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A map showing the average water cut for Bakken wells in EIm Coulee Proper and the NE
Elm Coulee based on initial production (IP) is shown in Figure 8 (Montana Board of Oil and Gas
[MBOG], 2018). The thick black line in Figure 8 depicts the boundary of EIm Coulee Proper,
and contours showing the thickness of the Middle Bakken within EIm Coulee Proper are shown
in the figure. Figure 8 highlights the distinct difference in produced water cuts that operators in

the EIm Coulee have observed since drilling and completing wells in the NE EIm Coulee.
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Figure 8: Average Water Cut of Bakken Wells in the EIm Coulee based on IP (MBOG, 2018)
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1.3. Study Objectives

The research in this paper answers the following questions by creating numerical flow
simulations of the Sundheim 21-27 well cluster, located in the NE EIm Coulee field:
(1) What is the source of the produced water in the NE EIm Coulee?
(2) How much production influence do natural fracture systems have on wells in
the NE EIm Coulee?
(3) Can operators minimize water production-related expenses and increase

profitability in the NE Elm Coulee?

1.4. Data Sources
Data for the project was obtained through public records from the Montana Board of Oil
and Gas, peer-reviewed literature sources, and Drillinginfo. Maps, production data, core data,
PVT measurements, and well logs were used from the data sources to construct three numerical
flow simulations of the project area to determine the source of produced water in the NE EIm

Coulee.
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2. Project Area

Project data was collected from wells within Township 25N, Range 58E to construct a
geologic model of the area. The Sundheim 21-27 well cluster was selected for numerical flow
simulation to determine the source of produced water in the NE EIm Coulee. The group of wells
is located in sections 27 and 34 of T25N, R58E. There is a total of 4 wells within the two-section
area; however, only 3 of the wells are active and producing as of 2020. The wells are located on
the southwest edge of the NE EIm Coulee field, and the wells are operated by Whiting Petroleum

Corporation. Figure 9 shows the location of the Sundheim 21-27 well cluster within the NE EIm

Coulee.
Sundheim 21-27-1H B ,
Sundheim 21-27-2H RoPeQeis &3 ° ."
Sundheim 21-27-3H 0 Q) ° 061000006
Sundheim 21-27-4H S ° 0 o
\\\ ° © ® 9%
ﬂo. ®» o
\ ” % °9
- [ 2 8
X d
c R A N
= .:1, -~ ) = ocoe cof Ve o
r25N |R58E [tadla ¢ o@ e
2 0 000 We (]
< O - J\ [ 1)
; Eots v
(¢ ‘,// . 0@
,/// Py
opie o
8 s o O¢
//// o F:‘Elnn
./////'/
- |

Figure 9: Location of Sundheim 21-27 Well Cluster, NE EIm Coulee

2.1. Sundheim 21-27 Well Evaluation
There are four wells in the Sundheim 21-27 well cluster: Sundheim 21-27-1H, Sundheim
21-27-2H, Sundheim 21-27-3H, and Sundheim 21-27-4H. Sundheim 21-27-4H is a
nonproductive well due to issues in wellbore construction and integrity, so the well group

consists of 3 active production wells as of 2020. Sundheim 21-27-1H was drilled and completed
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in 2013, whereas Sundheim 21-27-2H and Sundheim 21-27-3H were drilled and completed in

2014. All three wells, 1H, 2H, and 3H, are still active and producing economically as of 2020.

2.1.1. Well Construction

The Sundheim 21-27 wells target the Middle Bakken member. The wells are vertical
down to a depth of approximately 9,900 feet, and horizontal for approximately 10,500 feet in a
southern direction. The true vertical depth (TVD) for the wells is approximately 10,500 feet,
with total measured depths (MD) of around 20,500 feet Surface elevation in the area where the
Sundheim wells are drilled is approximately 2,200 feet above sea level.

The wells use 4 strings of casing in their design: conductor pipe, surface casing,
intermediate casing, and a perforated cemented liner. The conductor casing for the wells runs to
a depth of approximately 100 feet below surface level with a 16-inch outer diameter (OD), 65.00
pound per foot casing. The surface casing in the wells is 9 5/8-inch OD down to 1,800 feet with a
weight of 36.00 pounds per foot. The intermediate casing is 7-inch OD, 29.00 pound per foot
weight, set at a depth of approximately 2,700 feet down to 10,800 feet. The lateral sections of the
wells are completed using cemented liners and multi-stage hydraulic fractures. The liners used in
the lateral section of the Sundheim wells are set at approximately 9,900 feet to 20,500 feet MD
with 4 1/2-inch OD casing, and the weight of the liners range from 11.60 to 13.50 pound per
foot. Casing designs between the wells in the Sundheim cluster are similar; however, the depths
for the casing intervals vary slightly for each well.

The Sundheim 21-27 wells were completed with cemented liners and perforations using a
plug and perforate method. The perforation density in the wells was 6.0 shots per foot, and the
wells used an average of 25-30 stages of hydraulic fractures. Each well completion used

60,000-200,000 barrels of water and approximately 4 million pounds of proppant.
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2.1.2. Well Production

Initial oil production rates in the Sundheim 21-27 wells ranged from 700 BOPD to 1,300
BOPD. The initial water production rates for the wells were observed to be much higher, with
rates ranging from 4,400 barrels of water per day (BWPD) to over 6,000 BWPD. The production
data for the wells was obtained for the post-flowback period, so the production data did not
include water from the completion processes. Water cuts for the wells were determined by
dividing daily water production volume by total daily fluid volume.

Initial water cuts for the Sundheim 21-27 wells are high, with water cut values
approaching upwards of 96 percent; however, the average water cuts for the wells over their
entire production periods range from 57 percent to 60 percent. The high initial water cut values
are most likely a result of additional water drainage from hydraulic fractures and natural fracture
networks, whereas the late-time and average water cut percentages more closely represent water
production from the reservoir matrix rock within the Middle Bakken or Three Forks formations.
Figures 10-12 show the calculated water cuts for the wells over their entire production period
with a red line representing a water cut of 50 percent. Table | summarizes the average water cuts
for the three producing Sundheim 21-27 wells over their entire production periods from

2013/2014 to 20109.

Table I: Average Water Cuts of Sundheim 21-27 Well Cluster

Well Average Water Cut (%)
Sundheim 21-27-1H 59.8
Sundheim 21-27-2H 57.9
Sundheim 21-27-3H 57.3
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Figure 10: Sundheim 21-27-1H Calculated Water Cut
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Figure 11: Sundheim 21-27-2H Calculated Water Cut
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Figure 12: Sundheim 21-27-3H Calculated Water Cut
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3. Numerical Flow Simulation

A numerical flow simulation, also often referred to as a reservoir model, is digital
representation of the subsurface environment that uses flow equations to make predictions about
downhole pressures and production rates. Reservoir engineers use numerical flow simulations to
gain an understanding of the interaction between the reservoir and wells within a petroleum
system. Reservoir properties and well data must be formatted and input into simulation software
to initialize a numerical flow simulation. Reservoir models are commonly used to determine
reservoir properties, analyze project economics, determine production mechanics, optimize field
development, and forecast well performance.

There are two main types of numerical flow simulation that are used in industry: black oil
models and compositional models. Both black oil models and compositional models can model
three-phase fluid flow. Black oil models predict fluid flow by modeling three main phases in the
reservoir: oil, gas, and water. Black oil models rely on correlations and material balance
equations to determine oil and gas phase changes as a result of pressure. A compositional model
uses equations of state to determine the flow of each separate hydrocarbon component.
Compositional models are typically used in cases where injection processes or phase changes are
prominent. Black oil models are generally less intensive on computing power than compositional
models. A black oil simulation method was used to model the project area and to determine the
source of the produced water in the NE EIm Coulee.

Constructing the reservoir model was broken down into 7 main steps:

1. Building a geologic model of the area to define reservoir structure
2. Discretizing model grid into blocks and layers

3. Populating fluid properties
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4. Populating rock properties
5. Initializing the model with pressures and saturations
6. Well construction
7. History matching
Schlumberger’s Petrel software package was used to generate the reservoir model. The
model was constructed for the purpose of determining the source of produced water in the NE

Elm Coulee, and the sections below describe each of the main steps in the modeling process.

3.1. Geologic Model Structure

Modeling the project area started with creating a geologic model of Township 25N,
Range 58E. The purpose of the geologic model was to capture the structure and vertical porosity
trend within the area of interest using logs from vertical wells adjacent to the Sundheim 21-27
well cluster. A total of 17 vertical well logs were used to generate the geologic model. Figure 13
shows the locations of the vertical wells in relation to the geologic model’s areal extent. The
location of the project area is located in the southern portion of the geologic model, shown by the
yellow rectangle in Figure 13.

Gamma ray (GR) logs were used to identify the boundaries of each stratigraphic interval.
The GR logs were used to identify the depths of the Lodgepole formation, Upper Bakken
member, Middle Bakken member, Lower Bakken member, and Three Forks formation. To
correct for any discrepancies in the log datums, the logs were hung off the top of the Upper
Bakken, which was set at a depth of 8,200 feet below sea level in all vertical logs. The
Lodgepole formation was assigned a thickness of 50 feet using the contours generated from the
Upper Bakken member. The Three Forks was assigned a thickness of 50 feet to model the upper

bench of the formation. A three-well example of identifying stratigraphic surfaces based on the



GR logs is shown in Figure 14; however, all 17 vertical well logs were used to generate the

surfaces within the geologic model.
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The stratigraphic surfaces in areas between the vertical wells were generated using the
formation tops identified from the GR logs. Petrel’s surface generation function estimates
surface depth between wells based on the depth at which the formation tops were identified from
the logs and the distance between logged well locations. The geologic model covers a very small
area when compared to the area of the entire basin; thus, the model’s structure is mostly flat.
Figure 15 shows the resulting surfaces for the Lodgepole formation, Upper Bakken member,
Middle Bakken member, Lower Bakken member, and Three Forks upper bench formation with a
50 times vertical exaggeration to emphasize surface separation. The Z-axis in Figure 15 shows
formation depth below sea level. The Sundheim 21-27 well cluster project area is denoted by the
yellow rectangle in Figure 15, shown overlaid on the Lodgepole top surface. The geologic model
was trimmed down to exclude areas outside of the Sundheim 21-27 project area for subsequent
modeling steps and flow simulation. The suite of vertical logs used in the geologic model was
also used to create a porosity distribution in model space, but this procedure is discussed in the

‘Rock Properties’ portion of the paper.
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3.2. Model Discretization

After trimming down the geologic model to the Sundheim 21-27 project area, denoted by
the yellow rectangle in Figure 15, the model was discretized into grid blocks and layers. The
purpose of the grid and layer system in the model was to break down the model into small cubic
volumes to be used in flow equations to determine pressures and saturations at various timestep
intervals. The primary goal when discretizing model space is to maximize model resolution and
capture reservoir heterogeneity; however, there is a limit to the amount of resolution that can be
efficiently modeled. Fine grid systems require substantially more computing power than coarse
grid systems, especially when flow simulation iterations are being performed on a local machine

rather than on cloud-based computing.

3.2.1. Grid Block Size

The project area was discretized into 100 feet by 100 feet grid blocks in the X and Y
directions. Most of the heterogeneity in unconventional reservoirs exists in the vertical direction,
so capturing a high resolution of horizontal reservoir heterogeneity was determined to be less
important for the project. The primary reason that grid blocks measuring 100 feet by 100 feet
were chosen was to avoid placing multiple sets of hydraulic fractures in the same grid block, as
this was observed to cause convergence problems in Petrel. The 100 feet by 100 feet grid block
size was fine enough to observe pressure and saturation changes in model space with ample
resolution, and simulation runs could be completed from start to finish in around one hour when
performed on a local machine with limited computing power. The grid block dimensions for the
project area model were 68 by 124 by 24 in the X, Y, and Z directions, respectively. The
resulting total number of grid blocks in the model was 202,368. Figure 16 shows an aerial view

of the project area discretized into the selected grid with the green arrow indicating North.



21

X-axis

3262500 3265000
1373000 —HHEHEE 1373000
1372000 = i “5: 2= 1372000
1371000 ] i 1371000
1370000 | 1370000
1369000 | 1369000
1368000 1368000

Y-axis

1367000 1367000
1366000 i 1366000
1365000 1365000
1364000 1364000
1363000 — it e 1363000
1362000 1362000

3262500 3265000

Figure 16: Project Area Discretized into 100" by 100" Grid Blocks
3.2.2. Model Layering
Vertical reservoir heterogeneity was captured in model space by creating layers. Table 11

shows the number of layers modeled within each stratigraphic interval.

Table I1: Number of Vertical Layers per Interval

Interval Number of Layers

Lodgepole 3
Upper Bakken 3
Middle Bakken 10
Lower Bakken 2

Three Forks 6
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The Lodgepole was modeled into 3 layers, resulting in a layer thickness of approximately
17 feet. The reason for the coarse vertical layering in the Lodgepole was because the interval was
of little importance to understand water production in the NE EIm Coulee. The Upper and Lower
Bakken members were given 3 and 2 vertical layers, respectively. The resulting thickness for the
layers was approximately 4 feet for the Upper Bakken member and 3 feet for the Lower Bakken
member. The Middle Bakken was assigned 10 vertical layers, resulting in a layer thickness of
approximately 2.5 feet. Capturing vertical resolution in the Middle Bakken member was
important because the Sundheim 21-27 wells target the Middle Bakken member for production.
The upper Three Forks was modeled using 6 layers. The thickness of the vertical layers in the
Three Forks was approximately 8 feet. Figure 17 shows the vertical layers for each stratigraphic

interval in the project area with the green and red arrow indicating North.
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3.3.  Fluid Properties

PVT data for the NE EIm Coulee was used to create a modified ‘Light Oil and Gas’ fluid
model for the project area within Petrel. Input data for the fluid model included measured
properties for all three active phases: oil, gas, and water. Petrel’s default fluid correlations were
used throughout the fluid model to fill gaps in data that were not accessible.

Temperature measurements in the NE EIm Coulee determined the reservoir temperature
to be approximately 250 °F. Oil density was set at 42 °API in the fluid model with a bubble point
pressure of 2465 psia. The oil in the NE EIm Coulee exists as an undersaturated fluid due to
reservoir pressure being much higher than the fluid bubble point pressure at static reservoir
conditions. The solution gas oil ratio (GOR) was set at 800 standard cubic feet per stock tank
barrel. Petrel’s default correlations were used to create formation volume factor and viscosity
curves for the oil phase. The generated oil formation volume factor and viscosity curves can be
seen in Figures 18 and 19, respectively. Gas density for the area was measured to be 0.069
pounds per cubic foot, resulting in a gas specific gravity of 0.901. There were no acid gasses
reported in the PVT data, so H2S, CO., and N2 concentrations were left at zero. Petrel’s default
correlations were used to determine the gas formation volume factor and viscosity curves. The
water density was determined to be approximately 77 pounds per cubic foot, based on a
measured salinity concentration of 300,000 parts per million (PPM). Petrel’s default correlations
were used to determine water formation volume factor curve, compressibility, and viscosity

curve. The resulting water viscosity was determined to be approximately 0.58 centipoise (cP).
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3.4. Rock Properties

A large majority of the time spent modeling the Sundheim 21-27 well cluster was focused
on defining the rock properties of each stratigraphic interval. Porosity and permeability
(horizontal and vertical) were input into model space to capture the complex geology of each
stratigraphic interval within the NE EIm Coulee, except for the Lodgepole formation. The
Lodgepole formation was assigned a porosity of zero percent because no fluid production from
the Lodgepole was thought to be relevant for determining the source of produced water in the NE
Elm Coulee. The rock properties for the model were gathered from available core reports and
literature.

Three models were constructed to determine the source of produced water in the NE EIm
Coulee. One model was a “Separate Tank model,” where the Bakken was isolated from the
Three Forks. The other models allowed fluid from the Three Forks formation to migrate up to the
Middle Bakken via hydraulic and natural fracture flow channels. The fluid migration models will
be referred to as the “Vertical Migration models” throughout the paper.

A dual-permeability system was implemented into the models to account for the
hydraulic fracture completions for the wells and the naturally fractured nature of the Bakken due
to reservoir structure and overpressure. The dual-permeability model requires generating
properties for two separate grids: the matrix grid and the fracture grid. The properties from both
grids are combined in flow equations to simulate rates, saturations, and pressures of each grid
block in the model. The rock properties were input into model space with initial values that were
obtained from literature and core reports; however, these values contained a large amount of
uncertainty. The uncertainty envelope in the rock properties values was used to history match the
models to reproduce observed rates and volumes, and this process is described in the ‘History

Matching’ section of the paper.
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3.4.1. Matrix Grid

The matrix grid represents rock properties that are native to the matrix rock in each
stratigraphic interval of interest: the Upper Bakken member, the Middle Bakken member, the
Lower Bakken member, and the Three Forks formation. Examples of properties that were input
into the matrix rock grid were matrix porosity, matrix permeability, matrix water saturation, and
relative permeability curves that represented the fluid flow characteristics of the matrix rock. The
process of creating a matrix porosity trend model, upscaling porosity well logs into the matrix
grid, and inputting matrix permeability are outlined in the sections below. Inputting fluid

saturations into the matrix grid are discussed in the ‘Initialization’ section of this paper.

3.4.1.1. Vertical Porosity Trend Model

The geologic model was used to create a vertical porosity trend model for the matrix rock
within Township 25N, Range 58E. The goal of the porosity trend model was to capture the
spatial distribution of porosity across the entire geologic model area within the stratigraphic
intervals of interest. The 17 vertical well logs that were used to create the geologic model
included a neutron porosity log. Neutron porosity logs were one of the only logs available to
capture the heterogeneity of rock properties for the area of interest. The neutron porosity logs
determined formation porosity by identifying the amount of hydrogen atoms in the formations,
and the neutron porosity logs were used to determine porosity distribution across the project
area. A three-well example of the neutron porosity logs that were used to create the porosity
trend model can be seen in Figure 20. The vertical axis in Figure 20 is the subsurface vertical
depth of the wells, and the horizontal axis in Figure 20 is the corresponding neutron porosity

measurement in a decimal percent.



Figure 20: Neutron Porosity Log Example
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Measured neutron porosity values for the logged wells were populated into the model’s

grid system using an upscaling process. Upscaling logs into the grid is a process that converts

continuous log measurements into discrete values to be entered into the grid system of the model.

The purpose of upscaling the porosity logs into the grid is to capture average porosity values for

each vertical grid interval at logged well locations. The logged porosity values are averaged

across the vertical thickness of each layer in the model, and the grid blocks surrounding the

logged wells are populated with the averaged porosity values. Figure 21 shows an example of a

single vertical well log where continuous neutron porosity log data was upscaled into discrete

porosity values across each vertical layer surrounding the logged well location. The porosity

upscaling process was completed on each of the 17 logged wells within the geologic model.
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Figure 21: Upscaled Neutron Porosity Log Values
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The goal of the vertical porosity trend model was to capture heterogeneity of porosity in

the three Bakken members and the Three Forks formation for the Sundheim 21-27 project area.
The neutron porosity log upscaling process resulted in porosity values for the grid blocks

surrounding the vertical well locations. The vertical porosity trend model captures vertical

porosity changes for logged well locations and incorporates the changes into the porosity model.

Petrel populates horizontal porosity values in locations between logged wells using an arithmetic

averaging technique to estimate the horizontal distribution of porosity in model space. The result

of applying the vertical porosity trend model and estimated horizontal spatial distribution of

porosity can be seen in Figure 22, where the black rectangle represents the Sundheim 21-27

project area and the arrow indicates North.
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Figure 22: Porosity Distribution in Model Space

3.4.1.2. Matrix Permeability
Matrix permeability in the model was constructed for each stratigraphic interval based on
core reports and literature. Core data was sparse for the project area, so the permeability of the
stratigraphic intervals was modeled homogeneously, and most of the permeability values that
were used in the model came from literature sources. Vertical matrix permeability anisotropy
was incorporated into model space by reducing permeability in the Z direction by a factor of 10.
In the Separate Tank model, where fluid production from the Middle Bakken member
was isolated, the Upper and Lower shale members were assigned a permeability value of 0 mD.
The purpose of isolating the Middle Bakken was to simulate water production only from Middle
Bakken matrix water saturation. In the Vertical Migration models, the Lower shale unit was
assigned a horizontal permeability value of 0.01 mD to allow fluid flow from the Three Forks
formation. Additional permeability for the Lower Bakken member was simulated using the

fracture network, and this process is outlined in the ‘Fracture Grid’ section of the paper. A
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summary of the initial permeability values that were used in the models can be seen in Table Ill;
however, the permeability values were altered within the envelope of uncertainty throughout the
history matching process. The changes in permeability from the values listed in Table 111 are
identified in the ‘History Matching’ section of the paper.

Table 111: Horizontal Matrix Permeability for Both Model Cases

Formation | Separate Tank Model| Vertical Migration Models
Upper Bakken 0.000 mD 0.010 mD
Middle Bakken 0.020 mD 0.020 mD
Lower Bakken 0.000 mD 0.010 mD
Three Forks 0.000 mD 0.200 mD

3.4.1.3. Matrix Relative Permeability Curves

The initial relative permeability curves for the matrix rock in the model were generated
using the default ‘Rock Physics’ options in Petrel. The relative permeability curves for a “shaly
sand” were selected as the most suitable option for the Bakken and Three Forks formations. An
oil-water capillary pressure correlation was implemented into model space while modeling the
initial relative permeability curves. The relative permeability curves were one of the most
heavily modified parameters of the model during the history matching process. The process of
optimizing the relative permeability curves for the model is discussed in the ‘History Matching’
portion of the paper. The initial oil and water relative permeability curves used in the model can
be seen in Figure 23, and the initial gas and oil relative permeability curves can be seen in

Figure 24.
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Figure 24: Initial Gas-Oil Relative Permeability Curves
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3.4.2. Fracture Grid

Previous work on the geology of the Williston Basin identified the presence of natural
fractures in the Bakken and Three Forks formations that contribute to fluid production (Almanza,
2011; Khatri, 2017; Sonnenberg, 2015). Both expulsion and tectonic fractures exist in the
Bakken as a result of in-situ oil maturation and structural influence (Borglum and Todd, 2012).
The fracture grid represents the rock properties of the natural fractures in the Bakken and Three
Forks formations in model space. The dual permeability system in both the Separate Tank model
and the Vertical Migration models required inputting properties of the natural fracture system so
that the flow equations would account for increased pore space and overall permeability from the
natural fracture system in pressure, saturation, and rate calculations. The fracture grid consisted

of several discrete fracture networks (DFN) and fracture relative permeability curves.

3.4.2.1. Discrete Fracture Network (DFN)

A DFN is a simulation tool that is used to explicitly model natural fracture geometry
within petroleum reservoirs. Natural fracture system properties such as fracture length, aperture,
permeability, orientation, and density can all be captured using a DFN. A DFN was used to
model the fracture networks within all three models of the project area. Natural fracture presence
was quantified and found to influence the estimated ultimate recovery (EUR) for wells in the
Elm Coulee Proper; however, the intensity of natural fracturing present in the NE EIm Coulee
has not been explicitly quantified (Almanza, 2011). An initial DFN for the Middle Bakken
member was generated, but the DFN properties were altered during the history matching process
of the flow simulation to better match simulated rates and volumes with observed rates and
volumes in the Separate Tank and Vertical Migration models. An example of a DFN that was

used in the Middle Bakken member of the models can be seen in Figure 25.
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Figure 25: Example DFN of the Middle Bakken Member

The green and red arrow indicates North in Figure 25, and the blue rectangles represent
fractures that have been explicitly modeled in the DFN for the Middle Bakken member. A total
of 2 DFNs were used to model fracture properties of the stratigraphy in the model: one DFN for
natural fractures in the Middle Bakken member in the Separate Tank model, and a second DFN
for natural fractures in the Middle and Lower Bakken members in the Natural Fracture Vertical
Migration model. Construction of the fracture networks for each interval required inputting
information about fracture distribution, geometry, orientation, and aperture. The DFN properties
for each interval were varied throughout the history matching process, so final DFN properties

are discussed in the ‘History Matching’ section of the paper.



