upper Bakken in the Elm Coulee originally had a relatively 

consistent TOC weight per unit area, evidence is needed to show that the range of TOC values 

seen in this research’s model is possible (i.e. it is possible to mature the fraction of initial TOC to 

oil which this research’s model suggests). Hydrous pyrolysis experiments performed by Lewan 

(1985) showed that over 40% by mass of TOC can be converted by the end of the incipient oil 

generation stage. The range of TOC values seen in this study area corroborates with the Lewan 

(1985) research. 

2.3.2.2. Normalizing Production Data 

As previously discussed, three normalization methods were investigate for the production 

data: the length of the well’s completed interval, the pore-feet of the middle Bakken, and the 

weight of hydraulic fracture sand pumped. Wells in the study area had completion intervals 

varying in length from 2172 to 10,534 feet. As production data was gathered is was evident that 

the wells with 2-mile laterals had about twice the production of the 1-mile laterals. Thus, 

completion interval was deemed as a required normalization method in this research.  
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Since the length of contacted reservoir was found to be such an important factor in a 

wells production, the volume of reservoir available to drain was also investigated. The average 

porosity in the middle Bakken in the study area ranged from 2.57 to 7.04%. The average 

thickness in the middle Bakken in the study are ranged from 18.54 to 35.26 feet. Due to the large 

range in both of these values pore-feet, the product of porosity and formation thickness, was used 

as a normalization method. 

Pounds of sand used in the hydraulic fracture treatment were experimented with to 

account for the added conductivity produced by this stimulation method. Wells in the study area 

had weights of fracture sand pumped ranging from 151,680 to 1,404,220 pounds.  

The normalization using pore-feet increased R2 values for all tested dependent variables 

as seen in Table II. The normalization using weight of hydraulic fracture sand had sporadic 

results. Based on the results presented in Table II, only production data normalized by length of 

completion interval and middle Bakken pore-feet were used further in the data analysis. 

2.3.2.3. Filtering the Data Set 

The filters applied to the list of wells were used to test for variability in production data 

due to the well lateral style, the well’s operating company, and the year the well was drilled. The 

well lateral style filter is intended to test for differences in drilling and completing styles of wells 

which may affect production through near wellbore damage or completion effectiveness. There 

was a small improvement in 2-mile laterals over 1-mile laterals as seen in Table III, but this was 

not considered statistically significant since the available sample size of 2-mile lateral was much 

smaller. There was no correlation found for dual lateral wells. This lack of correlation is 

speculated to be attributed to the challenges associated with hydraulic fracture treatments and 

artificial lift of dual lateral wells in comparison to single lateral wells.  
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The data were filtered by operating company to test for different well designs and 

production strategies between companies. The only operators with a large enough sample size to 

perform a data analysis were Ener Plus and XTO. Wells operated by Ener Plus showed a large 

reduction in R2 for the study area’s well list. However, wells operated by XTO showed no 

correlation as seen in Table III. Further investigation of this discrepancy between operators 

uncovered that the majority of dual lateral wells were operated by XTO. Based on these findings, 

the Ener Plus operated wells were further filtered by year drilled.  

Many of the correlation from these filtered data sets showed an improved correlation as 

indicated by an increase in R2 values. The wells drilled in 2007 showed the greatest R2 values, 

with a range of 0.64-0.75. The results presented in Table IV suggest that the most consistent 

sample in the study area, in terms of production variation, comes from wells operated by Ener 

Plus which were drilled in 2006 and 2007. This is based on the largest sample size with a strong 

correlation. The gas and water-oil ratio correlations from this sample were selected for testing in 

the simulation portion of this study. 
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3. Section 2 – Simulations 

3.1. Methodology 

3.1.1. Model Construction 

The simulation work in this study was based on the Montana Tech Elm Coulee model 

(Todd, Heath, Evans, & Reichhardt, 2012). This model was trimmed to include all wells found in 

T24N-R57E and wells found in sections 1 through 12 of T23N-R57E. This included a total of 80 

producing wells. The producing wells were modeled as an “L” shape with well head locations as 

the heel and toe locations and the toe. The well head and toe locations were taken from the 

Montana Board of Oil and Gas online database (MBOGC, 2014). Hydraulic fractures were 

placed in the well such that they averaged five stages per mile of lateral. The fracture properties 

were held constant for the whole field and are presented in Table V. The feasibility study 

performed by Todd et al. (2012) found that these were acceptable assumed values since they 

provide a fracture with infinite conductivity without having values too large to cause 

convergence issues in the simulation program. The field was produced with a development 

strategy with a constant bottomhole pressure production mode. A bottomhole producing pressure 

of 150 psi was assumed. 

Table V: Simulation model fracture properties 

Fracture Property Value Units 

Fracture Length 50 meters 

Fracture Height 50 feet 

Fracture Permeability 50 mD 

Fracture Orientation 0 Degrees 

Fracture Width 0.20 Inches 

 

This model used 50x50 meter grid blocks. The upper Bakken was modeled with a single 

layer. The middle Bakken was modeled with eight layers. The lower Bakken was not included as 
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a producing portion in this model. The model used the common assumption of vertical 

permeability being equal to one tenth the horizontal permeability. Average porosity and 

permeability values for the base case of the different layers in the base case are presented in 

Table VI.  

Table VI: Average porosity and permeability for layers in base case 

Layer Porosity Horizontal Permeability 

Upper Bakken 1.50 % 0.0009 mD 

Middle Bakken 4.90 % 0.0027 mD 

Lower Bakken 0.00 % 0.0000 mD 

 

A TOC model for the upper Bakken was generated by upscaling and kriging the TOC 

calculated using Equation 1. The TOC values generated for the upper Bakken where translated 

down into the middle Bakken layers to be used to define permeability and water saturation. This 

translation of TOC values in the upper Bakken down is applied in this model with the 

assumption that there was no lateral migration of fluids upon oil generation. 

3.1.2. Simulation Cases 

Five simulation cases were run in this study to test the effectiveness of defining 

permeability and water saturation in the middle Bakken from upper Bakken TOC. The methods 

of defining permeability and water saturation in the simulation cases is shown in Table VII. The 

base case used a porosity defined permeability and a constant water saturation. Four comparative 

cases were simulated to test the accuracy of using Archie’s Law and the TOC correlations found 

in the data analysis to define model properties.  
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Table VII: Simulation Case Descriptions 

Case Name Method of Defining Permeability 
Method of Defining 

Water Saturation 

Base Porosity-Permeability Correlation Constant Value 

Case 1 Porosity-Permeability Correlation Archie’s Law 

Case 2 Porosity-Permeability Correlation TOC Correlation 

Case 3 TOC Correlation Constant Value 

Case 4 TOC Correlation TOC Correlation 

 

3.1.3. Defining Permeability 

A porosity-permeability analysis of middle Bakken core from well Peabody-Minifle-26-

24H1D (API #: 25083224320000) was used to develop a base permeability correlation for the 

model. The permeability tests were Klinkenberg corrected values from an air permeability test. 

This core report was obtained from the Montana Board of Oil and Gas. This core was selected 

for its proximity to the study area. The permeability model from this correlation over produced 

when used in the simulation. Therefore, base case models were run with permeabilities scaled 

down to as low as half the permeability calculated from this correlation. The porosity-

permeability plot is presented in Figure 8. Due to the double exponential nature of the porosity-

permeability relationship, the correlation was manually fit. The equation of this correlation is 

shown in Equation 3. 

 k(md) = 0.0017 e 0.05 e 45 Φ
 (3) 
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Figure 8: Porosity-Permeability plot from Peabody-Minifle-26-24H1D core sample 

 

The TOC (lbs/ft2) vs 5-Year Cumulative Gas Production was selected to define 

permeability in cases 3 and 4. Since this correlation does not have the magnitude of difference 

seen in the core data, a TOC-permeability equation was generated to include a porosity term as 

shown in Equation 4. Different TOC-permeability multipliers [MTOC) were generated from the 

correlation of TOC to cumulative gas production. These multipliers were modified on a case-by-

case basis using a history matching process and applied to Equation 4. The variable kΦ is the 

permeability calculated from the porosity-permeability relationship from the core analysis.  

 k(TOC) = [
1

4
kΦ] + [

1

4
kΦ  ∙ MTOC ] (4) 

3.1.4. Defining Water Saturation 

Three methods of defining water saturation were used in simulations: a constant value, 
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saturation of 15% and increasing the value using a history matching process. The value of 15% 

for irreducible water saturation was the value used in the Montana Tech Elm Coulee model 

(Todd, Heath, Evans, & Reichhardt, 2012). The Archie’s Law water saturation was generated 

from upscaling a water saturation determined from wireline logs and kriging it to the grid. The 

TOC vs 5-year cumulatively produced water-oil ratio correlation was used to define the 

distribution of water saturation such that a 10% range of water saturation values were defined 

between the TOC values 125-225 lbs/ft2.  The lower bounding value of this 10% range of water 

saturation was selected through a history matching process. 

3.1.5. Comparing Simulation Cases 

The following processes were performed on each case to quantify the error between the 

simulated and observed production data: (1) For each well, the absolute value of the error 

between the observed and simulated production rates for each month of production was 

calculated. (2) An average and a standard deviation of each well’s error data was calculated. (3) 

For each case summary statistics on both individual well average error and standard deviation of 

error were compiled. (4) The summary statistics were used test for a difference in error between 

the comparative cases and the base case. 
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3.2. Results 

3.2.1. Model Construction 

The TOC model shown in Figure 9 was constructed by upscaling log values calculated 

using Equation 1 for TOC, kriging them to a grid, and normalizing them by bulk density and 

formation thickness. The units for the color scale are pounds of TOC per square foot. The three 

townships used for the TOC correlation analysis are shown by the black outlines. The black dots 

represent the vertical well locations which contained bulk density data used to develop this 

property model. This model was trimmed down to the area of the white outline for running 

simulations. This provided a one mile border around the desired grouping of wells. 

 

Figure 9: TOC property model (Simulation Grid) 
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3.2.2. Simulation Cases 

The results for the simulation cases used in this study are presented in plots below. The 

plotted lines represent average monthly production rates for all 80 wells in the simulation area. 

The data points in these plots represent the observed production data. Figure 10 shows the raw 

simulation results for the base case which used a porosity defined permeability and a constant 

water saturation. This was the case used to evaluate if the comparative cases improved the 

process of creating a history matched model.  

 

Figure 10: (Raw Data) Simulation results for Base Case 
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The raw simulation data in this study exhibit extreme spikes in production due to wells 

coming on instantaneously at low bottomhole pressures. In actuality, wells are brought on with 

high static fluid columns, generating high bottomhole pressures, which is gradually pumped 

down to a lower bottomhole pressure. Because of this, the simulation results will be presented in 

an edited fashion, as seen in Figure 11. This editing process removes the aforementioned artifact 

of the simulation and provides a less cluttered graph.  

 

Figure 11: (Edited) Simulation results for Base Case 
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Figure 12 shows the results for simulation Case 1 or the case using a porosity defined 

permeability and an Archie’s Law defined constant water saturation. 

 

Figure 12: Simulation results for Case 1 
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Figure 13: Simulation results for Case 2 

 

Figure 14 shows the results for simulation Case 3 or the case with TOC defined 
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Figure 14: Simulation results for Case 3 
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Figure 15: Simulation results for Case 4 
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Table VIII: Summary statistics for error in simulated oil production 

 Base Case 1 Case 2 Case 3 Case 4 

 Ave. Ave. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. 

Minimum  

(all wells) 
6.5 6.5 5.3 6.0 7.1 3.8 6.8 2.7 7.1 3.4 

Maximum  

(all wells) 
51.2 51.2 102.6 61.6 64.9 96.9 62.3 79.9 65.1 82.8 

Average     

(all wells) 
23.5 23.5 28.9 28.6 25.2 23.5 23.3 22.0 25.2 22.6 

Std. Dev.    

(all wells) 
11.1 11.1 17.4 16.0 13.4 18.1 11.4 15.3 13.2 16.3 

 

Table IX: Summary statistics for error in simulated water production 

 Base Case 1 Case 2 Case 3 Case 4 

 Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. 

Minimum  

(all wells) 
1.0 1.2 1.8 1.1 1.8 1.2 1.0 1.0 1.1 1.2 

Maximum  

(all wells) 
21.1 23.9 102.8 557.0 18.7 26.1 17.1 16.3 18.4 15.2 

Average       

(all wells) 
5.6 6.5 25.4 18.9 5.6 6.2 5.8 6.0 5.5 5.8 

Std. Dev.     

(all wells) 
4.1 4.5 17.9 66.6 3.3 4.2 3.4 3.6 3.1 3.5 

 

Table X: Summary statistics for error in simulated gas production 

 Base Case 1 Case 2 Case 3 Case 4 

 Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. Ave. S.D. 

Minimum  

(all wells) 
7.2 4.5 5.1 2.9 7.3 4.7 7.3 4.7 7.3 4.7 

Maximum  

(all wells) 
113.2 118.1 100.1 77.6 120.3 113.6 107.3 109.9 120.9 112.5 

Average       

(all wells) 
34.8 24.2 36.2 22.9 35.0 24.1 33.4 22.6 35.0 23.2 

 
          

Std. Dev.     

(all wells) 
21.2 21.8 18.9 11.7 22.2 22.0 20.7 18.8 22.8 19.5 
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3.3. Discussion 

3.3.1. Defining Permeability for Base Case 

The base case permeability model used in this study was defined using a      porosity-

permeability correlation from a set of core samples taken from a well near the study area. This 

core sample set was selected not only for its proximity to the study area but the character of its 

correlation. At low porosities the core showed a gradual change in permeability with respect to 

porosity as seen in Figure 5. At about 6% porosity there is an increase in the incremental 

permeability with porosity. This is interpreted as the threshold porosity in which either fractures 

exists or the fracture network’s permeability becomes the dominant flow path. This porosity 

permeability correlation was used for the base case.  The character of this correlation provides a 

method to account for the secondary permeability of expulsion fractures, as proposed by 

Borglum (2014).  

The distribution of natural fractures may be accounted for from porosity logs. A 

correlation may exist between TOC and porosity log values. The distributions of upper Bakken 

TOC weight per unit area and middle Bakken porosity were not investigated in this study. This 

potential relationship merits a detailed investigation. The upper sandy dolostone portion of the 

middle Bakken in the Elm Coulee field exhibits the highest porosity on wireline logs as seen in 

Figure 3. Due to its proximity to the organically rich upper Bakken, the upper sandy dolostone 

portion of the middle Bakken has a higher likelihood of expulsion fractures in comparison to the 

lower bioturbated portion of the middle Bakken. A potential correlation between the porosity of 

the upper sandy dolostone portion of the middle Bakken and upper Bakken TOC should be 

further investigated. 
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The base permeability defined from the core sample porosity-permeability relationship 

resulted in an overproducing simulation. For all the simulations presented in this research the 

coefficient in the porosity permeability correlation was reduced in an iterative process to achieve 

an acceptable history match. Both the Archie’s Law and constant water saturation cases required 

that the porosity-permeability correlation coefficient be reduced by 50% to achieve the best 

history match. The cases using a TOC defined water saturation required that the coefficient be 

reduced by 37.5% to achieve the best history match.  

The results of this study suggest that the relative permeability curves in the Montana 

Tech Elm Coulee model, which are characteristic of a neutral-wet rock, are over estimating the 

oil and water relative permeabilities. An interpretation of this study’s results suggests that 

relative permeabilities should be more representative of an oil wet rock. This could justify the 50 

to 37.5% reduction for the porosity-permeability correlation required for the history matches. 

Further lab and simulation work would be needed to confirm this interpretation. This change in 

the relative permeability model would greatly change the results of the simulation tests 

performed in this study, and should be the focus of future research to increase confidence in 

simulation results. 

3.3.2. Defining Permeability from a TOC Correlation 

Two TOC defined permeability models were used in this study. Porosity is the rock 

property which exhibits the strongest correlation to matrix permeability. Therefore, correlations 

for TOC defined permeability used porosity and TOC to account for both matrix and fracture 

permeability. One correlation method was used with both permeability models to account for the 

influence of porosity and TOC on the calculated permeability.  This is shown in Equation 2. The 

spatial distribution of the MTOC multiplier was defined by the TOC to cumulative gas production 



44 

correlation, which had the highest R2. For the TOC defined permeability and constant water 

saturation case the equation used for MTOC is shown in Equation 5. For the TOC defined 

permeability and TOC defined water saturation case the equation used for MTOC is shown in 

Equation 6. The exponent of the MTOC equations was taken from the TOC correlation to use the 

shape of its trend line. The coefficient of the TOC correlation was adjusted to achieve the 

magnitude of MTOC values required to achieve the best simulation results in each case. 

 MTOC = 5.5 ×  e
−0.02∙TOC(

lbs

ft2)
 (5) 

 

 MTOC = 5.0 ×  e
−0.02∙TOC(

lbs

ft2)
 (6) 

 

3.3.3. Defining Water Saturation Using Common Methods 

The easiest method for defining water saturation in a model is to use a constant value 

throughout the reservoir. Since the hydraulic fractures modeled for the wells go through the 

entire formation the effects of a saturation transition zone can be ignored.  A constant saturation 

was selected for the base case since there is uncertainty of the wetting characteristics of the 

middle Bakken. This uncertainty would translate to relative permeability curves, capillary 

pressure, and the saturations determined from Archie’s Law. The constant saturation value was 

selected using an iterative method to achieve the best history match. The best history match for 

the base case was obtained using a water saturation of 22%. The best history match for the TOC 

permeability and constant water saturation case was obtained using a water saturation of 23%.  

Another common method of defining water saturation in a model is applying Archie’s 

Law to resistivity logs. Since these values can be inaccurate if rock properties are not fully 

understood, this method was used to test its accuracy with the current rock properties assumed in 
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the Montana Tech model. The Archie’s Law water saturation property model showed very high 

water saturations in most of the middle Bakken. The simulation case using Archie’s Law 

saturations over produced water and under produced oil. This method’s simulation results were 

found to have increased the average error in water production by nearly 80% over the base case 

error. This difference is assumed to be a result of applying inaccurate constants in Archie’s Law 

which do not represent the properties of the middle Bakken. 

3.3.4. Defining Water Saturation from a TOC Correlation 

Two simulation cases used a water saturation defined by the TOC and cumulatively 

produced water-oil ratio correlation.  The lower bounding value of this 10% range of water 

saturation was selected through a history matching process. The porosity defined permeability 

and TOC defined water saturation case had the best simulation results with a lower bounding 

water saturation of 20%. This produced a water saturation property model with an average of 

23.7%. The TOC defined permeability and TOC defined water saturation case had the best 

simulation results with a lower bounding water saturation of 21%. This produced a water 

saturation property model with an average of 24.3%. 

3.3.5. Comparing Simulation Cases 

3.3.5.1. Interpretation of Methods of Defining Permeability 

When compared against the base case, the cases with the TOC defined permeability did 

not have a statistically significant difference in error. While this method did not provide a 

reduction in simulation error, there is still some potential of using this TOC correlation in 

modeling. The method by which a naturally fractured reservoir produces later in life will require 

a dual permeability model, and the distribution of TOC could define natural fracturing effects in 

such a model. 
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As the pressure in the natural fracture network is reduced, the aperture of the fractures 

will reduce, causing a reduction in permeability. This pressure dependent permeability is 

apparent when history matching daily production of Bakken wells. Wells showing pressure 

dependent permeability production trends will have lower initial simulated production than what 

is observed. Once production decline stabilizes simulated rates will be higher than observed. 

This is indicative of a depleting reservoir pressure and associated pressure dependent 

permeability. However, as these liquid rates begin to fall the gas rates do not tend to follow as 

quickly. 

The interpretation of Tran et al. (2011) of production from a naturally fractured reservoir 

with some matrix support is apparent in this study area. The fractures experience an increase in 

gas saturation from the inability of the matrix to fully support the pressure drop from production. 

This results in a pressure transient from the fracture network to the producing well and the matrix 

to the fracture. The lack of full pressure support from the matrix to the natural fracture causes a 

drop in pressure and the resulting release of solution gas. This can be seen in the increase in the 

gas-oil ratio in the study area’s observed data, shown in Figure 16. This plot shows the average 

daily production rates for the field as in the previous plots with the addition of the observed 

produced gas-oil ratio, represented by the orange line. 
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Figure 16: Rising GOR in simulation study area wells 

 

A dual permeability model would be necessary to capture the fracture to wellbore and 

matrix to fracture pressure transients. This would be required to accurately model the gas 

production. Since the ultimate goal in building models for the Elm Coulee is to test enhanced oil 

recovery methods, gas production must be modeled accurately to ensure a gas injection 

simulation would provide accurate results. The strong correlation between TOC and cumulative 

gas production merits further investigation with specific interest in DFN or dual permeability 

modeling. 

0

0.25

0.5

0.75

1

1.25

1.5

1.75

2

0

1,000

2,000

3,000

4,000

5,000

6,000

0
4

/0
2
/0

1

0
4

/0
2
/0

2

0
4

/0
2
/0

3

0
4

/0
1
/0

4

0
4

/0
1
/0

5

0
4

/0
1
/0

6

0
4

/0
2
/0

7

0
4

/0
1
/0

8

0
4

/0
1
/0

9

0
4

/0
1
/1

0

0
4

/0
1
/1

1

0
4

/0
1
/1

2

0
4

/0
1
/1

3

0
4

/0
1
/1

4

0
4

/0
1
/1

5

G
a
s
-O

il R
a
tio

L
iq

u
id

 R
a
te

 (b
p

d
) / G

a
s
 R

a
te

 (M
S

C
F

D
)

Gas Rate Oil Rate Water Rate Gas-Oil Ratio


