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This study addresses how reservoir-scale permeability models vary depending on the
scale of investigation of the input permeability values. A common practice in reservoir modeling
is to directly use permeability measurements from core-plugs or probe permeametry in
petrophysical modeling. Three-dimensional permeability model cells are often several orders of
magnitude larger than the scale of investigation (volume support) of the permeability
measurement. This scale difference can produce unrealistic results in the permeability model
which may not be representative of the reservoir heterogeneity.

To explore this issue, 3-D core lithofacies and permeability models of the Terry
Formation in the Denver Basin, Colorado were created with permeability values measured using
a mini-probe permeameter. These measured-permeability values were acquired by facies and
lamina type and flow-based upscaling was used to generate effective-permeability values by
facies. After upscaling, the range of permeability is reduced, and the average permeability is
decreased by as much as 50%.

Using the original- and effective-permeability values, the significance of fine-scale
permeability heterogeneity associated with lithofacies that exist below the resolution of reservoir
model cells was investigated through comparative analysis of field-scale, 3-D permeability
models and resulting static connectivity of permeability distributions. Statically connected
reservoir volumes to producing wells defined by permeability cutoffs shows that for relatively
lower permeability cutoffs, there is a distinct difference in connected volume between original-
and effective-permeability models. In some cases, this difference is 50% lower for connectivity

in the effective-permeability model. This is significant because it represents the reservoir



volume connected to wells for potential production. As the permeability cutoff (reservoir
definition) increases, static connectivity decreases and the differences between the original- and
effective-permeability models is reduced. The differences between original- and effective-
permeability values and models indicate why it is important to utilize scale-dependent, facies-

based permeability values for reservoir mapping at the field scale.
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Introduction

Sandstone reservoirs commonly contain heterogeneities at different scales that are
related to the stratigraphic framework, lithofacies, and sedimentary structures. At the bedding
and lithofacies scale, it has been shown that sedimentary structures have a significant control
on porosity and permeability heterogeneity and associated fluid flow (e.g., Weber, 1982; Hurst
and Rosvoll, 1991; Corbett and Jensen, 1993; Jackson et al. (2003). Therefore, to model fluid
flow through reservoirs, it is essential to model the spatial distribution of permeability that is tied
to stratigraphy and lithofacies. For 3-D reservoir permeability modeling, it is common to directly
use measurements obtained from core plugs or minipermeametry. Yet the volume of a 3-D
reservoir model cell (>6 million in® [~108 cm?) is typically several orders of magnitude greater
than the volume evaluated through minipermeametry or the volume of a core plug (0.18-1.8 in®
[3-30 cm®]) (Jackson et al., 2003). If not properly accounted for, the scale difference can
produce unrealistic results in the 3-D permeability model that are not representative of the
reservoir heterogeneity. This study addresses relationships between probe permeameter-
based measurements and upscaled values of permeability due to the differences in scale of
volumes associated with the permeability measurements and reservoir model cells. In addition,
the significance of fine-scale permeability heterogeneity associated with lithofacies that exist
below the resolution of reservoir model cells is investigated through comparative analysis of 3-D
permeability models and resulting static connectivity of permeability distributions.

To create 3-D reservoir permeability models using data that are measured at the lamina
scale, permeability values should be upscaled to account for the volume difference between the
lamina and the size of a typical geologic-model cell. Similar studies have focused on the
integration of small-scale core plug or minipermeameter measurements and wire-line well-log
data (Haldorsen, 1986; Worthington, 1994; Nordahl et al., 2005). The scaling of permeability (or
any property) in this study is referred to as upscaling which results in the generation of an

effective property. Upscaling refers to the process of transforming a fine-scale grid that contains



many data points, into a courser grid using averaging techniques, flow-based simulation, or
other methods (Wen and Gomez-Hernandez, 1996). Effective permeability, as used in this
study, is described as “the permeability of a homogeneous block which, under the same
boundary conditions, will give the same average flows as the region the block is representing”
(Pickup et al., 1994; p. 230). Some properties, such as porosity, can be upscaled by using an
arithmetic average; however, permeability data should not be upscaled using an arithmetic
average as it is not an additive property (Tidwell and Wilson, 1997; Renard and de Marsily,
1997; de Marsily et al., 2005; Nordahl and Ringrose, 2008). Common methods to upscale
permeability include using a flow-based simulation to generate a property (e.g. flow-based
upscaling or flow-based scale averaging), Monte-Carlo analysis, and data inversions related to
solving of flow equations through a small-scale (measurement-scale) embedded in the
upscaling block (Wen and Gomez-Hernandez, 1996; Tidwell and Wilson, 1997; de Marsily et al.,
2005; Nordahl et al., 2005; Ringrose et al., 2005).

A probe-type permeameter was chosen for this study because it is useful for relatively
rapid and accurate data acquisition (Tidwell and Wilson, 1997, Ringrose et al., 2005), and to
obtain permeability measurements on lamina (bedding) that are smaller in scale than the
dimensions of a core plug. Others have used similar approaches, including Corbett and Jensen
(1993) who used a probe-permeameter and upscaling of the fine-scale grid into a coarse grid.
While their specific method for upscaling is different, the overall process is similar in that they
collected permeability data and used numerical simulations to generate effective properties.
Corbett and Jensen (1993) focused on lamina-scale structures for their measurements and
have shown that data collected at this scale and upscaled correctly leads to different flow
characteristics in the reservoir. Ringrose et al. (2005) detailed a similar approach to the one
used in this study for evaluation vertical permeabilities. Permeability data were acquired from
laminated Brent Group cores in the North Sea using a probe-permeameter and upscaled using

a similar flow-based upscaling algorithm. They showed that effective permeabilities generated



using this approach are better for characterization of oil reservoirs than permeability estimates
derived from well logs using numerical calculations. Other previous works that have used
processes similar to ones outlined in this study include; Durlofsky (1991), Corbett and Jensen
(1993), Ringrose et al. (1993), Tidwell and Wilson (1997), Jackson et al. (2003), and Nordahl et
al. (2005). Many of these papers have shown that small-scale sampling of data and upscaling
are needed to preserve the permeability anisotropy in the large-scale models.

The study area is located within Spindle Field in the Denver Basin, Colorado (Figures 1
and 2). Spindle Field is one of the oldest producing fields in Colorado, having been discovered
and producing since 1971 (Porter and Weimer, 1982; Weimer, 1996). It is the second largest oll
and gas field in the basin and has produced over 49.2 million barrels (7.9 billion liters) of oil and
over 236 billion ft* (6.7 billion m®) of natural gas (Weimer, 1996). Within Spindle Field, the
Cretaceous Terry and Hygiene formations are two heterogeneous siliciclastic formations that
form petroleum reservoirs and are the focus of the analysis in this study. Spindle Field was
chosen given the relative abundance and availability of data (digital well and core data) and
data density. The data set includes four cores (263 ft [80.1 m] total length) from either Spindle
Field or the surrounding area (Figure 1), digital and raster well-log data for 9 wells (Figure 2),
832 minipermeameter measurements by lithofacies that were acquired from the cores, and
1539 minipermeameter measurements acquired from core-plug standards for calibration as part
of this study (Appendix B). Two of the cores penetrate the stratigraphically higher Hygiene
Formation and three penetrate all or part of the Terry Formation (the Champlin # 369 well
samples both formations). Probe permeametry was conducted on individual lamina of
sedimentary structures on the 4 cores to determine average permeability values for sandstone
and mudrock lamina. Two of the four cores (one Terry Formation and one Hygiene Formation)
were modeled using a near-wellbore modeling program to create a fine-scale (inch-scale) model
of sedimentary structures in each formation. These models were populated with permeability

data acquired from the probe permeameter and upscaled using a flow-based simulation
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algorithm to generate an effective property. The flow-based upscaling procedure creates an
effective permeability value for each facies in the fine-scale model. In order to compare how the
effective-permeability values compare to the measured values, the two are evaluated separately
through static connectivity analysis. To do this, facies models along with porosity and both types
of permeability models were created using well-log and core data (Figure 2). Pseudo-wells
were used with a 5-ac (2-hectacre) spacing (Figure 2) and static connectivity to these wells was
determined for a series of porosity and permeability cutoffs to compare the differences in
permeability variation and connectivity between models based on probe-permeameter

measurements (directly) and upscaled values of permeability.

Geologic Setting

The Denver Basin is a Cretaceous foreland basin that spans most of eastern Colorado
and southeastern Wyoming (Figure 1; Moredock and Williams, 1976; Pittman, 1989; Weimer,
1996; Higley et al., 2003). The basin was formed as part of the Laramide Orogeny when the
basin was downwarped as a result of uplift and movement along basement Precambrian faults
(Raynolds, 2002). The basin is classified as a Laramide perimeter basin with a broad
asymmetric bowl shape that stretches onto the mid-continent (Dickinson et al., 1988; Pittman,
1988). The basin is bounded on the east by the Front Range portion of the Rocky Mountains
but has no definitive structural boundary in the east (Weimer 1996, Dickinson et al., 1988). In
the south, the basin is separated from the Raton Basin by the Apishapa Arch (Appendix A). The
northern portion of the basin is bounded by the Hartville uplift and Cambridge-Chadron Arch in
present day Wyoming. The northern half of the basin is also subdivided by the Greely Arch and
creates the Cheyenne sub-basin.

Prior to the Laramide Orogeny, the area that is the Denver Basin was a coastal plain that
followed the draining of the Cretaceous Western Interior Seaway (Raynolds, 2002). The uplift of

the Rocky Mountains disrupted this coastal plain system and separated it into an eastern and



western section (Dickinson et al., 1988). As the basin formed, sediments were shed from the
newly forming Rocky Mountains and other areas and began filling the basin with continental and
marine sediments. The sediments were sourced from as far away as present day Utah and
Nevada (Kiteley, 1977; Helsley, 1985; Dickinson et al., 1988).

The Terry and Hygiene formations are both members of the prolific Late Cretaceous
Pierre Shale located throughout the Denver Basin (Figure 3). The Terry and Hygiene
formations have been interpreted as offshore bars (shelf sandstones), beach deposits
(shoreface sandstones), and deltaic sediments deposited in the Cretaceous Western Interior
Seaway (Weimer, 1976; Kiteley, 1977; Porter and Weimer, 1982; Pittman, 1988, 1989; Imam,
1989; Al-Raisi et al., 1996; Weimer, 1996; Slatt et al., 1997; Ladd, 2005; E. R. Gustason, 2012,
personal communication). One hypothesis is that both formations are shelf sandstones that
were sourced from the Parkman or time equivalent delta in Wyoming (Kiteley, 1977; Imam,
1989; Porter and Weimer, 1982; Appendix A). Al-Raisi et al. (1996) suggests the Terry
Formation was deposited as discrete sandstone bars near a delta whereas Porter and Weimer
(1982) suggest that southerly moving storms would have transported sediments from the delta
and moved them the distance of approximately 80 mi (133 km) to where the Terry and Hygiene
formations both exist today. There is however no direct evidence of storm transportation or any
other significant transportation mechanism beyond tidal forces to show how the sediments were
moved or that they could have been moved over a great difference distance.

The Late Cretaceous Terry and Hygiene formations in the Denver Basin are commonly
referred to as the Sussex and Shannon formations respectively (Kiteley, 1977; Porter and
Weimer, 1982; Helsley, 1985; Pittman, 1988, 1989). However, based on biostratigraphic
evidence, the Sussex and Shannon formations (of the Powder River Basin) are not time
equivalent to the Terry and Hygiene formations of the Denver Basin (Appendix B; Kiteley, 1977).
The stratigraphic terminology of Kiteley (1975, 1977) is used in this study for the Terry and

Hygiene formations of the Pierre Shale in the Denver Basin (Appendix B).
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Facies and Reservoir Stratigraphy

Four lithofacies are interpreted for the Terry and Hygiene formations: wavy-laminated
sandstone, planar cross-laminated sandstone, structureless sandstone, and ripple cross-
laminated sandstone (Figure 4). The facies are identified based on lithology and sedimentary
structures and do not take into consideration the degree of bioturbation. However, bioturbation
is prevalent throughout the entire cored interval in both the Terry and Hygiene formations.
Among the trace fossils identified in this study and others, the most common are asterosoma,
teichichnus, planolites, and paleophycus. Other fossils identified in this area are shown in
appendix A figures and are also noted by Helsley (1985).

The Terry and Hygiene formations are both used to evaluate the upscaling effects on
permeability. However, the comparison of the two permeability types, measured and upscaled,
through static connectivity is only completed on the Terry Formation. As a result, only detailed
information on the Terry Formation including reservoir zonation and log response is discussed.
Information on the Hygiene Formation upscaling results is presented separately.

The Terry Formation in this area is divided into two reservoir and two non-reservoir
zones. The top of the Terry Formation was determined based on core observations (Appendix
A) from the McHale #1 well and exhibits a relatively gradational change from interbedded
sandstone and mudstone layers to a dominantly sandstone section. The base of the Terry
Formation was also determined from the same core and exhibits a fairly sharp contact between
the sandstone facies of the Terry Formation and offshore, heavily bioturbated mudstones of the
Pierre Shale. Within the Terry Formation, three additional horizons are interpreted based on log
responses and core observations that divide the interval into two cleaner, sandstone-rich
(reservoir) zones and two sandstone-poor (non-reservoir zones; Figure 5). The non-reservoir,
sandstone-poor intervals are wavy-laminated sandstone facies but are referred to as non-
reservoir, sandstone-poor intervals due to their higher mudrock content as compared to the

sandstones in the reservoir intervals. The reservoir zones are characterized primarily by lower
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Figure 5. Log suite, reservoir zonation, and cored interval for McHale #1 well (API:
05123076430000) with stratigraphic horizons. Gray bar indicates cored interval. Log response

for reservoir intervals includes cleaner GR response, negative SP excursion, and higher

porosity. Measured depths in feet. Well location shown in Figure 1.
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gamma-ray (GR) values, a negative spontaneous potential (SP) excursion, and slightly higher
porosity relative to non-reservoir zones (Figure 5). The non-reservoir sandstone-poor intervals
show limited SP response (values near baseline) and relatively higher gamma-ray log values.
Deep resistivity (RESD) shows an increase of several ohm-meters in the reservoir zones and a
decreased response in non-reservoir zones (Figure 5). Additionally, relatively higher average
porosity (9 to 13%) exists within the sandstone-rich units. However, there are zones within the
sandstone-rich intervals that contain relatively lower porosity (7.5 to 9.5%). This could be a
result of differential cementation which is observed through microscopes in the cores and
documented through core analysis (Larese, 2008).

Across the study area, porosity varies in the reservoir zones, yet shows the same overall
trends of higher porosity values compared to non-reservoir zones. Within the reservoir zones,
porosity values typically increase upward and have the highest porosities at the top of the
reservoir zones (Figure 6). The non-reservoir zones show a smaller amount of pore space than
the reservoir zones by several percent depending on location in the study area. A detailed
petrographic analysis on a nearby well in Spindle Field (Larese, 2008) indicates that the primary
control on reservoir porosity is authigenic clay. Throughout most of the Terry interval,
authigenic clay comprises approximately 23% of the total cored volume and is a major pore-
filling component. Additionally, a secondary control on porosity is preburial compaction that
reduced original porosity by as much as 53% during the time of deposition (Larese, 2008).
While this compaction and loss of porosity is significant, authigenic clays found in the pore

network reduced porosity and reservoir quality even more (Larese, 2008).

Fine-Scale Facies and Permeability Modeling and Upscaling
Because there is commonly a disparity between the sample volume (sample support)
of permeability measurements (e.g., volume of a core plug or probe-permeameter

measurement) and the desired scale of analysis and mapping (e.g., volume of a 3-D reservoir
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model cell), it is necessary to upscale permeability data. If the reservoir stratigraphy exists as
simple layers of uniform permeability, averaging techniques can be applied for upscaling.
However, most reservoirs exhibit relatively complex, fine-scale permeability heterogeneity
associated with variations in lithofacies and sedimentary structures. To integrate the fine-scale
permeability heterogeneity into the upscaling process, numerical, fine-scale 3-D core models
(individual cells on the scale of in® [mm?]), were created for the Terry and Hygiene formations.
The fine-scale 3-D core models were then used to generate effective-permeability values by
lithofacies using flow-based upscaling. To create 3-D core models, known as near-wellbore
models (NWM), a fine-scale surface-based stochastic modeling software was used that models
the core at the lamina scale (Wen et al., 1998). Whereas sedimentary process-based modeling
methods simulate the fundamental physics of grain transport and deposition, the modeling
method used herein produces a geometrical arrangement of sedimentary lamina sets (bedding)
by migrating a set of lamina/bedding surfaces so that the resulting fine-scale model framework
mimics observed geometries of sedimentary structures (Wen et al., 1998; Ringrose et al., 2005).
This type of lamina-scale modeling is an expansion of the work conducted by Ruben (1987) on
3-D synthetic bedform modeling. A near-wellbore model is defined as a “numerical
representation of the sedimentological components and petrophysical properties in a
rectangular shaped volume along the wellbore” (Nordahl et al., 2005; pg. 18). The near-
wellbore modeling process has been shown to have advantages over other statistical methods
that are focused on simpler systems (Desbarats, 1987, Deutsch, 1989, Ringrose et al., 2005).
These statistical methods are outlined briefly in Ringrose et al. (2005), and a more in-depth
review is provided by Renard and Marsily (1997).

Based on detailed core descriptions of sedimentary structures and lithofacies, near-
wellbore models were generated for cores of the Terry and Hygiene formations from the McHale
#1 and Champlin 369 wells, respectively. The model dimensions are 4 x 4 x 324.48 (10.1 x

10.1 x 824.2 cm; X-, Y-, and Z-directions) for the McHale #1 model (Terry Formation) and 4 x 4



x 564 in (10.1 x 10.1 x 1432.6 cm) for the Champlin 369 model (Hygiene Formation). The
models have 40 cells in the X- and Y-directions resulting in lateral cell dimensions of 0.1 x 0.1 in
(2.5 x 2.5 mm). Vertically, cell thickness is variable (commonly at the millimeter scale) to
represent the curved shapes of cross-stratification and other sedimentary structures. Cell
thickness ranges from 0.01 to 1 in (0.25 to 25.4 mm). Given the cell dimensions and length of
the cores, 25,988,800 and 21,899,200 cells are present in the McHale #1 and Champlin 369
near-wellbore models, respectively.

As previously discussed, four lithofacies, A) wavy-laminated sandstone, B) planar
cross-laminated sandstone, C) structureless sandstone, and D) ripple cross-laminated
sandstone were interpreted in cores of the Terry and Hygiene formations. The various facies
successions that were observed in the cores were reproduced in the near-wellbore models to
create numerical representations of the core (Figure 4). Detailed generic models (referred to
herein as submodels) of each of the four facies were generated and used as the basis to
construct the numerical facies successions (Appendix A; Figure 7).

To build the 3-D core models, core photographs are cropped and loaded into the
modeling software. Each image is depth registered and displayed along with well-log data at the
correct depth. The core photographs are then used in conjunction with the core descriptions and
actual core to determine what facies is present at what depth. The core photographs allowed for
the very detailed placing of facies boundaries and for the fine-tuning of the characteristics for
each facies. Each time a facies is seen in the core there are slight changes in the physical
properties observed and they must be accounted for. These variations most often consist of
changes in the amount of mudrock present, bedding dip angles, and ripple amplitude. All of
these variables are controllable and each is manipulated such that the final output of the model
matches the actual core observations. Each facies is generated in the modeling software by

simulating the processes behind each facies including things like bedform migration, deposition,
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and erosion (SBED Manual). These models are referred to as process-oriented models
(Elfenbein et al., 2005).

Following the modeling of the sedimentary structures, the near-wellbore facies models
were populated with permeabilities (discussed below). Horizontal permeability values (N=1539;
~500 measurements per core) were measured using a probe-permeameter on the faces of four
cores, and the average permeability (geometric mean) and standard deviation were calculated
for each facies (Table 1; Appendix B). Because 1-in- (2.54-cm-) diameter core plugs are larger
than the thickness of many of the lamina, and measurements could not be directly obtained on
the core perpendicular to bedding, vertical permeability measurements were not acquired. Four
cores were used to generate a statistically relevant number of permeability values for each
facies. The probe-permeameter (TEMCO Mini-Probe Permeameter-410) used in this study
calculates permeability by flowing nitrogen gas through a sample. Using the inner and outer tip
diameters, flow rate, flow pressure, and ambient pressure, a modified Darcy’s equation is used
to calculate the permeability of a sample (Appendix B, Goggin et al., 1988). However, this
permeability was found to be inaccurate when compared to known permeability values on
similar rock types. To correct for this, an empirical calibration was generated by comparing
nitrogen flow rates through the permeameter to the known permeability values and using
relationship as the equation for calculating permeability. The known standards consisted of 5
core plugs with specific points marked indicating the location of known permeability values
(Appendix B).

The number of core permeability measurements was dependent on the frequency of
occurrence, and degree of petrophysical change, for each facies (Appendix B). For each facies,
the permeability of sandstone and mudrock lamina was measured separately. The tip of the
probe-permeameter has an inner diameter of 0.125 in (3.175 mm), which allows lamina larger
than this diameter to be measured. In most cases, each target lamina was measured at least

three times at different locations across the core face. This was not always possible as some



Facies Original Horizontal Permeability Effective Horizontal Permeability
Sandstone Lamina | Sandstone Lamina Effective K Effective K Std.
N Avg. (mD) Std. Dev. (mD) N Avg. Dev. (mD)
A 47 0.332 0.532 32 0.098 0.050
B 73 0.660 0.500 22 0.256 0.071
C 7 0.155 0.187 7 0.081 0.006
D 13 1.561 0.580 16 1.466 0.002

Table 1. Permeability statistics for original and effective permeabilities by facies in the McHale
#1 core. Original-permeability values are divided by facies and lamina type. Effective-
permeability values are derived from near-wellbore models and are representative of the

entire facies regardless of lamina type. Original-permeability mudrock values are assumed to
be 0.004 mD.



lamina were discontinuous or varied in thickness laterally. Measurements were not acquired
near the core’s edges due to the decreasing core thickness at the edge. The thickness of the
sample must be at least five times the inner radius of the measurement tip in order to use the
modified Darcy’s equation to calculate the permeability (Instrument manual for mini-
permeameter Model MP-401). While the modified Darcy’s equation was not used for the final
output of permeability numbers, this guideline was still followed to ensure the gas flow rates
through the sample were not being affected by insufficient core thickness. For this research, the
minimum core thickness based on the tip size is 0.3125 in (0.79 cm). However, to ensure that
the permeability data being acquired was not affected by gas leaking through the base of the
core, a minimum core thickness of 0.5 in (1.25 cm) was used. Furthermore, to obtain more
accurate measurements, the calculated permeability indicated by the permeameter could not
vary by more than 10% for a minimum of 25 seconds. It was difficult to measure permeability
for the mudrock lamina because of the lower permeability of the mudrock, sensitivity of the
probe-permeameter, and condition of the mudrock intervals in the core (e.g., microfractures,
parting on bedding planes, physical alteration due to exposure and handling, etc.). Therefore, a
constant value of 0.004 mD was assumed for mudrock. The limited permeability data that were
obtained suggest that the mudrock lamina act as baffles or barriers to fluid flow; however, not
enough data was obtained to define an accurate permeability value for the mudrock lamina.
The permeability measurements were sorted by facies and lamina type and average
permeability and standard deviation were calculated for each facies (Table 1). Each facies was
built with its own sandstone and mudrock lamina, which allows for each facies to be assigned
permeability values separately. Each facies is assigned a permeability average and standard
deviation and the model is populated using these values (Figure 7; Table 1; Appendix C). Each
time a facies occurs in the near-wellbore model (NWM), it is populated with permeability values
between the minimum and maximum permeability values measured for that facies (Appendix A)

and in such a way that after every cell was modeled in that facies. The average and standard



20

deviation for that of the generic facies match what was originally measured. There are options
for variograms and correlations to porosity but due to the nature in which the permeabilities
were collected a variogram could not be calculated. Additionally the correlation to porosity
values was not possible as the only porosity data available was from well logs and the scale
difference between the point measurement and well log is too great (Appendix C).

The fine-scale, near-wellbore permeability models of the Terry and Hygiene formations
were upscaled to obtain effective-permeability values by facies. The upscaling procedure used
in this study was done by submodel boundary. In this method each facies boundary is used as
a defining boundary and an effective permeability is generated for each facies occurance. To
generate the effective permeability, a single-phase, flow-based upscaling algorithm is used.
While several options for flow-based upscaling exist, upscaling by periodic boundary conditions
was used. Previous work conducted on heterogeneous facies indicates that a periodic
boundary condition upscaling method is appropriate for this study (Durlofsky, 1991; Pickup et
al., 1994). This type of flow-based simulation imposes a head gradient in three directions and
using this, calculates effective permeability by facies. The simulation does not impose any zero-
flow boundaries around the model and has pressure gradients equal on the surfaces in the XY
and XZ planes (Appendix C). The upscaled permeability values are generated in three
directions, one for each direction of simulated flow, but for the purposes of this study, only the
values in x-direction are used for the comparison of measured- and effective-permeability (Table
1). Typically, an average of permeabilities generated during the upscaling (k« and k) would be
used to create a permeability value for the horizontal plane (k,); however, after a qualitative
comparison of the permeability values in both directions, the difference between k, and k, obtain
herein was negligible throughout the entire stratigraphic interval (difference < 0.15 mD). This
difference led to only k, values being used. The differences between measured- and effective-
permeability values are shown in Figure 8. Upscaling results for the McHale #1 and Champlin

369 near-wellbore models shows that the effective-permeability data ranges are narrower and
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average permeabilities for the entire interval are reduced by 49.9% and 77.2%, respectively, as

compared to the measured-permeability values.

Field-Scale 3-D Facies, Porosity, and Permeability Modeling

The significance of fine-scale permeability heterogeneity associated with lithofacies that
exist below the resolution of reservoir model cells was investigated through comparative
analysis of 3-D “field-scale” permeability models and associated permeability connectivity.
Three-dimensional facies, porosity, and permeability models of the Terry Formation were
generated for a 0.28 mi® (0.73 km?) model area within Spindle Field (Figure 2, Appendix D).
The interpreted lithofacies were modeled first and then porosity was modeled using the resulting
lithofacies models as a constraint. Measured and upscaled permeability were modeled
separately using both lithofacies and porosity models as constraints. The model area contains
nine wells with the McHale #1 cored well at the center (Figure 2). All but one well contains
gamma-ray (GR), spontaneous potential (SP), deep resistivity (RESD), and density porosity
(DPHI) logs; all of which were used in the modeling process. The logs were normalized to the
Terry Formation interval in the cored McHale #1 well using a scaling algorithm which scales the
maximum and minimum values of the Terry Formation interval of each well to the corresponding
values in the McHale #1 well. This was done to limit the effect of multiple logging tools used
over a 25-year period. Due to a lack of neutron-porosity logs, only density porosity logs were
used. The 3-D model dimensions are 2828 x 2900 x 40 ft (length, width, thickness; 826 x 887 x
12.2 m; Figures 2 and 9). Four vertical model zones were created and correspond to the
reservoir and non-reservoir zones previously defined. The zones are based on the core-derived
facies, gamma-ray, and spontaneous-potential log responses. Individual cells are 29.8 x 30 ft
(9.08 x 9.1 m) in area and proportional layers (N=46) were used resulting in 423,890 model cells

(average cell/layer thickness is approximately 1 ft [0.3 m]) (Figure 9).



23

Top Terry
Zone 1
Non-Reservoir
Terry_A
Zone 2
Reservoir
Terry B
Zone 3
Non-Reservoir
Terry_C
Zone 4
Reservoir
Base Terry

I

!
]
RN
[
[EEE

[

FEET 1000
.|
L 0 METERS 305
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Proportioal layers (N=46) were used resulting in 423,890 model cells (average cell/layer
thickness 1 ft (0.3 m). VE=10x. Bottom: Cross-section A-A’ through reservoir model showing
reservoir zones (shading) and cells. VE=30x.
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Field-scale facies models were generated to map the distribution of the four main
lithofacies within this portion of Spindle Field. The 3-D facies NWM'’s are constrained to the
McHale #1 cored well at the center of the model area and lithofacies percentages based on that
cored well. Because distinct relationships do not exist between the lithofacies present in core
and the associated well-log responses, facies logs could not be estimated in non-cored wells.
However, a general relationship does exist between SP response and lithology (sandstone vs.
mudrock). The SP logs exhibit negative SP excursions corresponding to more sandstone-rich
facies (structureless, ripple cross-laminated, and planar cross-laminated sandstones), whereas
the more mudstone-prone facies, wavy-laminated sandstone, approximately corresponds to
near-zero SP values within the Terry Formation. Therefore, to further constrain the facies
models, a lithology probability volume was generated based on the SP logs and used as a
constraint on lithofacies distribution during the modeling process. A 3-D SP model was first
generated using the SP logs and sequential-Gaussian simulation (SGS) (Figure 10). The
vertical variograms were defined for each zone using the SP logs (Appendix D). Spherical
variogram models were used with vertical correlation lengths (ranges) between 1 and 4.8 ft (0.3
and 1.52 m). For the horizontal direction, variograms were modeled using spherical functions
and both major- and minor-direction ranges were arbitrarily set to 1000 ft (305 m) or
approximately one-quarter the diagonal distance across the model domain. The SP model was
converted to a lithology probability volume (model) by non-linear rescaling of the SP model such
that 0 and 1.0 correspond to the most positive (mudrock-prone) and negative (sandstone-rich)
SP values, respectively (Figure 10). The lithology probability volume (model) was also used as
a constraint on the sandstone-rich and mudrock-prone lithofacies during the facies modeling
process.

Thirty realizations of the facies models were generated using sequential-indicator
simulation (SIS). The vertical variograms were defined for each zone using the facies log from

the McHale #1 well (Appendix D). Spherical variogram models were used with correlation
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Figure 10. Top: Lithology probability volume (model) used to constrain facies distribution.
Higher values indicate a higher probability of sandstone-rich facies. The probability volume is
based on the SP response in which negative SP excursions correspond to more sandstone-rich
facies and near-zero SP values correspond to more mudstone-prone facies. Bottom: Cross-

section through the 3-D lithology probability volume model.
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lengths between 1.1 and 8.3 ft (0.34 and 2.53 m). For the horizontal direction, variograms were
set using spherical models and ranges were assumed for major- and minor-directions and
arbitrarily set to 1000 ft (305 m). The nugget was set to zero for facies modeling. For
subsequent modeling and analysis, an average facies model based on the 30 realizations was
computed (referred to herein as average facies model, AFM (Figure 11). The AFM was
generated from the thirty facies realizations such that the most common facies to occur in a
given cell of the thirty realizations was assigned to that cell in the AFM. The AFM exhibits a
smooth facies distribution, relative to a single facies realization, and the AFM is similar to a
facies model generated using indicator kriging (Figure 11). This smoother distribution is likely to
be more realistic than the more discontinuous single realization model. This was determined
based on limited outcrop observations and the interpreted depositional environment (Appendix
D).

Porosity models were generated based on normalized density-porosity (DPHI) logs from
the nine wells in the model area. Neutron-porosity logs were limited to select wells in the model
area and thus were not used in this study. Thirty realizations of the porosity model were
generated using sequential-Gaussian simulation constrained to variograms, porosity statistics
derived from the DPHI logs, and the AFM (Figure 12). Vertical variograms were defined for
each zone and each facies using the normalized DPHI log in the McHale #1 well (Appendix D).
This particular log was chosen because of the quality of the log data. Spherical variogram
models were used with correlation lengths between 0.6 and 7.3 ft (0.18 and 2.23 m). For the
horizontal direction, variograms were set using spherical models with ranges for major- and
minor-directions assumed to be and arbitrarily set to 250 ft (76.2 m). The nugget was set to
zero for porosity modeling. An average porosity model based on the 30 realizations was
computed (referred to herein as average porosity model or APM; Figure 12). The APM was
generated using an arithmetic average where, for a given cell, the corresponding porosity

values of the thirty realizations were averaged to generate the porosity value in the APM. The
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Figure 11. Top: Single facies realization of the lithology probability volume showing a
discontinuous distribution of the facies. Bottom: Averaged facies model from 30 realizations
(AFM) which shows a more continous and presumably geologically reasonable distribution of
facies as compared to one realization.3-D models: VE=10; cross-sections: VE=30.
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Figure 12. Top: Single porosity realization showing an increasingly discontinuous porosity
distribution. Bottom: Average of thirty porosity realizations which shows a more continuous
distribution. Porosity models: VE=10x; cross-sectional views VE=30x.
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APM, like the average facies model, exhibits a smooth distribution of porosity values as
compared to a single porosity realization.

Field-scale models were generated to map the distribution of both measured and
effective permeability in this portion of Spindle Field (Figure 13). Thirty permeability realizations
were generated using sequential-Gaussian simulation constrained to variograms, permeability
statistics derived from the McHale #1 core and near-wellbore model, the APM, and a bivariate
transformation (cloud transformation) between porosity and permeability (Appendix D). Low
coefficients of determination (R? values) associated with linear regressions between porosity
and both measured and effective permeability dictated the need for use of a cloud
transformation (Sloan, 2012). For the bivariate transformation, a porosity and permeability
cross plot was created for both types of permeability. For each cross plot, the porosity scale is
divided into ten porosity bins. For a given porosity value within a porosity bin, a range of
permeability values is possible because of the low coefficient of determination (data scatter or
data cloud). To estimate the permeability values for a model cell, the associated porosity for
that cell from the porosity model is considered. The permeability values (from the porosity-
permeability cross plot) that fall within the associated porosity bin are used to define (simulate)
the permeability value that is assigned to the model cell.

As expected, because the input measured and upscaled (effective) permeability values
are honored in the modeling process, the measured-permeability models show higher average
permeability values (0.52 mD and 0.53 mD for the single and average models, respectively)
than the effective-permeability models (0.14 mD and 0.12 mD for the single and average
models, respectively). However, the spatial trends of the permeability distributions within the

models are similar between the two types of permeability models.
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Figure 13. Permeability models using original and effective permeabilities. Models A and B are
original (non-upscaled) permeability models. Models C and D are effective (upscaled)
permeability models. Models A and C represent a single permeability realization, models B and
D represent an average of 30 permeability realizations. 3-D models: VE=10; cross-sections:
VE=30. Effective-permeability models show lower permeability values compared to original-
permeability models. Average models show smoother distributions compared to a single
realization.
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Static Connectivity

Static connectivity is defined and used in this study as the volume sum of reservoir cells
connected to a particular pattern of wells (directly or indirectly) divided by the total volume of
reservoir cells in the 3-D model and is expressed as a percentage. The static connectivity
analysis in this study is primarily a function of permeability and is used to compare the
differences in connected volumes between models based on measured- and effective
permeability. For each model type, static connectivity was determined using a smaller model
area than the field-scale model to avoid edge-effects potentially created during the modeling
process (Figure 2). To determine static connectivity, pseudo-wells were used on a 5-ac (2-
hectare) spacing (Figure 2). Each model cell was classified as either reservoir or non-reservoir
based on a porosity cutoff (reservoir > 8.75%, non-reservoir < 8.75%) and a variable
permeability cut-off. The porosity cutoff for this analysis was determined based on the porosity
histogram from the porosity models (Appendix D). The value was determined so that
approximately one third of all the porosity values fall below the cutoff value. The porosity cutoff
value is below the average porosity value for the entire model (9.8%), and is greater than that of
the average porosity value in the non-reservoir zones (5.1% and 8.4% for both non-reservoir
zones). Having this value greater than non-reservoir zones but less than the overall average
porosity, helps ensure that the facies in the previously identified non-reservoir intervals are not
included in static connectivity analysis. All of the facies in these zones are not removed as a
whole from the static connectivity analysis because it is possible that there are some minor
producing facies within these zones and therefore the entire intervals cannot be excluded.

For the permeability portion of the reservoir cell definition, the permeability cut-off was
varied by increments of 0.15 mD starting from 0.0 and going to 1.95 mD. This was done to
determine how the static connectivity varied among all the models with multiple reservoir
permeability definitions. For the permeability models that are constrained to the single porosity

model, the connected volume 62.5% for the 0.0 mD cutoffs on both the measured- and
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effective-permeability models (Table 2). As the permeability reservoir definition was increased
to the maximum cutoff of 1.95 mD, the connected percentage decreased to 0% for both model
types. As the permeability cutoff increases from 0.0 mD, the differences in connectivity for the
two permeability models become evident (Figure 14). For effective-permeability values, static
connectivity drops dramatically (42.6%) after the first 0.15 mD increase (42.6% to 18.9%). As
the permeability cutoff increases, static connectivity reaches 0% at 0.75 mD. In contrast, the
measured-permeability models show a different connectivity decay. The percentage of
connected cells stays nearly the same through a permeability cutoff of 0.30 mD with only minor
changes (varies by < 5%). There is no dramatic decrease like the one seen in the effective-
permeability models at the lowest permeability reservoir definitions. Subsequently, there is a
significant decrease in connectivity to 4.48% at the permeability cutoff of 0.75 mD, after which
the connected cell percentage decreases at a slower and more consistent rate. For this
permeability type model, the connected percentage reaches 0% at a reservoir permeability
definition of 1.95 mD. Figure 15 shows how the connected volumes appear in cross-section at
three strategic permeability cutoffs.

The permeability models constrained to the average porosity model behave in a slightly
different way. For the effective-permeability model, connectivity decreases almost immediately
and the measured values remain constant before decreasing at a similar rate (Table 2). Both
models started with 79.6% static connectivity at the 0.0 mD cutoff. Like the effective-
permeability model that is constrained to the single porosity realization, the effective-
permeability values constrained to the average porosity model decrease immediately and reach
0% connectivity at the 0.75 mD cutoff. The measured values also show a similar decay pattern
to the permeability models that are constrained to the single porosity realization after the 0.15
mD cutoff is reached. The model reaches 0% connectivity when the permeability cutoff value

reaches 1.8 mD (Figure 14).
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Original Permeabilities

Effective Permeabilities

Reservoir K Connectivity Connectivity
(mD) (Single ® Model) | (Avg. ® Model) | (Single ® Model) | (Avg. ® Model)
0.00 62.49% 79.55% 62.49% 79.55%
0.15 62.49% 79.55% 18.89% 11.39%
0.30 57.19% 58.70% 4.98% 0.16%
0.45 33.73% 32.90% 0.05% 0.02%
0.60 8.46% 15.79% 0.01% 0.01%
0.75 4.48% 8.81% 0.00% 0.00%
0.90 4.06% 8.11% 0.00% 0.00%
1.05 3.20% 7.23% 0.00% 0.00%
1.20 2.15% 5.95% 0.00% 0.00%
1.35 1.40% 5.39% 0.00% 0.00%
1.50 0.57% 4.88% 0.00% 0.00%
1.65 0.03% 4.23% 0.00% 0.00%
1.80 0.00% 1.39% 0.00% 0.00%
1.95 0.00% 0.00% 0.00% 0.00%

Table 2. Static connectivity percentages for each of the four permeability models given a
reservoir porosity cutoff of 8.75% and a variable permeability defintion for a reservoir cell.
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Figure 14. Graphs showing static connectivity, reservoir volume (as percentage of bulk reservoir
volume), and pore volume percentage at varying permeability cutoffs. Static connectivity
determines illustrates how much of the reservoir is connected. Reservoir volume illustrates how
much total reservoir volume there at a cutoff. Pore volume illustrates the amount of pore space
of cells that meet a reservoir criteria at a given reservoir definition.
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Figure 15. Static connectivity comparison in cross-sectional view (cross-sectional plane:
I=54) of single porosity referenced original- and effective-permeability models. This view
shows cells in the plane that are connected to a wellbore. Cross-sectional plane is shown in
Figure 13 and is consistent with all model cross-sections. Red lines indicate wellbores.

VE = 30x
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Other comparisons of the permeability models include a comparison of bulk reservoir
volume and pore volume of the model at given reservoir definitions (Figure 14). Bulk reservoir
volume is used in this study as the total volume of all cells in the model that meet the criteria of
a reservoir cell at a given permeability and porosity cutoff and is displayed as percentage of bulk
model volume. As with static connectivity, bulk reservoir volumes were determined using a
porosity cutoff of >8.75% and a variable permeability cutoff. This is useful to compare how much
of total reservoir volume in the model area is being utilized in the static connectivity
measurements (Figure 14; Appendix E). The bulk reservoir volume data indicates that the static
connectivities at lower permeability values for all model types utilize all of the available reservoir
cells. However as the permeability cutoff values are increased, the differences between the bulk
reservoir volume and the volume of cells connected becomes more apparent before reaching
0% much like static connectivities (Figure 15). The overall trend of the curve for reservoir
volumes follows the same trend as static connectivity. This similar trend is likely due to the 5-
acre (2-hectacre) spacing which causes nearly all reservoir volumes to be connected to a
wellbore. Similar to the other two comparison methods, pore volume for a given reservoir
definition shows the same curve shape. Pore volume is displayed as a percentage of total
model pore volume given no restrictions on porosity or permeability. As a porosity limit of
>8.75% was added and the 0.15mD permeability step was increased, the pore volume
decreased at a similar rate to the decline rates of static connectivity and bulk reservoir volume
(Figure 14). The decrease shows almost the exact same decrease for the effective-permeability
models but has more variability in the measured-permeability based models. The difference is
likely caused by the measured-permeability models having higher permeability values and wider

range.
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Discussion

Facies and Depositional Environment

Based on core descriptions, observed facies, and well-log analysis, the interpreted
depositional environment for the Terry Formation in the study area is an offshore-bar complex
(Porter, 1976; Kiteley, 1977; Pittman, 1988, 1989; Al-Raisi et al., 1996). This interpretation, as
previously stated, is one of several possible hypotheses. Four reservoir zones are also
interpreted in the Terry Formation based on these data that represent either interbar or sand-bar
facies associations. The interbar facies association includes sandstone-poor wavy-laminated
facies which was deposited in a quiet-water setting. As the sand bar migrates, an area of
guieter water would exist with mud-sized particle deposition being dominant. The sandstones
within the bars show a relative upward-coarsening in grain-size which is also characteristic of
shelf sandstones (Porter and Weimer, 1982). Glauconite is present in the cores which is a
potential indicator of offshore deposition and resonance (Appendix A). Additionally, bioturbation
is more prevalent in the wavy-laminated facies indicating a quieter setting in which more
organisms lived. The sand-bar facies association includes both ripple- and planar-laminated
facies which formed by currents responsible for transporting sediments from a nearby source
and depositing them in the area. The structureless sandstone is a more ambiguous as it could
have been deposited without any internal structure or it may have been extensively bioturbated

making it appear structureless. It is likely that both of these processes occurred.

Permeability Upscaling

There are different relationships between the measured- and upscaled-permeability
values for each facies (Appendix C). For the Terry Formation, the wavy-laminated sandstone
facies shows a permeability change from an average measured permeability of 0.332 mD to
0.098 mD for the upscaled (effective) value (Table 1). This represents a 70% decrease and is

likely caused by the mudrock lamina (10-70%) within the facies (Figure 4). Due to the near-zero
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permeability (0.004 mD) of the mudrock lamina, effective permeability is relatively low. During
the upscaling process as flow is simulated through the sample, the mudrock likely acts as a
barrier to flow and limits the permeability of the entire facies despite the relatively high
permeability of the sandstone lamina (Table 1). This example shows the significance of
upscaling permeability data to generate effective permeability values for each facies. A core
plug or other small-scale measurement may be acquired in the wavy-laminated sandstone
facies and, depending on the sandstone lamina thickness, may indicate that the permeability is
an order of magnitude or more higher than the true effective permeability of that sample.
Conversely, the structureless sandstone facies is minimally affected by the upscaling process.
The structureless sandstone has an average measured permeability of 1.561 mD and, after
upscaling, the average effective permeability is 1.466 mD; a 6.1% decrease. The difference
between these two values is smaller than that of the mudrock-rich wavy-laminated facies
because this facies does not have associated mudrock lamina. Without permeability-inhibiting
mudrock lamina, flow through the structureless sandstone facies is not significantly affected
during the upscaling process as facies that contain mudrock. It is still important to generate
effective-permeability values for this facies because of the decrease in permeability. These
facies are abundant in the reservoir and represent a significant rock volume.

Previous upscaling research examines the utility of flow-based upscaling. Refer to
Renard and DeMarsily (1997) for a review of details of different types of deterministic and
stochastic upscaling techniques. Jackson et al. (2003) discusses the scale differences between
core-based measurements (i.e., core plug, probe-permeameter, thin section, etc.) and typical
geologic models which are many orders of magnitude greater in terms of volume being
analyzed. The conventional process of acquiring small-scale measurements and utilizing them
in large-scale modeling does not properly account for heterogeneities that exist at the smaller
scale. As reservoir properties are measured at smaller scales (e.g., with unconventional

reservoirs), it is important to properly recognize these small-scale heterogeneities and account
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for them in reservoir analysis and modeling (Pickup et al., 1994). Facies-based upscaling is one
method to address these small-scale heterogeneities and is advantageous as it considers the

shape and geometry of bedding structures and calculates their effect on permeability.

Static Connectivity

For the measured-permeability models, static connectivity is initially 62.5% and 79.6%
based on the single and average porosity realizations, respectively (Table 2; Figure 14;
Appendix E). Static connectivity for each model remains constant with the initial permeability
cutoffs; however, as the permeability cutoff increases, static connectivity decreases significantly
and gradually approaches 0% connectivity. This is observed in cross-sectional view through the
center of the model area (Figure 15). As the permeability cutoff is increased and approaches
the median of the permeability range, sections of the reservoir are no longer connected to
wellbores, and the differences between the measured- and effective-permeability models in
terms of static connectivity becomes significant. Depending on the type of permeability used,
measured or effective, the total volume of reservoir connected at this well spacing is tens of
percent different. These differences indicate why it is important to use scale-dependent, facies-

based, effective-permeability values for reservoir modeling at the field scale.

Conclusions
The Terry and Hygiene formations in Spindle Field consist of four key lithofacies: 1)
wavy-laminated sandstone, 2) planar cross-laminated sandstone, 3) ripple cross-laminated
sandstone, and 4) structureless sandstone. The facies are stacked in successions that are
characterized as either sandstone-rich or sandstone-poor. The sandstone-poor intervals exhibit
alternating patterns of dominantly wavy-laminated sandstone with minor amounts of
structureless sandstone and planar cross-laminated sandstone. The sandstone-poor facies

associations are interpreted to have formed in an inter-bar setting as part of an offshore-bar
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complex. They exhibit relatively low permeability values and are non-reservoir facies. In
contrast, the sandstone-rich intervals consist of alternating planar cross-laminated sandstone,
ripple cross-laminated sandstone, and structureless sandstone. These deposits are interpreted
to represent offshore sand bars. They are considered to be the primary reservoir facies given
their relatively higher permeability values.

The results suggest that upscaling permeability data from the scale of individual lamina
to a facies scale is an important step in reservoir analysis, proper definition of reservoir-quality
rock at the field scale, and mapping of reservoir-quality lithofacies. The estimation and use of
facies-based effective properties for reservoir definition and modeling is important as it has a
direct impact on the number and type of wells required for reservoir development. The results
show that average upscaled permeabilities of each facies are lower by as much as 50% relative
to the measured values. The decrease in average permeability varies by facies and only
minimally affects the structureless sandstone facies while the greatest effect is observed in the
mudstone-rich wavy-laminated facies. Using the measured permeability values from
permeametry or core-plug measurements will result in field-scale reservoir maps (models) in
which the average permeability values are too high and that exhibit unrealistic distributions of
extreme (too high and too low) permeability values. The extreme values of permeability can
potentially have a profound effect on fluid-flow simulations and production estimates.

Analysis of the 3-D static connectivity (to producing wells) of reservoir volumes as
defined by permeability cutoffs shows that for relatively lower permeability cutoffs, there is a
distinct difference in connected volume between measured- and effective permeability models;
in some cases, 50% lower connectivity for the effective-permeability model. This is significant
because it represents the reservoir volume connected to wells for potential production. Also, for
the lower permeability cutoffs, the total volume of potential reservoir rock is essentially the same
as the connected volume; all potential reservoir cells are connected to wells. As the

permeability cutoff (reservoir definition) increases, static connectivity decreases and the



differences between the measured and effective permeability models is reduced. The
differences between measured and effective permeability values and models indicate why it is
important to utilize scale-dependent facies-based permeability values for reservoir mapping at

the field scale.

Ly
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Geologic Setting and Information

During the deposition of the Hygiene Formation, the Denver Basin was part of the
Cretaceous Western Interior Seaway (Raynolds, 2002; Weimer, 1996). Deep marine shales
were deposited in the Western interior seaway, which in the Denver Basin correspond to the
Pierre Shale. Correlative deep marine shales are also present in other Rocky Mountain basins
as well and are all associated with the seaway. The Cretaceous Western Interior Seaway was
partitioned during the Laramide orogenic event and drained when the entire area was uplifted.
During this time the Denver Basin was formed as episodic downwarping of the crust caused
structural lows to form just to the west of the rising mountain ranges. The Denver Basin is
bounded by structural features in the north, south, and west but has no definitive structural
boundary in the east (Figure 16) (Weimer, 1996). In the west the Rocky Mountain Front Range
provides the structural boundary for the basin while the basin is bounded in the south by the
Apishipa Arch. In the north the basin is bounded by the Hartville uplift and Cambridge-Chadron
Arch. Additionally in the north a small sub-basin within the broader Denver Basin is seen. It
contains the same structural boundaries to the north, east, and west but is separated from the

deeper Denver Basin by the Greely Arch in the south.

Core and Facies Descriptions

This study utilized four cores located around the Wattenberg and Spindle field areas of
the Denver Basin. The cores for this study were chosen based on the availability and
accessibility of the cores, log data availability for cored wells, and clarity of facies for ease of
identification and modeling. Three of the four cores are located at the University of Colorado-
Boulder while the fourth is located at the USGS Core Research Center in Golden, Colorado.
While two of these cores were used for near-wellbore modeling, the other two cores were only
used for permeability acquisition. The McHale #1 and Champlin 369 cores used for the

modeling were described in detail (Figures 17; Figure 18). The Moser #1 and Sidwell cores



Hartville uplift
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Cambridge-Chadron
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Figure 16. Schematic map of Denver Basin (outlined

in red) showing the structural bondaries

in the north, south, and west. There is no defined structural boundary in on the east side of
the basin. Modified from Weimer et al. (1986) and Dickinson et al. (1988).
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were used to acquire permeabilities from the Terry and the Hygiene formations and combined
with the data collected from the McHale #1 and Champlin 369 cores create the full permeability
data set used.

Detail sedimentary descriptions of the cores lead to the identification of four lithofacies
based on sedimentary structures and lithology. These lithofacies were identified in all four cores
(Figure 4) and include wavy laminated sandstone, planar cross-laminated sandstone, ripple
cross-laminated sandstone, and structureless sandstone. These facies are repeated throughout
the entire Terry and Hygiene formations and with varying thicknesses and abundances (Figure
19; Figure 20). Similar facies were identified by previous studies and indicate several potential
depositional environments (Kiteley, 1976; Porter, 1976; Al-Raisi et al, 1996; Helsley, 1985; L.
Kiteley, personal communication).

Facies A is a wavy laminated sandstone that consists of alternating sandstone and
mudstone laminae and comprises approximately 50% of the total cored interval (Figure 19).
Bioturbation is present and is the likely cause of some to all fo the wavy beds. The bioturbated
sandstone and mudrock lamina both have similar petrophysical properties to other non-
bioturbation lamina elsewhere in the core. Facies A is considered a silty sandstone based on
the amount of mudrock present in the samples. Mud laminations comprise between 10 and 50%
of the facies with wave amplitude and wavelength of only several centimeters. The variation in
mud is associated with both the bioturbation, creatures bringing mud in from above or below, as
well as with changes in depositional environment. The more mud-dominated wavy laminated
facies are likely formed in quiet water settings indicating that sea level may have dropped locally
for a short period of time, causing shelf currents to move further offshore which did not affect
this area.

Facies B, planar laminated sandstone, represents approximately 20% of the facies
identified in all of the cores. The planar laminated sandstones have dips ranging from 0-15° with

the majority dipping around 5-10°. As the cores were not oriented, dip direction could not be
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Facies [Total Footage Arithmetic Standard
Code (ft) Total % Average (in) Deviation (in)
A 13.27 49.10% 2.488 1.938
B 4.53 16.80% 1.754 1.025
C 1.45 5.40% 2.032 1.628
D 7.79 28.70% 1.160 0.607
E B

16.75%

" A
49.08%
m C
5.36%
D
28.81%

Facies A - Wavy Laminated Sandstone
Facies B - Planar Laminated Sandstone
Facies C - Ripple Cross-laminated Sandstone
Facies D - Structureless Sandstone

Figure 19. Facies, facies percentages, and average thicknesses of each facies used
in near-wellmore modeling process for the McHale #1 core. Facies A represents the
non-reservoir intervals while facies B, C, and D comprise mostly reservoir intervals.



Facies [Total Footage Avg. Facies Standard
Code (ft) Total % Thickness (in) | Deviation (in)

A 23.04 51.49% 3.950 3.411

B 12.34 27.58% 3.365 2.880

C 6.68 14.93% 2.358 2.374

D 2.69 6.01% 2.483 0.937

B
27.58%

14.93%

D
6.01%

Facies A - Wavy Laminated Sandstone
Facies B - Planar Laminated Sandstone
Facies C - Ripple Cross-laminated Sandstone
Facies D - Structureless Sandstone

Figure 20. Facies, facies percentages and average thicknesses for each facies used

in the near-wellbore modeling for the Champlin 369 core. Facies A represents maostly

non-reservoir intervals and facies B, C, and D represent reservoir intervals.
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determined and therefore it was assumed that all lamina dip in the same direction. The general
pattern observed in mudrock laminae is densely spaced mudrock layers at the base that
decrease in density towards the top. Additionally, of all the facies identified, this one appears to
contain the least amount of bioturbation. This is likely caused by the higher energy settings in
which planar lamina were deposited.

Facies C is a structureless sandstone that contains very little to no mudrock present. It
represents approximately 5% of the total facies observed in core. The structureless sandstone
can be interpreted as forming in two distinct ways. Both of these interpretations are equally as
likely to have occurred based on the depositional setting and lack of evidence indicating either
at any facies occurrence. The first possible interpretation is that these are storm deposits that
are deposited so rapidly that they do not have time to form coherent layers. As deposition was
in relatively shallow water (less than 100 ft (30.5 m)), large storms may have swept large
volumes of sand out to sea. Additionally, these deposits may be interpreted as being related to
bioturbation. Sand deposited by any process may subsequently have been so extensively
bioturbated that it was completely homogenized creating a sandstone that has no structure. Due
to the level of bioturbation in the area and surrounding facies, this is a quite viable interpretation.
As the structureless sandstones tend to show no significant petrophysical differences, it can be
assumed that the exact nature of its origin is not critical to this study.

Facies D contains ripple foresets and was interpreted to be a ripple cross-laminated
sandstone. This facies represented approximately 30% of the facies noted in the described
cores and averaged just a few inches thick in most places. The ripple laminated sandstones had
amplitudes measured in the tenths of inches with wavelengths of 1-2 in (2.5-5 cm). Similar to
the planar laminated sandstone above, migration direction of the ripple laminated sandstone
was not able to be determined so it was assumed the migration direction of all occurrences of

this facies was uniform.



56

Depositional Environment

Over the last 40-plus years, the Terry Formation (and to a lesser extent the Hygiene
Formation) have been studied in an attempt to determine their characteristics are and their
origins (Moredock and Williams, 1976; Porter, 1976; Kitely, 1977, 1978; Porter and Weimer,
1982; Helsley, 1985; Pittman, 1989; Walker and Bergman, 1993; Al-Raisi et al., 1995; Ladd,
2005; E. G. Gustason, 2012, personal communication). Possible depositional environments for
the Terry Formation might include: offshore bars, shoreface beach sands, and deltaic
sediments. All of these depositional models fit the environment at the time of deposition, which
consisted of the shallow epeiric Cretaceous Western Interior Seaway (Figure 21) (Kiteley, 1977;
Ladd, 1995; Al-Raisi et al., 1996; Slatt et al., 1997; Ladd, 2005). The Hygiene Formation is
considered to have a similar depositional environment but was more likely a deltaic sandstone
deposit (Kiteley, 1977). Based on the facies observed in this study, an offshore bar complex is
interpreted as the likely depositional environment for the Terry and Hygiene formations. Porter
(1976) provides a good model for the depositional setting of both formations (Figure 22). The
offshore bars (and to a lesser extent offshore sheet sandstones) likely formed as sand was
moved away from the shoreline by longshore currents. Currents in part of the Cretaceous
Western Interior Seaway would have sourced sediments from a nearby delta. The delta that
brought sediments to the seaway is problematic, with some authors indicating that it may have
been the large Parkman delta in present day Wyoming (Porter and Weimer, 1989). The source
of these sediments would have likely been shed from the mountains west of the Cretaceous
Western Interior Seaway as both formations lie on the western side of the seaway. Using well
log analysis, Cant (1992) provides further evidence of an offshore depositional setting by using
a method of well-log comparisons to units with accepted depositional environment
interpretations. Cant provides broad “type curves” for formations with different depositional
environments including an offshore bar complex. The primary log suites used by Cant (1992)

include gamma-ray (GR) and/or spontaneous potential (SP) logs (Figure 23). Cross-sections of
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Figure 21. Paleogeographic map of western United States during the Late Cretaceous Campanian
age showing the approximate depositional environment of the Terry and Hygiene formations. The
Terry and Hygiene formations were both likely deposited in a shallow marine environment relatively
near a delta located to the west. Modified from Blakey (1997).
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Figure 23. Typical gamma-ray responce for different depositional environments as determined
from log responces. This interpretation method was determined from core-to-log comparisons
and can be useful in determining depositional environments. Log interpretation and core
descriptions are used to determine depositional environments for the Terry Formation.

Modified from Cant (1992) and Sloan (2011).
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nearly all logs used in this study are provided in figure 6 and show what Cant (1992) calls a
symmetric log shape and a funnel log shape, which indicates a potential offshore bar
depositional setting. The symmetric SP (and to a lesser extent GR) log response has been
previously shown to represent offshore sandstone bars while the funnel shape log responses
may indicate several different environments including shallow marine sheet sandstones. With
presence of both of these log shapes in all the Terry and Hygiene formation logs, the
depositional environment may be aligned with what Kiteley (1977), Porter and Weimer (1989),
and Al-Raisi et al. (1996) interpret as being an offshore bar complex. As previously discussed
in a previous section, the facies also provide evidence for a potential offshore bar complex with
zones of rapid bar build up and zones of slower deposition and quieter water settings being

shown.

Nomenclature

Nomenclature of the Terry and Hygiene formation has become muddled between
industry and academic use. The Terry Formation is commonly referred to in the petroleum
industry as the Sussex Formation while the Hygiene Formation is known as the Shannon
Sandstone (Moredock and Williams, 1976; Kiteley, 1977). These names come from the better
known Sussex and Shannon formations of the Powder River Basin. It was assumed when first
encountered that these formations were time equivalent members of the Pierre and Steele shale
formation in the Denver and Powder River basins respectively. However, after dating of the
formations through ammonite fossil assemblages, the Terry-Sussex formations and the
Hygiene-Shannon formations were shown to be of different ages and thus not equivalent
(Figure 24). However, given the similar nature of the four formations, their depositional
environments may be similar with the Sussex and Shannon formations being sourced from the
Parkman Delta in Wyoming and being called shelf-ridge complexes (Porter and Weimer, 1982;

Walker and Bergman, 1993).
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Sphenodiscus

Fox Hills Sst
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Upper Cretaceous

Campanian

Baculites elias
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Pierre Shale

Shannon Sst

Pierre Shale
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Baculites sp. (smooth)
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Mesaverde Formation

Shale

Sussex Sst

Sandy Shale

Shannon Sst

Scaphites hippocrepis 11l
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nian

Desmoscaphites bassleri

Desmoscaphites
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Formation

eramanni

Niobrara
Formation
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Niobrara
Formation

Figure 24. Stratigraphic nomenclature chart for the Denver and Powder River Basins. This

study follows the Denver Basin nomenclature established by Kiteley (1970). Modified from (1)

Kiteley, (1970) and (2) Gill et al., (1970).
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Reservoir Zones

Using digital logs available for the wells in the study area along with core observations
and permeability data, four reservoir zones were identified (Figure 5; Figure 25). These zones,
the Top Terry, Terry A, Terry B, and Terry C are determined to be both reservoir and non-
reservoir, based on the facies present and the facies permeabilities (Figure 5). Reservoir zones
are characterized by negative SP shifts, higher resistivity, increased porosity, higher
permeabilities (depending on facies), and facies consisting mainly of structureless sandstone
and planar cross-laminated sandstone with varying amounts of ripple cross-laminated
sandstone. Non-reservoir zones are characterized by SP values on or near the baseline (more
positive than reservoir zones), resistivities around 1-2 ohm-meters, lower porosity and
permeability values, predominantly wavy laminated sandstone facies. This facies is more
mudrock-rich and it's likely the reason why it is most common in non-reservoir zones. These
zones can be seen in cross-sectional view as having varying thicknesses, which is likely
associated with varying sand bar sizes (Figure 6). Reservoir zones can be visually identified in
core by looking at mudrock content and color. Non-reservoir zones tend to be darker (high mud
content), while reservoir zones will appear lighter, due to the sparse amount of mud present

(Figure 25).
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- -Base_Terry

Figure 25. McHale #1 core with reservoir zones (Terry Top, A, B, and C) outlined. Colors corre-
spond to zone tops shown in type log (Figure 5). Non-reservoir zones appear a darker color due
to the higher mudrock content. This mudrock adversely affects reservoir properties making it a
non-reserovir zone. Reservoir zones appear lighter in color and are cleaner sandstones.
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Permeability Acquisition

Permeabilities were acquired from four cores in Spindle Field, Denver Basin, Colorado
(Figure 1). A probe-permeameter at the University of Colorado-Boulder was used due to its
ability to rapidly capture permeability data, to capture individual lamina permeabilities, and to
acquire a large amount of data inexpensively. The permeameter works by flowing nitrogen gas
through the core sample and measuring the pressure in the gas line. The flow rate of nitrogen
gas is controlled by a valve that affects the flow pressure of nitrogen gas in the gas line leading
to the sample. When the pressure in the gas line reaches the same pressure as the
atmospheric pressure, the flow rate of nitrogen gas into the sample is consistent with the
nitrogen gas flow rate out of the sample. This equilibrium is important as the flow at this point in
time is used to calculate the permeability of the sample (equation 1). All permeability data are

reported at the end of this appendix

2uQpPpTqct
= ————== %1000 1
@ aGo(p?-PHTrer (1)

where:

Ka = air or gas permeability (mD)

M = viscosity of gas flowing through sample (cp)

Qp = volumetric flow rate standard cc/sec. Used to calculate flow rate where flow
rate=Qb / 60

Py, = standard reference pressure for mass flow meters, (atm)

P1 = upstream pressure (pressure at tip). Flow Pressure (psia)

P, = downstream pressure (atmospheric pressure, psia)

a = Inside radius of tip (cm)

Go = Geometrical shale factor

by = b/ a (used to determine GO, dimensionless)
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b = external radius of tip (cm)

Rq = Rcore / a (dimensionless)

Rcore =cCOre radius (cm)

Ly = L core / a (dimensionless)

Lcore = length of core (cm)

Tt = reference temperature of mass flow meters (K)

Tact = actural flowing temperature of gas (K)

The permeability that is calculated using equation (1) by the permeameter is known in
this study as the Temco permeability. It was determined through permeability comparisons that
the Temco permeability and standards with known point-permeability measurements that the
permeameter could not calculate accurate permeability at high and low values. To counter this
issue, the permeabilities reported herein are based on calibration of gas flow rate to known core
plug permeabilities that are similar to the expected permeabilities of the Terry and Hygiene
formations (Figure 26). The standards are core plugs taken from rocks similar to those used in
this study. These permeabilities were measured at a given point on each end of the plug.
Measurements of these points were completed by Weatherford Laboratories in Houston, Texas.
When collecting permeabilities on Terry and Hygiene formation core samples, these core plug
standards were measured at the beginning and end of every day and the values were compared
with the measurements defined on the standards previously. If the data range was changed this
could indicate a leak in nitrogen gas or other potential problems in the machine. If a potential
problem was detected, core data for that day would be resampled to ensure the measurements
were correct. Additionally, the 1539 measurements of standards were used to create the
calibration curve used to equate gas flow rates through core samples to the core samples

permeability. All Temco permeabilities were calibrated after all data was collected. This allowed
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Permeameter Calibration Chart

d—

y = 0.0673x451"
R?=0.7616

Expected Permeability (mD)

—Power Avg.

0.1 1 10
Flow Rate (cc/min)

100

Figure 26. Cross-plot of gas flow rate and known permeabilities of standards used in this study.
The best-fit linear regression through this data, the line serves a calibration curve for core
measurements and was applied to all measurements on all cores used in this study. N=1539.
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for the calibration plot to utilize the maximum amount of data to refine the regression line used
for the calibration..

The calibration curve derived from the core-plug standards was applied to all core
measures during post-processing. Also during post-processing, each permeability value was
evaluated to determine if any anomalous data existed. Due to the nature of the permeameter
and the quality of some samples, various anomalies were observed. The anomalous points had
high flow rates (permeabilities) that were probably caused by poor tip seals on the core face.
Other bad data points that were observed were related to the nature of some lamina, relatively
large fractures, or voids that caused the permeability to return abnormally high readings.. Data
points were determined to be bad based on observations at the time of the measurement and
by evaluation of permeabilities after the data were collected. In post-processing, the data was
sorted by facies and lamina type and values that were abnormally high or low were excluded.
Typically if a value was larger than one standard deviation from the geometric average of the
lamina in that particular facies, the data point was removed. Care was taken at this point to
make sure the point was correctly classified as the correct facies. Each suspect data point was
compared to the core or core photograph (depending on core availability) at the corresponding
depth to determine the facies at the point was measured.

Mudrock lamina also presented a unique challenge for measuring permeabilities. After a
significant amount of data from mudrock laminae were collected, a problem with their
permeabilities collected was observed. Nearly all mudrock lamina permeabilities were higher
than permeabilities observed in the sandstone lamina. It was determined that the mudrock
lamina that were large enough to be measured were comprised of multiple mudrock layers that
had begun to part along the bedding planes, causing what amount to microfractures to form.
These microfractures were likely caused or at least exacerbated by the continual wetting and
drying of the cores in decades since their removal from the subsurface. As each lamina was

sprayed with water during core descriptions, the mud lamina absorbed the water and expanded
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slightly only to contact again as it dried. Thus would have eventually generated microfractures
and higher permeability as the gas flowed preferentially through these fractures. Attempts were
made to measure the mudrock perpendicular to the bedding planes so an accurate permeability
could be obtained, however this proved difficult. The measurements were taken on surfaces
were the core had fractured along mudrock layers. These breaks in the core were often sub-
parallel to the lamina so when a measurement was taken, some of the gas was still being
flowed through the fractures between bedding planes. Additionally, the nature of the breaks
made it difficult to get a good tip seal and to make sure that there was no leaking of nitrogen
around the tip. Due to these issues, a definitely and accurate mudrock permeability was unable
to be obtained for this study and it was assumed all values would have a permeability of 0.004

mD .



McHale #1 Core Permeability Data

N2 Flow Press.| Atm Press. Flow Rate TEMCO Perm Calc. Perm
(psia) (psia) (cc/min) (mD) (mD) Core Depth (ft) Facies
36.29 12.24 4.83 0.663 0.616 4701.00 A
36.26 12.23 10.38 1.426 1.828 4688.33 D
36.28 12.23 8.40 1.153 1.353 4688.33 D
36.28 12.23 9.51 1.305 1.614 4688.33 D
36.23 12.23 17.07 2.350 3.710 4688.33 D
36.22 12.23 13.40 1.846 2.629 4688.33 D
36.22 12.23 1791 2.468 3.972 4688.33 D
36.25 12.23 14.55 2.001 2.956 4688.33 D
36.25 12.23 5.04 0.693 0.654 4688.33 D
36.30 12.23 8.56 1.174 1.390 4688.33 D
36.26 12.23 2.19 0.301 0.200 4688.33 D
36.16 12.20 6.29 0.871 0.896 4689.58 B
36.22 12.20 1.22 0.168 0.087 4689.58 B
36.21 12.20 3.35 0.463 0.366 4689.58 B
36.20 12.20 0.64 0.088 0.035 4689.58 B
36.18 12.20 1.19 0.165 0.084 4689.58 B
36.18 12.20 4.28 0.592 0.518 4689.58 B
36.23 12.23 5.10 0.703 0.665 4689.58 B
36.21 12.23 5.50 0.759 0.741 4689.58 B
36.21 12.20 4.14 0.572 0.494 4689.58 B
36.22 12.20 0.78 0.108 0.046 4689.58 B
36.21 12.20 3.32 0.459 0.361 4689.58 B
36.19 12.20 5.69 0.787 0.777 4689.58 B
36.22 12.20 2.73 0.377 0.273 4689.58 B
36.16 12.20 5.19 0.719 0.682 4689.58 B
36.19 12.20 15.76 2.179 3.311 4691.08 D
36.23 12.20 6.31 0.870 0.900 4691.08 D
36.24 12.20 4.45 0.613 0.548 4691.08 D
36.19 12.20 12.70 1.756 2.436 4691.08 D
36.25 12.20 9.84 1.355 1.694 4691.08 D
36.18 12.20 13.62 1.884 2.691 4691.08 D
36.19 12.20 9.02 1.247 1.497 4691.08 D
36.24 12.20 8.81 1.214 1.448 4691.08 D
36.16 12.20 9.14 1.265 1.525 4691.08 D
36.21 12.20 9.33 1.288 1.571 4691.08 D
36.21 12.20 5.55 0.766 0.750 4691.92 D
36.23 12.20 8.59 1.183 1.396 4691.92 D
36.20 12.20 7.18 0.992 1.082 4691.92 D
36.18 12.20 10.25 1.417 1.796 4691.92 D
36.25 12.20 13.95 1.920 2.784 4691.92 D
36.25 12.20 11.77 1.620 2.186 4691.92 D
36.23 12.20 10.98 1.513 1.980 4691.92 D
36.24 12.20 10.22 1.408 1.788 4691.92 D
36.24 12.20 11.59 1.597 2.139 4691.92 D
36.20 12.20 5.24 0.724 0.691 4691.92 D
36.23 12.20 7.60 1.048 1.173 4691.92 D
36.22 12.20 7.45 1.028 1.140 4691.92 D
36.19 12.20 5.83 0.806 0.805 4691.92 D
36.21 12.20 6.54 0.903 0.947 4691.92 D
36.23 12.20 6.16 0.849 0.870 4691.92 D
36.22 12.20 6.00 0.828 0.838 4691.92 D
36.23 12.20 7.99 1.101 1.260 4691.92 D
36.19 12.18 5.92 0.813 0.822 4691.92 D
36.14 12.18 6.28 0.865 0.894 4691.92 D
36.21 12.18 8.57 1.177 1.392 4691.92 D
36.22 12.18 5.83 0.800 0.805 4691.92 D
36.18 12.18 4.71 0.648 0.594 4691.92 D
36.21 12.18 6.17 0.848 0.872 4691.92 D
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N2 Flow Press.| Atm Press. Flow Rate TEMCO Perm Calc. Perm
(psia) (psia) (cc/min) (mD) (mD) Core Depth (ft) Facies
36.18 12.18 12.72 1.752 2.441 4693.83 E
36.20 12.18 8.98 1.236 1.488 4693.83 E
36.23 12.18 12.52 1.719 2.387 4693.83 E
36.18 12.18 11.25 1.550 2.050 4693.83 E
36.23 12.18 10.76 1.478 1.924 4693.83 E
36.23 12.18 9.63 1.323 1.643 4693.83 E
56.15 12.18 11.682 1.635 2.199 46935.63 E
36.19 12.18 11.32 1.560 2.068 4693.83 E
36.16 12.18 8.34 1.152 1.339 4693.83 E
36.19 12.18 12.98 1.789 2.512 4693.83 E
36.21 12.18 5.22 0.719 0.687 4694.58 A
36.19 12.18 3.02 0.417 0.316 4694.58 A
36.22 12.18 4.39 0.604 0.537 4694.58 A
36.19 12.18 3.66 0.505 0.415 4694.58 A
36.15 12.18 6.54 0.905 0.947 4694.58 A
36.14 12.18 4.89 0.676 0.626 4694.58 A
36.19 12.18 14.32 1.975 2.889 4694.58 A
36.14 12.18 11.55 1.598 2.128 4694.58 A
36.18 12.18 20.48 2.827 4.807 4694.58 A
36.18 12.18 14.49 2.000 2.938 4694.58 A
36.17 12.18 7.41 1.024 1.132 4694.58 A
36.18 12.18 8.99 1.241 1.490 4694.58 A
36.17 12.18 16.58 2.291 3.559 4694.58 A
36.19 12.21 4.59 0.634 0.573 4695.42 B
36.20 12.21 8.34 1.152 1.339 4695.42 B
36.24 12.21 6.40 0.882 0.919 4695.42 B
36.24 12.21 7.57 1.043 1.167 4695.42 B
36.23 12.21 12.75 1.757 2.449 4695.42 B
36.26 12.21 9.04 1.244 1.502 4695.42 B
36.21 12.21 9.86 1.361 1.699 4695.42 B
36.19 12.21 4.67 0.645 0.587 4695.42 B
36.26 12.21 5.71 0.785 0.781 4695.42 B
36.20 12.21 4.34 0.599 0.529 4695.42 B
36.26 12.21 6.04 0.831 0.846 4695.42 B
36.23 12.21 6.86 0.945 1.014 4695.42 B
36.24 12.21 7.09 0.977 1.063 4695.42 B
36.25 12.21 2.75 0.379 0.276 4695.42 B
36.26 12.21 3.54 0.487 0.396 4695.42 B
36.22 12.21 4,78 0.659 0.607 4695.42 B
36.26 12.21 5.62 0.773 0.764 4695.42 B
36.26 12.21 5.22 0.718 0.687 4695.42 B
35.25 12.21 2.91 0.427 0.299 4695.42 B
36.25 12.21 4.05 0.558 0.479 4696.58 D
36.19 12.21 5.23 0.723 0.689 4696.58 D
36.24 12.21 4,73 0.652 0.598 4696.58 D
36.17 12.21 4.32 0.598 0.525 4696.58 D
36.21 12.21 6.87 0.948 1.016 4696.58 D
36.19 12.21 5.41 0.748 0.723 4696.58 E
36.18 12.21 8.68 1.200 1.417 4696.58 E
36.18 12.21 6.37 0.881 0.913 4696.58 E
36.20 12.21 6.42 0.887 0.923 4696.58 E
36.19 12.21 7.15 0.988 1.076 4696.58 E
36.25 12.21 6.47 0.891 0.933 4697.25 D
36.22 12.21 5.61 0.774 0.762 4697.25 D
36.18 12.21 3.29 0.455 0.356 4697.25 D
36.26 12.21 5.62 0.773 0.764 4697.25 D
36.31 12.27 5.13 0.699 0.671 4697.25 D
35.30 12.27 3.54 0.514 0.396 4697.25 D
36.29 12.27 3.71 0.507 0.423 4697.25 D
36.29 12.27 6.27 0.857 0.892 4697.25 D
36.27 12.27 6.05 0.828 0.848 4697.25 D
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N2 Flow Press.| Atm Press. Flow Rate TEMCO Perm Calc. Perm
(psia) (psia) (cc/min) (mD) (mD) Core Depth (ft) Facies
36.27 12.27 2.68 0.367 0.266 469/7.25 D
36.25 12.27 3.90 0.535 0.454 4697.25 D
36.30 12.27 3.65 0.500 0.413 4697.25 D
36.23 12.24 4.25 0.586 0.513 4697.25 D
36.27 12.24 2.82 0.388 0.286 4697.25 D
36.23 12.24 3.45 0.475 0.381 4697.25 D
36.22 12.24 3.27 0.451 0.353 4697.25 D
36.28 12.24 2.84 0.390 0.289 4697.25 D
36.25 12.24 2.37 0.326 0.224 4697.25 D
36.27 12.24 1.57 0.216 0.124 4697.25 D
36.25 12.24 2.74 0.377 0.275 4697.25 D
36.22 12.24 1.47 0.203 0.113 4697.25 D
36.26 12.24 2.39 0.329 0.226 4697.25 D
36.25 12.27 3.30 0.454 0.358 4697.92 D
36.20 12.24 2.47 0.341 0.237 4697.92 D
36.27 12.24 2.97 0.408 0.308 4697.92 D
36.28 12.27 2.39 0.328 0.226 4697.92 D
36.26 12.27 5.63 0.774 0.766 4697.92 D
36.26 12.27 2.34 0.322 0.220 4697.92 D
36.29 12.27 5.24 0.719 0.691 4697.92 D
36.27 12.27 3.21 0.441 0.344 4697.92 D
36.32 12.27 2.92 0.400 0.301 4697.92 D
36.22 12.24 1.65 0.228 0.134 4699.08 C
36.24 12.24 4.44 0.612 0.546 4699.08 C
36.27 12.24 3.72 0.512 0.425 4699.08 C
36.27 12.24 3.11 0.428 0.329 4699.08 C
36.27 12.24 4.27 0.587 0.517 4699.08 C
36.25 12.24 1.07 0.147 0.072 4699.08 D
36.24 12.24 2.48 0.342 0.238 4699.08 D
36.24 12.24 2.79 0.385 0.282 4699.08 D
36.19 12.24 1.92 0.265 0.166 4699.08 D
36.23 12.24 5.66 0.780 0.771 4701.00 D
36.24 12.24 2.29 0.315 0.213 4701.00 D
36.26 12.24 5.81 0.799 0.801 4701.00 D
36.25 12.24 3.72 0.512 0.425 4701.00 D
36.29 12.24 5.67 0.778 0.773 4701.00 D
36.27 12.24 6.69 0.920 0.979 4701.00 D
36.26 12.24 7.64 1.051 1.182 4701.00 D
36.25 12.24 9.28 1.277 1.559 4701.00 D
36.27 12.24 0.95 0.131 0.061 4701.00 D
36.25 12.24 2.09 0.288 0.187 4701.00 D
36.25 12.24 0.70 0.096 0.039 4701.00 D
36.20 12.24 3.19 0.440 0.341 4701.00 D
36.28 12.24 2.92 0.401 0.301 4701.00 D
36.29 12.24 7.67 1.053 1.189 4701.00 D
36.29 12.24 8.60 1.181 1.399 4701.00 D
36.29 12.25 1.77 0.241 0.148 4702.83 A
36.25 12.25 4.26 0.583 0.515 4702.83 A
36.29 12.25 6.13 0.837 0.864 4702.83 A
36.28 12.25 2.10 0.287 0.188 4702.83 A
36.28 12.25 2.00 0.274 0.176 4702.83 A
36.29 12.25 4.26 0.582 0.515 4704.92 C
36.23 12.25 4,96 0.681 0.639 4704.92 C
36.25 12.25 477 0.654 0.605 4704.92 C
36.20 12.25 2.73 0.376 0.273 4704.92 C
36.23 12.25 3.81 0.524 0.439 4704.92 C
36.26 12.25 3.42 0.469 0.377 4704.92 C
36.25 12.25 3.79 0.520 0.436 4704.92 C
36.28 12.25 2.24 0.308 0.206 4705.92 D
36.23 12.25 2.89 0.398 0.296 4705.92 D
36.27 12.25 3.07 0.422 0.323 4705.92 D
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N2 Flow Press.| Atm Press. Flow Rate TEMCO Perm Calc. Perm
(psia) (psia) (cc/min) (mD) (mD) Core Depth (ft) Facies
36.29 12.25 1.56 0.214 0.123 4705.92 D
36.27 12.25 3.86 0.530 0.447 4705.92 D
36.29 12.25 6.60 0.905 0.960 4705.92 D
36.26 12.25 4.41 0.606 0.541 4705.92 D
36.29 12.25 4.20 0.576 0.505 4705.92 D
36.29 12.25 2.41 0.331 0.229 4705.92 D
36.28 12.25 4.07 0.559 0.483 4705.92 D
36.21 12.25 2.47 0.341 0.237 4705.92 D
36.24 12.25 2.98 0.411 0.310 4705.92 D
36.26 12.25 1.15 0.158 0.080 4705.92 D
36.26 12.25 1.39 0.191 0.105 4705.92 D
36.28 12.25 0.90 0.123 0.056 4705.92 D
36.26 12.25 1.23 0.169 0.088 4705.92 D
36.18 12.16 4.49 0.620 0.555 4712.08 C
36.14 12.16 4,79 0.663 0.608 4712.08 [}
36.11 12.16 5.45 0.755 0.731 4712.08 [}
36.16 12.16 4.62 0.638 0.578 4712.08 C
36.18 12.16 5.91 0.816 0.820 4712.08 C
36.20 12.20 1.10 0.152 0.075 4713.00 C
36.22 12.20 2.11 0.291 0.189 4713.00 C
36.19 12.20 1.66 0.229 0.135 4713.00 C
36.23 12.20 3.15 0.434 0.335 4713.00 C
36.24 12.20 0.91 0.125 0.057 4713.00 C
36.22 12.20 1.36 0.187 0.101 4713.00 C
36.21 12.20 2.33 0.321 0.218 4713.00 C
36.19 12.20 2.17 0.300 0.197 4713.00 C
36.25 12.20 2.61 0.359 0.256 4715.25 A
36.21 12.20 2.17 0.299 0.197 4715.25 A
36.23 12.20 2.74 0.378 0.275 4715.25 A
36.23 12.20 4.18 0.576 0.501 4715.25 A
36.18 12.20 3.28 0.453 0.355 4715.25 A
36.24 12.20 3.36 0.463 0.367 4715.25 A
36.20 12.20 4.25 0.587 0.513 4715.25 A
36.16 12.20 4.54 0.628 0.564 4715.25 A
36.17 12.20 1.81 0.250 0.152 4718.42 A
36.21 12.20 1.85 0.255 0.157 4718.42 A
36.19 12.20 1.26 0.174 0.091 4718.42 A
36.21 12.20 3.23 0.446 0.347 4718.42 A
36.18 12.20 1.47 0.203 0.113 4718.42 A
36.22 12.20 1.11 0.153 0.076 4718.42 A
36.19 12.20 1.71 0.236 0.141 4718.42 A
36.17 12.20 2.68 0.371 0.266 4718.42 A
36.22 12.20 0.77 0.106 0.045 4720.33 A
36.24 12.20 1.17 0.161 0.082 4720.33 A
36.22 12.20 3.20 0.441 0.343 4720.33 A
36.24 12.20 2.78 0.383 0.281 4720.33 A
36.19 12.20 1.10 0.152 0.075 4720.33 A
36.23 12.20 0.61 0.084 0.032 4720.33 A
36.24 12.20 0.54 0.074 0.027 4720.33 A
36.23 12.20 1.48 0.204 0.114 4720.33 A
36.25 12.20 0.93 0.128 0.059 4720.33 A
36.16 12.20 3.16 0.437 0.337 4720.33 A
36.18 12.20 2.36 0.326 0.222 4720.33 A
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Champlin 369 Core Permeability Data

N2 Flow Press.| Atm Press. Flow Rate TEMCO Perm Calc. Perm
(psia) (psia) (cc/min) (mD) (mD) Core Depth (ft) Facies
36.13 12.15 2.95 0.408 0.305 4836.42 A
36.17 12.15 2.43 0.335 0.232 4836.42 A
36.19 12.15 3.29 0.454 0.356 4836.42 A
36.16 12.15 2.22 0.307 0.204 4836.42 A
36.19 12.15 1.86 0.257 0.158 4836.42 A
36.15 12.15 2.50 0.346 0.241 4836.42 A
36.17 12.15 5.13 0.708 0.671 4837.33 D
36.10 12.15 6.65 0.922 0.970 4837.33 D
36.14 12.15 10.03 1.389 1.741 4837.33 D
36.20 12.15 5.18 0.714 0.680 4837.33 D
36.20 12.15 6.92 0.954 1.027 4837.33 D
36.10 12.15 8.78 1.218 1.441 4837.33 D
36.15 12.15 8.07 1.116 1.278 4837.33 D
36.15 12.15 3.71 0.513 0.423 4837.33 D
36.24 12.23 0.61 0.083 0.032 4838.75 D
36.25 12.23 0.51 0.070 0.025 4838.75 D
36.24 12.23 0.53 0.073 0.027 4838.75 D
36.25 12.23 0.54 0.074 0.027 4838.75 D
36.23 12.23 0.74 0.101 0.043 4838.75 D
36.26 12.23 0.52 0.071 0.026 4838.75 D
36.23 12.23 2.43 0.334 0.232 4841.17 A
36.22 12.23 1.30 0.179 0.095 4841.17 A
36.20 12.23 3.16 0.435 0.337 4841.17 A
36.26 12.23 28.42 3.893 7.661 4841.17 C
36.20 12.23 11.75 1.616 2.181 4841.17 C
36.19 12.23 23.23 3.198 5.751 4841.17 C
36.27 12.23 30.97 4.245 8.658 4841.83 A
36.20 12.23 22.94 3.159 5.649 4841.83 A
36.20 12.23 41.66 5.737 13.201 4841.83 A
36.27 12.23 28.95 3.972 7.866 4841.83 A
36.24 12.23 11.99 1.647 2.244 4841.83 A
36.20 12.23 11.83 1.630 2.202 4841.83 A
36.25 12.23 8.13 1.117 1.291 4842.83 C
36.26 12.23 6.00 0.824 0.838 4842.83 C
36.21 12.23 9.45 1.301 1.600 4842.83 C
36.24 12.23 1.84 0.253 0.156 4842.83 D
36.24 12.23 1.93 0.265 0.167 4842.83 D
36.25 12.23 1.34 0.184 0.099 4842.83 D
36.18 12.23 5.76 0.795 0.791 4844.25 C
36.23 12.23 0.91 0.125 0.057 4844.25 C
36.19 12.23 13.47 1.858 2.648 4844.25 C
36.23 12.23 3.48 0.479 0.386 4846.33 C
36.23 12.23 2.21 0.304 0.202 4846.33 C
36.19 12.23 9.09 1.254 1.514 4846.33 C
36.20 12.23 3.65 0.503 0.413 4846.33 C
36.25 12.23 9.65 1.326 1.648 4847.50 D
36.25 12.23 26.30 3.615 6.861 4847.50 D
36.21 12.23 50.48 6.957 17.349 4847.50 D
36.21 12.23 1.51 0.208 0.118 4847.50 D
36.20 12.23 2.37 0.327 0.224 4847.50 D
36.24 12.23 3.19 0.439 0.341 4847.50 D
36.22 12.23 56.78 7.823 20.509 4848.17 A
36.19 12.23 37.67 5.199 11.440 4848.17 A
36.25 12.23 7.90 1.086 1.240 4848.17 A
36.24 12.23 3.34 0.460 0.364 4848.17 A
36.19 12.23 3.85 0.531 0.446 4848.17 A
36.26 12.23 34.73 4,774 10.191 4849.25 B
36.22 12.23 18.43 2.540 4,137 4849.25 B
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N2 Flow Press.| Atm Press. Flow Rate TEMCO Perm Calc. Perm
(psia) (psia) (cc/min) (mD) (mD) Core Depth (ft) Facies
36.26 12.23 34.02 4677 9.896 4849.25 B
36.22 12.23 3.78 0.521 0.434 4849.25 B
36.26 12.23 6.78 0.932 0.997 4849.25 B
36.25 12.23 6.31 0.867 0.900 4849.25 B
36.23 12.23 11.12 1.532 2.016 4854.25 C
36.25 12.23 6.24 0.859 0.886 4854.25 C
36.18 12.23 8.07 1.115 1.278 4854.25 C
36.26 12.23 3.24 0.445 0.349 4854.25 ¢}
36.25 12.23 3.76 0.517 0.431 4854.25 C
36.27 12.23 15.91 2.186 3.356 4855.83 C
36.23 12.23 41.54 5.723 13.147 4855.83 C
36.23 12.23 43.59 6.005 14.080 4855.83 C
36.24 12.23 30.13 4.148 8.326 4855.83 C
36.19 12.23 28.87 3.987 7.835 4855.83 C
36.21 12.23 3.60 0.497 0.405 4856.67 A
36.27 12.23 0.83 0.114 0.050 4856.67 A
36.22 12.23 2.33 0.321 0.218 4856.67 A
36.25 12.23 2.76 0.380 0.278 4856.67 C
36.26 12.23 1.32 0.182 0.097 4856.67 C
36.23 12.23 2.33 0.321 0.218 4856.67 C
36.23 12.25 14.04 1.920 2.809 4857.75 C
36.27 12.25 4.01 0.548 0.472 4857.75 C
36.29 12.25 9.44 1.289 1.597 4857.75 C
36.24 12.25 11.04 1.513 1.996 4857.75 C
36.23 12.25 13.94 1.913 2.781 4857.75 C
36.29 12.25 7.22 0.988 1.091 4857.75 D
36.28 12.25 9.50 1.300 1.612 4857.75 D
36.27 12.25 4.84 0.663 0.617 4857.75 D
36.26 12.25 1.27 0.174 0.092 4859.33 B
36.26 12.25 2.63 0.361 0.259 4859.33 B
36.24 12.25 3.73 0.513 0.426 4859.33 B
36.25 12.25 4.90 0.673 0.628 4859.33 B
36.27 12.25 2.19 0.301 0.200 4861.00 A
36.24 12.25 3.04 0.418 0.319 4861.00 A
36.25 12.25 151 0.208 0.118 4861.00 A
36.25 12.25 79.98 10.998 33.390 4862.08 E
36.20 12.25 14.96 2.064 3.075 4862.08 E
36.23 12.25 40.11 5524 12.508 4862.08 E
36.24 12.25 24.83 3.418 6.322 4862.08 E
36.30 12.25 6.98 0.957 1.039 4863.33 B
36.25 12.25 9.42 1.296 1.592 4863.33 B
36.26 12.25 7.90 1.086 1.240 4863.33 B
36.28 12.25 17.40 2.389 3.812 4863.33 E
36.23 12.25 18.56 2.556 4179 4863.33 E
36.26 12.25 23.63 3.249 5.892 4863.33 E
36.24 12.25 52.68 7.253 18.434 4863.33 E
36.23 12.25 8.13 1.120 1.291 4864.67 C
36.25 12.25 12.28 1.690 2.322 4864.67 C
36.27 12.25 11.90 1.635 2.220 4864.67 C
36.23 12.25 9.01 1.241 1.495 4864.67 D
36.29 12.25 12.07 1.658 2.266 4864.67 D
36.28 12.25 11.87 1.630 2.212 4864.67 D
36.27 12.25 7.70 1.058 1.195 4864.67 D
36.23 12.25 44.80 6.172 14.639 4865.75 A
36.29 12.25 25.08 3.442 6.413 4865.75 A
36.27 12.25 16.85 2.316 3.642 4865.75 A
36.30 12.25 7.42 1.018 1.134 4865.75 A
36.27 12.25 7.66 1.053 1.186 4865.75 A
36.21 12.25 4.02 0.555 0.474 4865.75 A
36.29 12.25 14.37 1.972 2.904 4866.17 C
36.27 12.25 46.02 6.329 15.210 4866.17 C
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N2 Flow Press.| Atm Press. Flow Rate TEMCO Perm Calc. Perm
(psia) (psia) (cc/min) (mD) (mD) Core Depth (ft) Facies
36.21 12.25 16.28 2.246 3.468 4866.17 C
36.23 12.25 14.54 2.003 2.953 4866.17 C
36.28 12.25 10.73 1.474 1.916 4866.17 C
36.21 12.25 61.68 8.509 23.072 4868.08 D
36.27 12.25 27.87 3.831 7.451 4868.08 D
36.29 12.25 12.63 1.734 2417 4868.08 D
36.24 12.25 9.09 1.252 1.514 4868.08 D
36.26 12.25 11.67 1.605 2.160 4869.67 B
36.24 12.25 14.02 1.931 2.804 4869.67 B
36.27 12.25 12.06 1.658 2.263 4869.67 B
36.26 12.25 13.21 1.817 2.576 4869.67 B
36.27 12.25 8.63 1.186 1.406 4869.67 B
36.28 12.25 8.42 1.157 1.357 4869.67 B
36.25 12.25 48.33 6.652 16.307 4871.42 E
36.24 12.25 32.82 4.520 9.403 4871.42 E
36.27 12.25 48.59 6.679 16.432 4871.42 E
36.25 12.25 46.79 6.440 15.573 4871.42 E
36.30 12.25 28.09 3.854 7.535 4871.42 E
36.27 12.25 28.45 3.910 7.673 4873.92 A
36.27 12.25 27.60 3.791 7.349 4873.92 A
36.23 12.25 21.96 3.026 5.309 4873.92 A
36.27 12.25 4.59 0.631 0.573 4873.92 A
36.27 12.25 11.03 1.516 1.993 4873.92 A
36.23 12.25 68.88 9.491 26.996 4875.67 E
36.21 12.25 29.25 4.035 7.982 4875.67 E
36.29 12.25 16.52 2.268 3.541 4875.67 E
36.27 12.25 11.65 1.601 2.154 4875.67 E
36.28 12.25 20.70 2.843 4.881 4875.67 E
36.23 12.26 7.88 1.078 1.235 4876.17 B
36.30 12.26 12.72 1.735 2.441 4876.17 B
36.24 12.26 19.57 2.681 4.506 4876.17 E
36.26 12.26 36.67 5.021 11.010 4876.17 E
36.30 12.26 42.67 5.829 13.659 4876.17 E
36.28 12.26 50.28 6.881 17.251 4876.17 E
36.28 12.26 1.50 0.205 0.117 4877.92 C
36.24 12.26 1.83 0.251 0.155 4877.92 C
36.30 12.26 2.93 0.401 0.302 4877.92 C
36.29 12.26 4.45 0.609 0.548 4877.92 C
36.26 12.26 11.36 1.558 2.078 4877.92 C
36.26 12.26 11.63 1.596 2.149 4877.92 C
36.24 12.26 1.92 0.264 0.166 4878.83 E
36.25 12.26 3.16 0.434 0.337 4878.83 E
36.27 12.26 3.35 0.460 0.366 4878.83 E
36.27 12.26 5.96 0.818 0.830 4878.83 E
36.21 12.26 51.88 7.146 18.037 4880.17 A
36.28 12.26 52.08 7.143 18.136 4880.17 A
36.23 12.26 64.68 8.899 24.684 4880.17 A
36.29 12.26 1.08 0.148 0.073 4880.92 A
36.20 12.26 1.02 0.141 0.067 4880.92 A
36.25 12.26 1.47 0.202 0.113 4880.92 A
36.25 12.26 3.12 0.429 0.331 4880.92 A
36.27 12.26 2.62 0.360 0.258 4880.92 A
36.26 12.26 3.36 0.462 0.367 4880.92 A
36.24 12.26 5.86 0.806 0.810 4882.17 D
36.24 12.26 6.70 0.922 0.981 4882.17 D
36.30 12.26 6.49 0.890 0.937 4882.17 D
36.25 12.26 12.22 1.681 2.306 4882.17 D

76



Sidwell Core Permeability Data

N2 Flow Press.| Atm Press. Flow Rate TEMCO Perm Calc. Perm
(psia) (psia) (cc/min) (mD) (mD) Core Depth (ft) Facies
36.15 12.20 50.88 6.98 20.16 4840.50 D
36.22 12.20 27.94 3.82 8.45 4840.50 D
36.22 12.20 43.06 5.89 15.82 4840.50 D
36.23 12.20 28.20 3.86 8.56 4840.50 D
36.21 12.20 42.02 5.76 15.27 4840.50 D
36.25 12.20 21.76 2.98 5.88 4840.50 D
36.21 12.20 2.86 0.39 0.31 4841.00 B
36.21 12.20 9.04 1.24 1.64 4841.00 B
36.24 12.20 5.42 0.74 0.78 4841.00 B
36.18 12.20 1.37 0.19 0.11 4841.50 D
36.22 12.20 2.55 0.35 0.26 4841.50 D
36.24 12.20 3.94 0.54 0.49 4841.50 D
36.16 12.20 4.60 0.63 0.62 4841.67 C
36.17 12.20 5.87 0.81 0.88 4841.67 C
36.18 12.20 7.54 1.04 1.26 4841.67 C
36.39 12.34 0.64 0.09 0.04 4842.83 B
36.31 12.34 0.93 0.13 0.06 4842.83 B
36.36 12.34 1.44 0.20 0.11 4842.83 B
36.35 12.34 0.64 0.09 0.04 4842.83 B
36.32 12.34 0.61 0.08 0.03 4842.83 B
36.34 12.34 1.43 0.19 0.11 4842.83 B
36.32 12.34 15.87 2.17 3.72 4844.00 D
36.32 12.34 72.68 9.94 33.82 4844.00 D
36.33 12.34 27.67 3.78 8.33 4844.00 D
36.34 12.34 2.19 0.30 0.21 4844.50 A
36.30 12.34 4.85 0.66 0.67 4844.50 A
36.37 12.34 3.18 0.43 0.36 4844.50 A
36.31 12.34 25.48 3.49 7.39 4844.50 C
36.32 12.34 14.93 2.04 3.40 4844.50 C
36.32 12.34 3.82 0.52 0.47 4844.50 C
36.35 12.34 1.08 0.15 0.08 4844.83 B
36.34 12.34 0.95 0.13 0.06 4844.83 B
36.36 12.34 1.11 0.15 0.08 4844.83 B
36.36 12.34 25.03 3.42 7.20 4845.00 D
36.34 12.34 38.80 5.31 13.60 4845.00 D
36.34 12.34 17.04 2.33 4.12 4845.00 D
36.32 12.34 0.71 0.10 0.04 4846.42 B
36.37 12.34 0.90 0.12 0.06 4846.42 B
36.38 12.34 1.40 0.19 0.11 4846.42 B
36.33 12.34 4.24 0.58 0.55 4846.42 B
36.37 12.34 5.16 0.71 0.73 4846.42 B
36.34 12.34 4.83 0.66 0.66 4846.42 B
36.38 12.34 1.81 0.25 0.16 4846.42 C
36.31 12.34 0.96 0.13 0.06 4846.42 C
36.33 12.34 3.39 0.46 0.40 4846.42 C
36.38 12.34 0.93 0.13 0.06 4848.08 D
36.32 12.34 0.75 0.10 0.04 4848.08 D
36.36 12.34 1.46 0.20 0.12 4848.08 D
36.38 12.34 0.83 0.11 0.05 4848.42 B
36.35 12.34 0.59 0.08 0.03 4848.42 B
36.30 12.31 2.63 0.36 0.27 4848.58 A
36.31 12.31 1.75 0.24 0.15 4848.58 A
36.31 12.31 1.67 0.23 0.14 4848.58 A
36.35 12.31 4.27 0.58 0.55 4848.58 A
36.34 12.31 1.16 0.16 0.08 4848.58 A
36.27 12.31 2.28 0.31 0.22 4848.58 A
36.36 12.31 14.49 1.97 3.26 4849.00 D
36.34 12.31 13.08 1.78 2.81 4849.00 D
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N2 Flow Press.| Atm Press. Flow Rate TEMCO Perm Calc. Perm
(psia) (psia) (cc/min) (mD) (mD) Core Depth (ft) Facies
36.30 12.31 19.91 2.2 5.1/ 4849.00 D
36.31 12.31 2.87 0.39 0.31 4849.67 B
36.34 12.31 2.53 0.35 0.26 4849.67 B
36.29 12.31 2.38 0.33 0.24 4849.67 B
36.34 12.31 74.88 10.22 35.31 4849.83 D
36.33 12.31 49.09 6.71 19.13 4849.83 D
36.32 12.31 54.38 7.43 22.20 4849.83 D
36.31 12.31 5.63 0.77 0.83 4850.50 B
36.35 12.31 3.01 0.41 0.33 4850.50 B
36.34 12.31 2.15 0.29 0.20 4850.50 B
36.33 12.31 9.68 1.32 1.81 4851.00 B
36.34 12.31 10.87 1.49 2.15 4851.00 B
36.28 12.31 9.74 1.34 1.83 4851.00 B
36.31 12.31 4.74 0.65 0.64 4851.83 B
36.33 12.31 10.32 1.41 1.99 4851.83 B
36.34 12.31 18.69 2.56 4.71 4851.83 B
36.31 12.31 9.19 1.26 1.68 4851.83 B
36.32 12.31 13.97 1.91 3.09 4851.83 B
36.34 12.31 9.79 1.34 1.84 4851.83 B
36.28 12.31 11.66 1.60 2.38 4851.83 B
36.36 12.31 9.51 1.30 1.77 4851.83 B
36.30 12.31 9.06 1.24 1.65 4851.83 B
36.30 12.31 1.91 0.26 0.17 4853.00 A
36.32 12.31 5.71 0.78 0.84 4853.00 A
36.34 12.31 6.18 0.85 0.95 4853.00 A
36.31 12.31 2.01 0.28 0.19 4854.00 B
36.29 12.31 3.62 0.50 0.44 4854.00 B
36.31 12.31 8.71 1.19 1.56 4854.00 B
36.30 12.31 1.24 0.17 0.09 4854.08 A
36.32 12.31 3.69 0.51 0.45 4854.08 A
36.31 12.31 3.95 0.54 0.49 4854.08 A
36.31 12.28 0.66 0.09 0.04 4855.00 B
36.26 12.28 2.57 0.35 0.26 4855.00 B
36.26 12.28 4.49 0.61 0.59 4855.00 B
36.30 12.28 1.02 0.14 0.07 4855.08 C
36.28 12.28 3.94 0.54 0.49 4855.08 C
36.30 12.28 0.63 0.09 0.03 4855.75 B
36.31 12.28 1.26 0.17 0.09 4855.75 B
36.31 12.28 1.16 0.16 0.08 4855.75 B
36.32 12.28 26.63 3.63 7.88 4856.50 D
36.30 12.28 47.16 6.43 18.05 4856.50 D
36.31 12.28 51.33 7.00 20.41 4856.50 D
36.29 12.28 1.42 0.19 0.11 4857.08 B
36.28 12.28 1.95 0.27 0.18 4857.08 B
36.24 12.28 2.82 0.39 0.30 4857.08 B
36.28 12.28 0.72 0.10 0.04 4858.42 A
36.29 12.28 2.10 0.29 0.20 4858.42 A
36.23 12.28 1.42 0.20 0.11 4858.42 A
36.28 12.28 20.00 2.74 5.20 4858.83 D
36.29 12.28 53.48 7.32 21.67 4858.83 D
36.27 12.28 18.77 2.57 474 4858.83 D
36.28 12.28 441 0.60 0.58 4860.00 A
36.26 12.28 16.23 2.23 3.84 4860.00 A
36.33 12.28 3.41 0.47 0.40 4860.00 A
36.33 12.28 0.76 0.10 0.05 4861.58 B
36.33 12.28 1.98 0.27 0.18 4861.58 B
36.28 12.28 2.80 0.38 0.30 4861.83 B
36.25 12.28 6.79 0.93 1.08 4861.83 B
36.27 12.29 9.56 1.30 1.78 4862.75 B
36.29 12.29 10.87 1.48 2.15 4862.75 B
36.28 12.29 9.20 1.25 1.68 4862.75 B
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N2 Flow Press.| Atm Press. Flow Rate TEMCO Perm Calc. Perm
(psia) (psia) (cc/min) (mD) (mD) Core Depth (ft) Facies
36.29 12.29 1.01 0.14 0.0/ 4864.33 A
36.26 12.29 2.67 0.37 0.28 4864.33 A
36.33 12.29 2.33 0.32 0.23 4864.33 A
36.25 12.29 2.33 0.32 0.23 4865.50 A
36.33 12.29 4.30 0.59 0.56 4865.50 A
36.29 12.29 1.41 0.19 0.11 4865.50 A
36.29 12.29 1.02 0.14 0.07 4866.00 B
36.28 12.29 0.65 0.09 0.04 4866.00 B
36.34 12.29 0.82 0.11 0.05 4866.00 B
36.30 12.29 2.78 0.38 0.30 4866.67 [}
36.27 12.29 4.23 0.58 0.55 4866.67 C
36.29 12.29 3.79 0.52 0.47 4866.67 C
36.32 12.29 4.17 0.57 0.53 4866.67 C
36.33 12.29 4.58 0.63 0.61 4867.58 A
36.29 12.29 5.18 0.71 0.73 4867.58 A
36.34 12.29 5.24 0.72 0.74 4867.58 A
36.32 12.29 0.75 0.10 0.04 4868.08 A
36.28 12.29 2.13 0.29 0.20 4868.08 A
36.26 12.29 3.73 0.51 0.45 4868.08 A
36.24 12.27 53.68 7.32 21.78 4869.08 D
36.28 12.27 37.12 5.05 12.75 4869.08 D
36.27 12.27 53.98 7.35 21.96 4869.08 D
36.26 12.27 0.58 0.08 0.03 4870.08 A
36.23 12.27 1.10 0.15 0.08 4870.08 A
36.27 12.27 1.68 0.23 0.14 4870.08 A
36.25 12.27 4.92 0.67 0.68 4870.83 B
36.27 12.27 7.21 0.99 1.18 4870.83 B
36.28 12.27 7.35 1.00 1.22 4870.83 B
36.28 12.27 51.67 7.06 20.61 4870.92 [}
36.32 12.27 33.54 4.58 11.01 4870.92 C
36.31 12.27 21.10 2.88 5.62 4870.92 C
36.27 12.27 13.94 1.91 3.08 4870.92 C
36.30 12.27 0.65 0.09 0.04 4872.08 A
36.27 12.27 1.70 0.23 0.15 4872.08 A
36.26 12.27 2.56 0.35 0.26 4872.08 A
36.26 12.27 6.29 0.86 0.97 4873.00 A
36.26 12.27 1.51 0.21 0.12 4873.08 A
36.28 12.27 3.76 0.51 0.46 4873.08 A
36.25 12.27 3.15 0.43 0.36 4873.08 A
36.27 12.27 4.15 0.57 0.53 4873.83 A
36.31 12.27 5.37 0.73 0.77 4873.83 A
36.26 12.27 13.84 1.90 3.05 4874.08 D
36.27 12.27 24.82 3.40 7.11 4874.08 D
36.24 12.27 45.41 6.24 17.09 4874.08 D
36.30 12.27 1.19 0.16 0.09 4875.42 A
36.31 12.27 4.24 0.58 0.55 4875.42 A
36.26 12.27 1.79 0.25 0.16 4875.42 A
36.29 12.27 9.05 1.24 1.65 4876.58 A
36.28 12.27 8.47 1.16 1.49 4876.58 A
36.26 12.27 7.57 1.04 1.27 4876.58 A
36.27 12.27 1.41 0.19 0.11 4878.00 A
36.26 12.27 0.67 0.09 0.04 4878.00 A
36.28 12.27 3.59 0.49 0.43 4878.00 A
36.28 12.27 7.09 0.97 1.15 4879.17 B
36.31 12.27 9.74 1.33 1.83 4879.17 B
36.30 12.27 11.89 1.63 2.44 4879.17 B
36.26 12.27 3.48 0.48 0.41 4879.42 A
36.26 12.27 4.54 0.62 0.60 4879.42 A
36.31 12.27 7.74 1.06 1.31 4879.42 A
36.28 12.27 17.66 2.42 4.34 4880.08 D
36.27 12.27 41.17 5.65 14.82 4880.92 D
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N2 Flow Press.| Atm Press. Flow Rate TEMCO Perm Calc. Perm
(psia) (psia) (cc/min) (mD) (mD) Core Depth (ft) Facies
36.28 12.27 12.18 1.67 2.53 4880.92 D
36.25 12.27 3.76 0.52 0.46 4882.33 A
36.26 12.27 1.06 0.15 0.07 4882.33 A
36.29 12.27 0.99 0.14 0.07 4882.33 A
36.27 12.27 1.40 0.19 0.11 4882.75 B
36.25 12.27 2.16 0.30 0.21 4882.75 B
36.27 12.27 3.62 0.50 0.44 4882.75 B
36.24 12.20 0.67 0.09 0.04 4883.92 A
36.15 12.20 1.95 0.27 0.18 4883.92 A
36.24 12.20 3.65 0.50 0.44 4883.92 A
36.23 12.20 2.92 0.40 0.32 4884.50 A
36.23 12.20 453 0.62 0.60 4884.50 A
36.19 12.20 2.60 0.36 0.27 4884.50 A
36.18 12.20 4.25 0.58 0.55 4885.08 A
36.23 12.20 6.25 0.86 0.96 4885.08 A
36.19 12.20 5.38 0.74 0.77 4885.08 A
36.21 12.20 18.14 2.49 451 4885.67 D
36.22 12.20 16.27 2.23 3.85 4885.67 D
36.24 12.20 17.68 2.42 4.35 4885.67 D
36.20 12.20 9.73 1.34 1.83 4886.08 B
36.19 12.20 8.30 1.14 1.45 4886.08 B
36.19 12.20 4.32 0.59 0.56 4886.08 B
36.22 12.20 6.30 0.87 0.97 4887.25 C
36.19 12.20 9.42 1.30 1.74 4887.25 C
36.17 12.20 11.20 1.54 2.24 4887.25 C
36.23 12.20 2.56 0.35 0.26 4887.67 C
36.20 12.20 5.73 0.79 0.85 4887.67 C
36.26 12.28 4.67 0.64 0.63 4887.67 C
36.30 12.28 5.54 0.75 0.81 4887.67 C
36.30 12.28 9.69 1.32 1.82 4887.67 [}
36.28 12.28 6.43 0.88 1.00 4888.17 B
36.24 12.28 7.89 1.08 1.35 4888.17 B
36.30 12.28 8.06 1.10 1.39 4888.17 B
36.26 12.28 8.20 1.12 1.43 4888.25 A
36.32 12.28 5.20 0.71 0.74 4888.25 A
36.28 12.28 3.18 0.43 0.36 4888.25 A
36.30 12.28 3.94 0.54 0.49 4888.50 C
36.29 12.28 5.56 0.76 0.81 4888.50 C
36.28 12.28 10.58 1.45 2.06 4889.42 A
36.28 12.28 23.22 3.18 6.46 4889.42 A
36.28 12.28 9.18 1.26 1.68 4889.42 A
36.27 12.28 3.85 0.53 0.48 4890.00 A
36.28 12.28 2.72 0.37 0.29 4890.00 A
36.27 12.28 4.65 0.64 0.63 4890.00 A
36.28 12.28 2.23 0.31 0.22 4890.58 A
36.26 12.28 1.16 0.16 0.08 4890.58 A
36.30 12.28 6.61 0.91 1.04 4890.58 A
36.27 12.28 1.76 0.24 0.15 4891.08 A
36.29 12.28 2.31 0.32 0.23 4891.08 A
36.30 12.28 3.95 0.54 0.49 4891.08 A
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Moser #1 Core Permeability Data

N2 Flow Press.| Atm Press. Flow Rate TEMCO Perm Calc. Perm
(psia) (psia) (cc/min) (mD) (mD) Core Depth (ft) Facies
36.23 12.20 2.98 0.410 0.310 4441.25 B
36.24 12.20 3.31 0.455 0.360 4441.25 B
36.24 12.20 2.75 0.378 0.276 4441.25 B
36.24 12.20 3.06 0.421 0.322 4441.25 B
36.23 12.20 2.13 0.293 0.192 4441.25 C
36.22 12.20 3.52 0.485 0.392 4441.25 C
36.24 12.20 2.66 0.366 0.263 4441.25 C
36.26 12.24 2.62 0.359 0.258 4442.33 D
36.25 12.24 3.08 0.423 0.325 4442.33 D
36.23 12.24 2.40 0.330 0.228 4442.33 D
36.26 12.24 2.83 0.388 0.288 4442 .33 D
36.23 12.24 3.85 0.529 0.446 4442.33 D
36.23 12.24 3.17 0.434 0.338 4446.25 C
36.27 12.24 2.35 0.321 0.221 4446.25 C
36.20 12.24 1.83 0.251 0.155 4446.25 C
36.22 12.24 3.78 0.519 0.434 4446.25 C
36.24 12.24 1.98 0.272 0.173 4446.25 C
36.26 12.24 4.64 0.636 0.581 4446.25 C
36.27 12.24 1.57 0.215 0.124 4447.00 A
36.26 12.24 1.32 0.181 0.097 4447.00 A
36.23 12.24 2.64 0.363 0.261 4447.00 A
36.29 12.24 2.04 0.280 0.181 4447.00 A
36.25 12.24 2.30 0.316 0.214 4447.00 A
36.20 12.24 0.88 0.121 0.055 4447.00 A
36.21 12.24 3.11 0.429 0.329 4447.00 A
36.23 12.24 2.48 0.342 0.238 4448.00 A
36.19 12.24 2.30 0.318 0.214 4448.00 A
36.22 12.18 1.04 0.143 0.069 4448.00 A
36.18 12.18 1.53 0.211 0.120 4448.00 A
36.23 12.18 0.52 0.071 0.026 4448.00 A
36.19 12.18 0.56 0.077 0.029 4448.00 A
36.22 12.18 1.51 0.208 0.118 4448.00 A
36.23 12.18 2.49 0.342 0.240 4448.00 A
36.21 12.18 3.31 0.455 0.360 4449.08 D
36.18 12.18 1.18 0.163 0.083 4449.08 D
36.15 12.18 2.45 0.339 0.234 4449.08 D
36.21 12.18 3.71 0.511 0.423 4449.08 D
36.19 12.18 3.08 0.425 0.325 4449.08 D
36.17 12.18 5.33 0.736 0.708 4450.67 D
36.16 12.18 5.21 0.720 0.686 4450.67 D
36.20 12.18 4.50 0.620 0.557 4450.67 D
36.19 12.18 6.06 0.836 0.850 4450.67 D
36.17 12.18 6.85 0.946 1.012 4450.67 D
36.21 12.18 4.73 0.652 0.598 4450.67 D
36.19 12.18 4.73 0.653 0.598 4450.67 D
36.17 12.18 5.11 0.706 0.667 4450.67 D
36.22 12.18 3.66 0.504 0.415 4451.67 D
36.14 12.18 5.23 0.724 0.689 4451.67 D
36.18 12.18 3.68 0.508 0.418 4451.67 D
36.19 12.18 2.74 0.378 0.275 4451.67 D
36.17 12.18 2.91 0.402 0.299 4453.67 B
36.16 12.18 3.79 0.524 0.436 4453.67 B
36.20 12.18 3.06 0.422 0.322 4453.67 B
36.22 12.18 1.99 0.274 0.174 4453.67 B
36.20 12.18 1.62 0.223 0.130 4453.67 D
36.21 12.18 0.61 0.084 0.032 4453.67 D
36.13 12.18 2.26 0.313 0.209 4453.67 D
36.22 12.18 2.23 0.307 0.205 4453.67 D
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N2 Flow Press.| Atm Press. Flow Rate TEMCO Perm Calc. Perm
(psia) (psia) (cc/min) (mD) (mD) Core Depth (ft) Facies
36.19 12.16 3.67 0.503 0.416 4454.67 A
36.17 12.16 2.43 0.334 0.232 4454.67 A
36.14 12.16 5.14 0.706 0.673 4454.67 C
36.19 12.16 4.47 0.613 0.551 4454.67 C
36.21 12.16 1.63 0.223 0.131 4454.67 D
36.20 12.16 2.44 0.334 0.233 4454.67 D
36.16 12.16 0.73 0.100 0.042 4457.00 A
36.15 12.16 1.01 0.139 0.066 4457.00 A
36.16 12.16 0.83 0.114 0.050 4457.00 A
36.19 12.16 1.62 0.223 0.130 4457.00 A
36.14 12.16 0.90 0.124 0.056 4457.00 A
36.15 12.16 1.27 0.175 0.092 4457.00 A
36.17 12.16 1.83 0.252 0.155 4457.00 A
36.16 12.16 1.67 0.230 0.136 4457.00 A
36.18 12.16 1.14 0.157 0.079 4460.00 A
36.18 12.16 5.80 0.800 0.799 4460.00 A
36.15 12.16 5.22 0.721 0.687 4460.00 A
36.19 12.16 4.14 0.571 0.494 4460.00 A
36.16 12.16 2.86 0.395 0.292 4460.00 A
36.16 12.16 4.60 0.635 0.574 4460.00 A
36.20 12.16 2.87 0.395 0.294 4460.00 A
36.17 12.16 2.48 0.342 0.238 4460.00 A
36.16 12.16 1.24 0.171 0.089 4462.50 A
36.18 12.16 2.56 0.353 0.249 4462.50 A
36.19 12.16 1.04 0.143 0.069 4462.50 A
36.20 12.16 0.55 0.076 0.028 4462.50 A
36.12 12.16 1.90 0.263 0.163 4462.50 A
36.16 12.16 1.02 0.141 0.067 4462.50 A
36.15 12.16 3.13 0.433 0.332 4462.50 A
36.14 12.16 4.90 0.678 0.628 4462.50 A
36.16 12.16 0.93 0.129 0.059 4462.50 A
36.15 12.16 3.18 0.439 0.340 4465.00 A
36.20 12.16 5.75 0.791 0.789 4465.00 A
36.19 12.16 2.80 0.386 0.283 4465.00 A
36.18 12.16 5.03 0.693 0.652 4465.00 A
36.10 12.16 6.75 0.935 0.991 4465.00 A
36.17 12.16 2.81 0.387 0.285 4465.00 A
36.16 12.16 2.38 0.328 0.225 4465.00 A
36.18 12.16 5.09 0.702 0.663 4465.00 A
36.21 12.16 6.69 0.921 0.979 4465.00 A
36.13 12.16 7.01 0.970 1.046 4465.00 A
36.16 12.16 3.36 0.464 0.367 4466.83 A
36.16 12.16 2.62 0.362 0.258 4466.83 A
36.17 12.16 3.16 0.436 0.337 4466.83 A
36.20 12.16 2.78 0.383 0.281 4466.83 A
36.18 12.16 1.38 0.190 0.104 4468.00 A
36.18 12.16 2.74 0.378 0.275 4468.00 A
36.15 12.16 2.76 0.382 0.278 4468.00 A
36.16 12.16 5.56 0.768 0.752 4468.00 A
36.20 12.20 131 0.179 0.096 4468.75 A
36.19 12.20 2.65 0.364 0.262 4468.75 A
36.22 12.20 3.50 0.480 0.389 4468.75 A
36.15 12.20 5.43 0.748 0.727 4468.75 A
36.24 12.20 0.74 0.101 0.043 4469.58 A
36.16 12.20 1.08 0.149 0.073 4469.58 A
36.21 12.20 1.50 0.206 0.117 4469.58 A
36.23 12.20 2.39 0.328 0.226 4469.58 A
36.21 12.20 121 0.166 0.086 4471.25 A
36.22 12.20 1.48 0.203 0.114 4471.25 A
36.22 12.20 1.18 0.162 0.083 4471.25 A
36.23 12.20 1.91 0.262 0.164 4471.25 A
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N2 Flow Press.| Atm Press. Flow Rate TEMCO Perm Calc. Perm
(psia) (psia) (cc/min) (mD) (mD) Core Depth (ft) Facies
36.23 12.20 1.70 0.234 0.139 4472.08 A
36.16 12.20 1.84 0.254 0.156 4472.08 A
36.19 12.20 1.70 0.234 0.139 4472.08 A
36.20 12.20 2.02 0.278 0.178 4472.08 A
36.20 12.20 4.00 0.551 0.471 4472.92 A
36.15 12.20 10.19 1.409 1.781 4472.92 A
36.24 12.20 2.05 0.282 0.182 4472.92 A
36.19 12.20 2.74 0.378 0.275 4472.92 A
36.23 12.20 2.69 0.370 0.268 4472.92 A
36.16 12.20 4.28 0.591 0.518 4472.92 A
36.18 12.20 2.34 0.323 0.220 4472.92 A
36.18 12.20 4.76 0.657 0.603 4474.67 A
36.15 12.20 7.10 0.982 1.065 4474.67 A
36.24 12.20 12.39 1.703 2.352 4474.67 A
36.16 12.20 8.64 1.194 1.408 4474.67 A
36.24 12.20 7.78 1.070 1.213 4474.67 A
36.22 12.20 4.89 0.673 0.626 4474.67 A
36.22 12.25 0.88 0.121 0.055 4476.17 A
36.26 12.25 2.76 0.378 0.278 4476.17 A
36.28 12.25 1.67 0.228 0.136 4476.17 A
36.28 12.25 7.14 0.976 1.073 4476.92 A
36.26 12.25 10.32 1.414 1.813 4476.92 A
36.25 12.25 4.43 0.607 0.544 4476.92 A
36.28 12.25 5.62 0.769 0.764 4476.92 A
36.23 12.25 6.97 0.957 1.037 4477.17 A
36.25 12.25 10.62 1.457 1.888 4477.17 A
36.20 12.25 14.11 1.942 2.829 4477.17 A
36.22 12.25 4.16 0.572 0.498 4478.42 A
35.25 12.25 3.52 0.515 0.392 4478.42 A
35.27 12.25 2.42 0.354 0.230 4478.42 A
36.21 12.25 5.19 0.714 0.682 4478.42 D
36.21 12.25 3.32 0.457 0.361 4478.42 D
36.23 12.25 6.24 0.858 0.886 4479.33 A
36.24 12.25 6.98 0.959 1.039 4479.33 A
36.29 12.25 5.50 0.754 0.741 4479.33 A
35.25 12.25 9.92 1.451 1.714 4479.33 D
36.27 12.25 4.95 0.679 0.637 4479.33 D
36.20 12.25 2.81 0.387 0.285 4479.33 D
36.20 12.25 2.17 0.299 0.197 4479.83 A
36.25 12.25 4.74 0.651 0.599 4479.83 A
36.28 12.25 1.09 0.150 0.074 4479.83 A
36.22 12.25 4.55 0.627 0.565 4479.83 A
36.22 12.25 5.67 0.781 0.773 4479.83 A
36.24 12.25 9.69 1.333 1.658 4479.83 A
36.27 12.25 9.59 1.317 1.633 4479.83 A
36.22 12.25 8.79 1.211 1.443 4480.83 A
36.27 12.25 3.89 0.534 0.452 4480.83 A
36.23 12.25 7.16 0.986 1.078 4480.83 D
36.27 12.25 6.63 0.911 0.966 4480.83 D
36.30 12.25 2.23 0.306 0.205 4480.83 D
36.24 12.25 2.54 0.350 0.247 4481.92 A
36.25 12.25 4.45 0.612 0.548 4481.92 A
36.23 12.25 3.74 0.515 0.428 4481.92 A
36.21 12.25 13.55 1.869 2.671 4481.92 A
36.25 12.25 5.32 0.732 0.706 4481.92 A
36.20 12.25 5.07 0.700 0.660 4481.92 A
36.21 12.25 11.70 1.614 2.167 4481.92 A
36.22 12.25 7.67 1.057 1.189 4483.17 A
36.22 12.25 181 0.250 0.152 4483.17 A
36.20 12.25 4.27 0.589 0.517 4483.17 A
36.29 12.25 2.21 0.303 0.202 4483.17 A

83



N2 Flow Press.| Atm Press. Flow Rate TEMCO Perm Calc. Perm
(psia) (psia) (cc/min) (mD) (mD) Core Depth (ft) Facies
36.23 12.25 6.02 0.829 0.842 44383.17 A
36.27 12.20 0.76 0.104 0.044 4483.92 A
36.21 12.20 1.79 0.245 0.150 4483.92 A
36.22 12.20 0.95 0.130 0.061 4483.92 A
36.17 12.20 3.72 0.512 0.425 4483.92 A
36.24 12.20 4.88 0.668 0.625 4483.92 A
36.23 12.20 3.61 0.495 0.407 4483.92 A
36.18 12.20 1.52 0.209 0.119 4484.75 A
36.20 12.20 3.16 0.434 0.337 4484.75 A
36.22 12.20 1.41 0.194 0.107 4484.75 A
36.23 12.20 2.42 0.332 0.230 4484.75 A
36.16 12.20 3.33 0.459 0.363 4484.75 A
36.18 12.20 7.94 1.094 1.249 4484.75 A
36.19 12.20 2.36 0.325 0.222 4485.58 A
36.17 12.20 5.51 0.760 0.742 4485.58 A
36.17 12.20 9.24 1.274 1.549 4485.58 A
36.19 12.20 4.96 0.683 0.639 4485.58 A
36.21 12.20 2.32 0.319 0.217 4485.58 D
36.16 12.20 2.85 0.393 0.291 4486.75 A
36.21 12.20 8.63 1.188 1.406 4486.75 A
36.22 12.20 8.25 1.135 1.319 4486.75 A
36.18 12.20 6.42 0.885 0.923 4486.75 A
36.16 12.20 6.55 0.904 0.950 4487.08 A
36.18 12.20 4.75 0.655 0.601 4487.08 A
36.21 12.20 2.23 0.307 0.205 4487.08 A
36.23 12.20 3.63 0.499 0.410 4487.08 D
36.24 12.20 2.89 0.397 0.296 4488.08 A
36.17 12.20 2.34 0.323 0.220 4488.08 A
36.17 12.20 4.47 0.617 0.551 4488.08 A
36.20 12.20 3.35 0.462 0.366 4488.08 A
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Appendix C

Near-wellbore Modeling and Upscaling Results
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Facies Modeling

The near-wellbore facies modeling for the McHale #1 and Champlin 369 cores was done
by compiling the four defined facies into a 3-D representation of the formations respective cores.
To start, a generic facies model of each of the four facies was modeled for both formations,
generating four generic facies for each formation. A generic facies model for this research is
defined as a gross representation of an observed facies that is used as the base for populating
a 3-D core model. Each facies is customized as it is used in the 3-D core model to match the
observed and measured characteristics of the facies at a given depth (Figure 31). Multiple
variations of each facies were designed and modeled to give greater flexibility in the specific
modeling of specific facies. Additionally, the generic variations that are designed early save
time when modeling specific facies in the cores as less variables have to be changed later.
These different variations are all of the same basic design and use the same depositional
processes. Only minor variables within each facies were changed (e.g. increased or decreased
mudrock content, higher ripple amplitude or wavelength, thickness of mudrock or sandstone
laminas, etc.) In this study, these generic facies models are known as sub-models.

Once the generic sub-models were completed, detailed core photographs were taken
and loaded into the modeling software. The photographs were taken at a foot interval with each
photo only representing a one foot section of the core. The photos were cropped and
straightened so that only the core face is seen. Each was carefully depth calibrated so that it
would display at the depths marked on the core. These photographs are the primary guide for
determining the facies at a given depth. Core descriptions were not detailed enough to provide
every facies within in the core as the majority of them are at most several inches thick
(Appendix A). However, the cores were on hand during the modeling process so direct
measurements could be taken from the core as needed (facies thickness, ripple amplitude,

wavy lamina wavelengths, etc.).
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3-D Original
Permeability
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Figure 31. Schematic showing core photograph of McHale #1 core (~4705-4706’) and the
corresponding near-wellbore models. The left-middle column shows the facies model as it
corresponds to the photograph (known as bedding structure model); right-middle column
shows original permeability distribution in the near-wellbore model. The permeability model is
upscaled to generate a single effective-permeability value for each facies modeled (right

column).
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Core photos were displayed along with all well-log data available for each core and each
facies was hand drawn on top of them. This was used particularly with the core photos as the
well-log suites have a much coarser resolution and do differentiate facies at that scale. As the
boundaries for each facies were designated, each was populated with one of the generic sub-
models created earlier. This was done one facies occurrence at a time. As each facies
occurrence was populated, the model facies was rendered and compared to the core
photographs and the actual core. Adjustments were made and the facies was regenerated and
compared again for photographs and the actual core. This process was continued until the
modeled 3-D core matched what was observed in the core photographs and actual core.
Following this, the next set of facies boundaries were created and the process was repeated

throughout the entire cored interval for the McHale #1 and Champlin 369 cores.

Permeability Modeling

Once the facies models were completed, permeability models were created (Figure 31).
The mini-permeameter data measurements were collected by lamina type for each compiled
and a mean and standard deviation were determined for each sandstone lamina in each facies.
The mean for the permeability data was determined using a geometric average of calibrated
permeability measurements. Similarly, the standard deviation was derived from the calibrated
measurements as well. The inputs for the model were done by lamina type within each facies
(e.g. sandstone or mudrock), and for simplicity it was assumed there was only one type of
sandstone and one type of mudrock for each facies. Due to the small-scale nature of the
measurements and irregular spacing of the measurements, variograms could not be used. A
minimum permeability of 0.0001 mD was applied along with a maximum permeability of 15.0
mD. If any values were modeled as being outside of these values, they were rounded to the

minimum or maximum values depending on whether the value was higher or lower than each.
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Permeability Upscaling and Results

Once the permeability models were created, an upscaling case was defined. The
upscaling process used in this study is a flow-based algorithm that simulates flow through each
facies and determines the effective permeability. The size of each block upscaled is determined
by the facies boundaries defined previously. This was preferred over the alternative, which
would be defining an upscaling block size. That would cause multiple facies with different
permeability values to be lumped together with effective values generated no longer
corresponding to a single facies. This would make comparison of original- to effective-
permeability values difficult. With the upscaling boundaries being the same the facies
boundaries, each facies is given an effective value and a comparison of that facies original
permeability and the resulting effective permeability could be completed.

Choosing the type of upscaling process, either single-phase or multi-phase upscaling is
important. This study uses a single-phase upscaling process. Single phase was chosen
instead of a multi-phase upscaling because of the lack of data required for multi-phase
upscaling. Multi-phase upscaling is typically done for two fluids, water and oil. To do this type
of upscaling, more data is required including fluid viscosity and saturation functions for each
lamina.

After determining what type of upscaling will be done, determining the boundary
conditions is next. The boundary conditions that are chosen for the upscaling process can be
considered one of the more important variables. This study uses what are known as periodic
boundary conditions (PBC) due to its effectiveness in producing accurate results in
heterogeneous reservoirs. Pickup et al. (1994) showed that PBC proved to be robust in
evaluating permeabilities in the x- and y-directions. Additionally, this method was determined to
be very effective at handling complex geometries and in the context of a small-scale model like
this; PBC creates symmetric effective permeabilities (Durlofsky, 1991). Periodic boundary

conditions are best applied to reservoirs that are heterogeneous and contain repeating
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geological structures. The Terry and Hygiene formations at these locations are heterogeneous
but also contain a stacking pattern among the four facies. The three sandstone-rich facies
occur together with regular frequency and the sandstone-poor wavy-laminated facies occurring
with ripple-laminated facies regularly as well. While this pattern isn’t absolute, enough of a
pattern exists to further warrant using this set of boundary conditions. The periodic boundary
conditions used produces a pressure gradient and there is no limitation to flow through any
bounding surface (Figure 32). The results of the upscaling are presented for both the McHale
#1 and Champlin 369 cores in summary in Tables 1 and 3 and in detail for each facies in Tables
4 and 5.

A comparison of the original-permeability values and effective-permeability values was
conducted by facies as well. Similar to the overall trend for the cores as a whole (Figure 8),
each individual facies shows a reduction in the range of effective permeabilities relative to
original permeabilities, with the exception of facies D, the structures sandstone (Figures 33, 34,
35, 36). This facies was least affected by the upscaling due to its lack of mudrock. This causes
the effective permeability to be almost the same as the original permeability after the upscaling

is completed.
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Figure 32. Schematic of flow-based upscaling boundary conditions. No limitations in flow occur
across boundary conditions. This set of boundary conditions is ideally suited for heterogeneous
samples. Effective permeabilities using these boundary condition parameters are measured in
six directions. Modified from SBED Users Manual v4.1.



Original Permeability (mD)

Effective Permeability (mD)

Sand lamina | Sand Lamina | Mud Lamina Geometric | Arithmetic
Avg. Std. Dev. Avg. * Avg. Avg. Standard Dev.
1.50 6.17 0.004 0.24 0.28 0.16
3.08 3.93 0.004 0.21 0.53 0.60
5.29 8.26 0.004 3.55 3.56 0.26
0.73 2.27 N/A 0.34 0.37 0.22

Table 3. Original- and effective-permeability values for Champlin 369 core.
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McHale #1 Upscaling Results

Effective Perm

Facies (mD) Top (ft) Bottom (ft) | Thickness (ft)
A 0.10 4688.00 4688 .41 0.41
B 0.53 4688 .41 4688.57 0.16
A 0.08 4688.57 4689.13 0.56
D 0.21 4689.13 4689.51 0.38
B 0.42 4689.51 4689.60 0.09
A 0.14 4689.60 4689.94 0.34
D 0.21 4689.94 4690.23 0.29
A 0.16 4690.23 4690.31 0.08
D 0.21 4690.31 4690.37 0.06
A 0.17 4690.37 4690.51 0.14
A 0.21 4690.51 4690.62 0.11
A 0.16 4690.62 4691.05 0.43
B 0.52 4691.05 4691.10 0.05
A 0.17 4691.10 4691.38 0.28
C 1.46 4691.38 4691.56 0.18
A 0.18 4691.56 4691.77 0.21
B 0.56 4691.77 4692.07 0.30
D 0.21 4692.07 4692.19 0.12
A 0.18 4692.19 4692.33 0.14
B 0.49 4692.33 4692.45 0.12
B 0.43 4692.45 4692.70 0.25
A 0.13 4692.70 4693.02 0.32
A 0.13 4693.02 4693.17 0.15
D 0.21 4693.17 469338 0.21
C 145 4693.38 469359 0.21
A 0.13 469359 4693.74 0.15
C 1.46 4693.74 4693.85 0.11
A 0.09 4693.85 4693.94 0.09
D 0.22 4693.94 4694 .46 0.52
A 0.20 4694.46 4694.65 0.19
C 1.47 4694.65 4694.73 0.08
A 0.10 4694.73 4694.91 0.18
C 1.46 4694.91 4695.05 0.14
A 0.18 4695.05 4695.14 0.09
D 0.21 4695.14 4695.50 0.36
B 0.43 4695.50 469558 0.08
A 0.05 469558 4695.70 0.12
C 1.46 4695.70 4695.81 0.11
A 0.05 4695.81 4695.83 0.07
A 0.17 4695.83 4696.51 0.63
B 0.46 4696.51 4696.63 0.12
C 1.47 4696.63 4696.69 0.06
B 0.61 4696.69 4696.79 0.10
B 0.36 4696.79 4697.02 0.23
A 0.06 4697.02 4697.24 0.22
B 0.55 4697.24 4697.32 0.08
B 0.42 4697.32 469752 0.20
D 0.21 469752 4697.59 0.07
B 0.29 4697.59 4697.68 0.09
B 0.38 4697.68 2697.74 0.06
B 0.70 2697.74 4697.89 0.15
D 0.22 4697.89 4697.93 0.04
B 0.61 4697.93 4698.01 0.08
D 0.22 4698.01 4698.06 0.05
A 0.01 4698.06 4698.17 0.11
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Effective Perm

Facies (mD) Top (ft) Bottom (ft) [ Thickness (ft)
D 0.21 4698.17 4698.22 0.05
A 0.13 4698.22 4698.72 0.50
D 0.2137 4698.72 4698.84 0.12
A 0.07 4698.84 4698.95 0.11
D 0.21 4698.95 4699.08 0.13
B 0.43 4699.08 4699.13 0.05
A 0.10 4699.13 4699.25 0.12
B 0.60 4699.25 4699.52 0.27
A 0.03 4699.52 4699.63 0.11
C 1.46 4699.63 4699.72 0.09
A 0.00 4699.72 4699.79 0.07
C 147 4699.79 4699.83 0.04
A 0.02 4699.83 4700.18 0.35
D 0.20 4700.18 4700.26 0.08
B 0.16 4700.26 4700.33 0.07
D 0.17 4700.33 4700.66 0.33
A 0.02 4700.66 4700.92 0.26
B 0.50 4700.92 4701.08 0.16
A 0.14 4701.08 4701.21 0.13
D 0.21 4701.21 4701.25 0.04
A 0.06 4701.25 4701.61 0.36
D 0.21 4701.61 4701.70 0.09
A 0.08 4701.70 4701.75 0.05
B 0.58 4701.75 4701.93 0.18
B 0.25 4701.93 4702.10 0.17
A 0.01 4702.10 4702.21 0.11
D 0.21 4702.21 4702.30 0.09
A 0.14 4702.30 470258 0.28
D 0.21 470258 4702.69 0.11
B 0.31 4702.69 4702.82 0.13
A 0.04 4702.82 4702.91 0.09
D 0.21 4702.91 4702.97 0.06
A 0.02 4702.97 4703.10 0.13
A 0.11 4703.10 4703.23 0.13
D 0.21 4703.23 4703.26 0.03
A 0.12 4703.26 4703.44 0.18
B 0.38 4703.44 4703.64 0.20
B 0.59 4703.64 4703.93 0.29
B 0.45 4703.93 4704.04 0.11
B 0.31 4704.04 4704.28 0.24
A 0.00 4704.28 470431 0.03
D 0.20 470431 4704.37 0.06
B 0.30 4704.37 4704.62 0.25
B 0.30 4704.62 470481 0.19
A 0.19 470481 4705.07 0.26
A 0.12 4705.07 4705.23 0.16
B 0.60 4705.23 4705.44 0.21
B 0.47 4705.44 4705.54 0.10
B 0.51 4705.54 4705.76 0.22
A 0.04 4705.76 4705.83 0.07
C 1.47 4705.83 4705.88 0.05
A 0.01 4705.88 4705.91 0.03
C 1.47 4705.91 4705.94 0.03
A 0.06 4705.94 4706.01 0.07
B 0.11 4706.01 4706.17 0.16
C 1.47 4706.17 4706.23 0.06
A 0.07 4706.23 4706.26 0.03
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Effective Perm
Facies (mD) Top (ft) Bottom (ft) [ Thickness (ft)
D 0.22 4706.26 4706.34 0.08
B 0.68 4706.34 4706.60 0.26
D 0.21 4706.60 4707.17 0.57
B 0.68 4707.17 4707.35 0.18
A 0.08 4707.35 4708.23 0.88
B 0.55 4708.23 4708.33 0.10
D 0.21 4708.33 4708.46 0.13
B 0.61 4708.46 4708.79 0.33
A 0.07 4708.79 4709.15 0.36
D 0.21 4709.15 4709.44 0.29
A 0.12 4709.44 4709.54 0.10
A 0.05 4709.54 4709.64 0.10
B 0.57 4709.64 4709.68 0.04
C 147 4709.68 4709.73 0.05
A 0.17 4709.73 4709.79 0.06
C 1.46 4709.79 4709.92 0.13
A 0.03 4709.92 4710.19 0.27
B 0.29 4710.19 4710.28 0.09
D 0.21 4710.28 471051 0.23
B 0.32 471051 4710.59 0.08
D 0.21 4710.59 4710.67 0.08
A 0.03 4710.67 4710.71 0.04
D 0.21 4710.71 4710.80 0.09
B 0.51 4710.80 4710.96 0.16
B 0.63 4710.96 4711.00 0.04
B 0.60 4711.00 4711.05 0.05
B 0.51 4711.05 4711.07 0.02
A 0.04 4711.07 4711.24 0.17
D 0.21 4711.24 4711.78 0.54
A 0.08 4711.78 4712.00 0.22
A 0.10 4712.00 4712.14 0.14
A 0.06 4712.14 4712.22 0.08
A 0.18 4712.22 4712.36 0.14
A 0.04 4712.36 471284 0.48
D 0.21 4712.84 4713.18 0.34
A 0.10 4713.18 4713.70 0.52
A 0.17 4713.70 4713.88 0.18
B 0.43 4713.88 4714.00 0.12
A 0.10 4714.00 4714.20 0.20
A 0.11 4714.20 4714.36 0.16
A 0.17 4714.36 471458 0.22
A 0.05 471458 471475 0.17
A 0.10 471475 4714.99 0.24
D 0.21 4714.99 471504 0.05

Table 4. Upscaled results from McHale #1 core. (N=156)
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Champlin 369 Upscaling Results

Effective Perm

Facies (mD) Top (ft) Bottom (ft) | Thickness (ft)
A 0.45 4836.25 4836.88 0.63
B 0.05 4836.88 4838.06 1.18
B 1.30 4838.06 4838.14 0.08
B 0.05 4838.14 4839.05 0.91
C 3.42 4839.05 4839.29 0.24
B 0.07 4839.29 4839.71 0.42
B 0.07 4839.71 4839.93 0.22
A 0.39 4839.93 4839.99 0.06
A 0.50 4839.99 484057 0.58
B 0.04 484057 4841.05 0.48
A 0.25 4841.05 4841.21 0.16
A 0.41 4841.21 4842.04 0.83
C 3.61 4842.04 4842.19 0.15
B 0.08 4842.19 4842.71 0.52
A 0.17 4842.71 4842.86 0.15
B 0.09 4842.86 4843.00 0.14
A 0.30 4843.00 4843.26 0.26
B 1.73 484326 484358 0.32
A 0.05 484358 484369 0.11
D 0.31 4843.69 484380 0.11
A 0.36 4843.80 484412 0.32
A 0.29 484412 484458 0.46
A 0.62 484458 484515 0.57
A 0.34 484515 4845 .36 0.21
D 0.33 4845 .36 484553 0.17
B 0.01 484553 484562 0.09
A 0.46 4845.62 4846.04 0.42
B 0.11 4846.04 4846.13 0.09
A 0.23 4846.13 4846.39 0.26
A 0.07 4846.39 4846.69 0.30
C 3.71 4846.69 4846.80 0.11
A 0.61 4846.80 4846.87 0.07
C 3.49 4846 .87 4847.07 0.20
A 0.77 4847.07 4847.32 0.25
B 0.10 4847.32 4847 .69 0.37
A 0.24 4847.69 4848.00 0.31
C 3.80 4848.00 4848.07 0.07
A 0.37 4848.07 4849.15 1.08
B 1.59 4849.15 4849.32 0.17
A 0.57 4849.32 4850.09 0.77
C 3.74 4850.09 4850.19 0.10
B 171 4850.19 4850.25 0.06

Core Break 0.00 4850.25 4852.00 1.75
B 1.58 4852.00 4852.46 0.46
A 0.06 4852.46 4852.61 0.15
C 3.73 4852.61 4852.71 0.10
A 0.40 4852.71 4852.89 0.18
B 0.02 4852.89 4853.12 0.23
A 0.13 4853.12 4853.23 0.11
D 0.32 485323 4853.47 0.24
A 0.21 4853.47 4854.24 0.77
A 0.70 4854.24 4854.60 0.36
B 0.96 4854.60 4854.71 0.11
A 0.09 4854.71 4854.87 0.16
C 3.60 4854.87 4855.02 0.15
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Effective Perm

Facies (mD) Top (ft) Bottom (ft) [ Thickness (ft)
B 0.08 4855.02 4855.43 0.46
B 0.07 4855.43 4855.67 0.19
C 3.79 4855.67 4855.74 0.07
B 0.59 4855.74 4855.92 0.18
D 0.32 4855.92 4856.31 0.39
D 1.14 4856.31 4856.45 0.14
D 0.31 4856.45 4856.69 0.24
A 0.02 4856.69 4856.79 0.10
A 0.34 4856.79 4856.94 0.15
B 0.01 4856.94 4857.07 0.13
B 0.08 4857.07 4857.46 0.39
D 0.32 4857.46 4857.70 0.24
B 0.02 4857.70 4857.83 0.13
A 0.30 4857.83 4858.38 0.55
B 0.72 4358.38 4858.48 0.10
A 0.17 4858.48 4858.78 0.30
C 3.12 4858.78 4859.20 0.42
A 0.23 4859.20 4859.41 0.21
B 0.22 4859.41 4859.52 0.11
C 3.49 4859.52 4859.73 0.21
B 0.13 4859.73 4860.33 0.60
B 0.51 4860.33 4860.73 0.40
A 0.29 4860.73 4860.92 0.19
A 0.60 4860.92 4861.12 0.20
B 116 4861.12 4861.20 0.08
A 0.33 4861.20 4861.50 0.30
B 0.93 4861.50 4861.71 0.21
A 0.19 4861.71 4862.11 0.40
C 2.51 4862.11 4863.31 1.20
B 0.12 4863.31 4363.36 0.05
C 3.77 4363.36 4863.45 0.09
B 0.90 4863.45 4863.91 0.46
B 1.49 4863.91 4864.61 0.70
B 0.10 4864.61 4864.73 0.12
D 0.33 4864.73 4364.83 0.15
B 0.08 43864.83 4865.09 0.21
C 3.74 4865.09 4365.18 0.09
A 0.53 4365.18 4865.25 0.07
C 3.63 4865.25 4865.39 0.14
A 0.20 4865.39 4365.68 0.29
D 0.33 4365.68 4865.80 0.12
A 0.27 4865.80 4866.04 0.24
C 359 4866.04 4866.20 0.16
A 0.08 4866.20 4866.50 0.30
A 0.08 4866.50 4866.66 0.16
B 1.25 4866.66 4866.97 0.31
C 3.56 4866.97 4867.14 0.17
A 0.33 4867.14 4867.38 0.24
B 1.74 4867.38 4867.52 0.14
A 0.17 4867.52 4867.56 0.04
C 3.48 4867.56 4867.77 0.21
A 0.19 4867.77 4867.85 0.08
B 0.10 4867.85 4868.46 0.61
A 0.13 4868.46 4868.78 0.32
A 0.22 4868.78 4868.96 0.18
C 3.65 4868.96 4869.09 0.13
B 155 4869.09 4869.14 0.05
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Effective Perm

Facies (mD) Top (ft) Bottom (ft) [ Thickness (ft)
D 0.32 4869.14 4869.35 0.21
A 0.22 4869.35 4869.47 0.12
C 351 4869.47 4869.66 0.19
B 0.82 4869.66 4869.80 0.14
B 0.04 4869.80 4870.07 0.27
A 0.22 4870.07 4870.30 0.23
A 0.43 4870.30 4871.03 0.73
C 357 4871.03 4871.20 0.17
A 0.10 4871.20 4871.33 0.13
C 3.55 4871.33 4871.50 0.17

Core Break 0.00 4871.50 4872.00 0.50
C 327 4872.00 4872.33 0.33
A 0.32 4872.33 4872.72 0.39
B 0.35 4872.72 4872.82 0.10
C 3.47 4872.82 4873.03 0.21
A 0.13 4873.03 4873.13 0.10
C 3.84 4873.13 4873.19 0.06
A 0.29 4873.19 4873.32 0.13
C 3.71 4873.32 4873.43 0.11
A 0.17 4873.43 4873.47 0.04
D 0.31 4873.47 4873.77 0.30
A 0.39 4873.77 4874.09 0.32
C 3.74 4874.09 4874.19 0.10
A 0.14 4874.19 4874.45 0.26
C 3.81 4874.45 4874.52 0.07
A 0.18 4874.52 4874.90 0.38
C 3.51 4874.90 4875.10 0.20
D 0.20 4875.10 4875.23 0.13
A 0.42 4875.23 487551 0.28
C 3.09 487551 4875.96 0.45
A 0.15 4875.96 4876.05 0.09
C 371 4876.05 4876.16 0.11
B 0.22 4876.16 4876.30 0.14
A 0.26 4876.30 4876.35 0.05
C 3.75 4876.35 4876.44 0.09
A 0.14 4876.44 4876.57 0.13
A 0.52 4876.57 4876.64 0.07
A 0.19 4876.64 4876.92 0.28
A 0.25 4876.92 4877.17 0.25
A 0.24 4877.17 4877.37 0.20
A 0.23 4877.37 4877.77 0.40
A 0.30 4877.77 4878.15 0.38
A 0.23 4878.15 4878.70 0.55
C 3.30 4878.70 4879.01 0.31
D 0.32 4879.01 4879.26 0.25
A 0.36 4879.26 4880.35 1.09
B 0.33 4880.35 4880.42 0.07
C 3.74 4880.42 4880.52 0.10
A 0.16 4880.52 4882.06 154
B 0.04 4882.06 4882.20 0.14
A 0.10 4882.20 4883.25 1.05

Table 5. Upscaled results from Champlin 369 core. (N=161)
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Figure 33. Frequency histograms of permeabilities originally measured for the Terry Formation
in the McHale #1 and Moser #1 cores. This data is used to populate 3-D original-permeability
models. Permeabilities are calibrated values and assigned to facies based on core
descriptions.
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Figure 34. Frequency histograms of permeability values generated for the Terry Formation
during the upscaling process in the McHale #1 core. Effective permeabilities show a narrowed
range compared to original values and decreased mean effective-permeability values for all

facies.
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Figure 35. Frequency histograms of permeabilities originally measured for the Hygiene
Formation in the Champlin 369 and Sidwell #1 cores. This data is used to populate 3-D
original-permeability models. Permeabilities are calibrated values and are assigned to facies
based on core descriptions.
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Facies B - Planar Cross-Laminted Sandstone
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Figure 36. Frequency histograms of permeability values for the Hygiene Formation generated
during the upscaling process for the Champlin 369 core. Effective permeabilities show a
narrowed range compared to original values and decreased mean effective permeability

values for all facies.
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Appendix D

Field-scale Modeling
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Well-log Data

For the field-scale modeling, well-log data is used as the primary input data. The one
exception is the permeability modeling in which permeability data is obtained from cores. Digital
well-log data was obtained for all nine wells within the model area (Figure 2). The primary well-
log curves used in this study were GR, SP, RESD, and DPHI. GR, SP. The RESD logs were
used to determine reservoir zonation. Additionally, SP logs were used to create a volume
probability model for each facies as SP correlates with the relative amounts of each facies
within a zone. Density-porosity logs were used to create the porosity models for this study.
While it is preferable to use additional porosity logs (e.g. neutron-porosity or sonic-porosity
logs), only select wells had those logs. It was decided to only use density-porosity logs so that
porosity values in all wells were based on similar data sets. Finally, 3-D field scale models were
related back to the McHale #1 logs of the Terry Formation by normalizing the log responses to
the logs in the McHale #1 well. The normalization process involved stretching and compressing
the well-log curves for the other wells in the study area to the same range as in the McHale #1
log. This allows for the overall shape of the log curve to remain the same with high values still
being high and low values still being low relative to the original log curve. The high and low

values are determined automatically from the logs for the McHale #1 core.

Model Framework

It is necessary to accurately create a stratigraphic framework for 3-D reservoir models.
In this case, the study area is approximately 2828 ft by 2900 ft (length, width; 826 x 887 m;
Figure 2) and includes the Terry Formation which varies in thickness but averages
approximately 25 ft (6.2 m) (Weimer, 1997). The cell size based on these measurements is 29.8
x 30 x 1 ft (9.08 x 9.1 x 0.3 m) for each individual cell in the model area. To create the layering
within the model, five stratigraphic horizons were interpreted based on well log and core-to-log

comparisons (Figure 5; Table 6). These stratigraphic horizons define four zones within the
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model area that are then broken down into layers that define the cell size in the model. The
number of layers within each zone was determined to give each cell an approximate 1 ft
thickness (Table 7). It is important to have each cell in the 3-D model sized appropriately for the
scale of the structures that are trying to be modeled. Based on limited outcrop availability and
research, the vertical cell size of 1 ft was determined to be large enough to represent the
vertical variability of the facies but also small enough as to not lump all of the permeability data

heterogeneities which is on a much smaller scale.

SP Volume Probability and Facies Modeling

The lack of facies log data across the model area inhibited the use of variograms for
controlling facies lateral distributions. Instead, control on facies distribution was obtained by
using a SP-derived lithology probability volume model. This probability model is a 3-D model the
same size as the other models used in this study. Each cell is given a probability for containing
either a sandstone-rich or sandstone-poor facies. This probability was determined using the
correlation between facies and SP log response (Figure 37). The SP logs from all 9 wells were
used to create a SP model that was then rescaled from zero to one depending on whether it
was being used as a probability model for sandstone-rich or sandstone-poor facies. For the
sandstone-rich facies, the more negative the SP values the cleaner the sandstone, which
implies that the most negative SP values coincide with the structureless sandstone facies. The
intermediate SP values, where the log curve is moving from zero toward the low end of the
sandstone-rich facies, contain more mudrock (e.g. facies B and D). The B, C, and D facies
could all be modeled with a single lithology probability volume model (Figure 9); however a new
lithology probability volume model had to be created for the sandstone-poor facies (Figure 37).
This model appears as the inverse of the sandstone-rich lithology probability volume model and
is created in a similar way with the SP log values being closer to zero when the sandstone-poor

facies is present (Figure 37).
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Zone # Zone Layering Scheme | Number of Layers
1 Top Terry to Terry_A (Non-reservoir) Proportional 8
2 Terry_Ato Terry _B (Reservoir) Proportional 16
3 Terry_Bto Terry_C (Non-reservoir) Proportional 10
4 Terry_C to Base_Terry (Reservoir) Proportional 10

Table 7. Layering scheme sorted by zone within the 3-D model framework. Layers average 1 ft (0.3

m) thickness.
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Figure 37. SP mud-rich facies volume probability model (SSMP) used to constrain wavy
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laminated sandstone facies distribution. Higher values indicate a higher probability of mud-rich

facies.
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To complete the facies modeling, each facies was assigned to its respective sandstone-
rich or sandstone-poor lithology probability volume model to control its lateral distribution. Each
lateral facies variogram utilized a spherical variogram and assumed major and minor ranges of
500 ft (152.4 m) with no nugget. In the vertical direction, a traditional variogram was used to
control vertical spatial distribution (Table 8). The vertical variogram was determined using the
cored McHale #1 well with the vertical range set for each individual facies in each zone
separately (Table 8). All four facies were not present in each zone and are modeled accordingly.

The field-scale facies models were created using the sequential-Gaussian simulation
(SGS) algorithm. This is a stochastic process-based modeling technique that uses variograms
and other geostatistics to spatially distribute the facies (Delbari, 2009). Additionally, SGS honors
the original input data of facies so the percentage of facies in the entire model is the same or
nearly the same as the numbers in the original McHale #1 facies log (Figure 38). While
variograms were used in this process, the lithology probability volume models were the primary
control on lateral distributions. The variograms primarily determine the level of heterogeneity
within the larger geobodies determined by the lithology probability volume models.

Using all of this information, two types of facies models were created, a model that was
derived from a single modeling attempt and a combination of thirty facies models in which thirty
realizations are generated and, for a given cell, the facies that occurs most often in the thirty
realizations is assigned to that cell. These referenced herein as the single facies model (SFM)
and the average facies model (AFM). The AFM model was generated in an attempt at creating a
modeling similar to one that might be generated using a krigging algorithm. The AFM model is
preferred for this study as it generates a smoother distribution of facies throughout the model
and does not appear as heterogeneous within a given facies body (Figure 11). This was
assumed to be a more accurate facies model based on limited outcrop data and is the facies
model used going forward. The outcrop data that is available suggests the facies are likely

continuous at the scale greater than 10-30 ft (3.0-9.1 m). Outcrops were observed at Water



Variogram Maximum Minimum Vertical
Zone Facies Model Range (ft) Range (ft) Range (ft)

Facies A Spherical 500 500 1.1

L Facies B N/A
Facies C N/A
Facies D Spherical 500 500 2.0
Facies A Spherical 500 500 4.5

5 Facies B Spherical 500 500 8.3
Facies C Spherical 500 500 3.6
Facies D Spherical 500 500 4.9
Facies A Spherical 500 500 7.7

3 Facies B Spherical 500 500 7.8
Facies C N/A
Facies D Spherical 500 500 2.7
Facies A Spherical 500 500 4.5

4 Facies B N/A
Facies C Spherical 500 500 3.8
Facies D Spherical 500 500 3.4
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Table 8. Detailed summary of maximum and minimum horizontal and vertical ranges used in facies modeling
as determiend from the McHale #1 facies log (vertical) and limited outcrop data (horizontal).
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Figure 38. Facies histogram showing the percentage of facies from the McHale #1 core (red),
upscaled model cells (green), and the entire AFM model (purple). The relative percentages of
each facies is approximately the same throughout the entire modeling process as the facies
log on the McHale #1 well is upscaled and then modeled across the entire area.
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Supply and Storage Reservoir Number 3 located 5.5 mi (8.9 km) north of Fort Collins, Colorado
(Figure 39). Due to limited access and water levels, the upper portion of the Terry formation was

only observed from across a channel but continuous beds were visible.

Petrophysical Modeling

Porosity modeling was completed using the sequential indicator simulation (SIS)
algorithm. Density-porosity logs were the primary input for the porosity modeling and were
derived from eight of the nine wells in the model area. As mentioned previously, only density-
porosity logs were used as there was a lack of other porosity logs to substitute or combine with
the density-porosity logs. The distribution of porosity in the entire model area generally matches
what the original histogram of porosity values from the well logs indicates is in the model area
(Figure 40). A single porosity realization was generated along with an average of thirty porosity
realizations. Each of these two types was biased towards the average facies model as porosity
variations among reservoir zones and thus facies is observed in well-log data. Like facies
modeling, variograms were also used to control the lateral and vertical variability and distribution
(Table 9) with the vertical variograms being determined from the McHale #1 well. Horizontal
variograms used spherical variogram with assumed major and minor ranges of 250 ft (76 m).

Permeability modeling was completed after porosity modeling in a similar fashion by
using the SIS algorithm. However, unlike the porosity models, only a single permeability log for
the McHale #1 well exists within the model area. One solution to this problem would involve
correlating permeability data to porosity data and having the porosity model control the
distribution of the permeability data. However, due to the different measurement techniques
(mini-permeameter vs. well-log), the scale of investigation for porosity and permeability
measurements is dramatically different (several cubic centimeters and several cubic feet
respectively). This in turn results in no correlation between permeability and porosity or other

well-log data (Figure 41). The solution to this problem was a bivariate transformation (cloud
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Figure 39. Map showing Water Supply and Storage Reservoir Number 3 (outlined in red) located 5.5
mi (8.9 km) north of Fort Collins, Colorado. Location shown on inset map. Terry outcrop is located on

the northeast corner of the lake along a diversion channel.
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Variogram Maximum Minimum Vertical
Zone Facies Model Range (ft) Range (ft) Range (ft)

Facies A Spherical 250 250 1.3

L Facies B N/A
Facies C N/A
Facies D Spherical 250 250 2.0
Facies A Spherical 250 250 7.3

5 Facies B Spherical 250 250 4.8
Facies C Spherical 250 250 1.3
Facies D Spherical 250 250 4.2
Facies A Spherical 250 250 7.1

3 Facies B Spherical 250 250 3.3
Facies C N/A
Facies D Spherical 250 250 1.6
Facies A Spherical 250 250 5.4

4 Facies B N/A
Facies C Spherical 250 250 6.0
Facies D Spherical 250 250 0.6
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Table 9. Detailed summary of maximum and minimum horizontal ranges and vertical ranges used in porosity
modeling. Vertical ranges from variogram based on density porosity log of McHale #1 well. Horizontal ranges

assumed based on limited outcrop data.



DPHI vs. K-original Crossplot

WELL: 05123076430000 - McHale #1 (145 samples)
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GR vs. K-original Crossplot

WELL: 0512307643000 - McHale #1 (145 samples)
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Figure 41. Well-log crossplots showing the lack of a relationship between original permeabiilty
and well-log measured properties. Upper left: Density porosity vs. Permeability. Upper right:
Gamma-ray vs. Permeability. Lower left: Spontaneous potential vs. Permeability. Lower right:
Deep resistivity vs. Permeability. Blue line=line of best fit, equation displayed below each

graph.
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transformation) that links the permeability values to the porosity values despite the lack of
correlation between the two. This method entails creating a porosity and permeability cross-plot
and defining a series of bins based on the porosity values (Figure 42). These bins are then
sampled and a cumulative frequency histogram is generated in which permeability values are
linked to the porosity values. This cross-plot and bin data is then used to produce a permeability
value for a cell based on the corresponding cell in the porosity model. As this study used two
different permeability types (e.g. original and effective permeabilities), two cross-plots were
generated (Figure 42). For each permeability type, a single permeability realization and an
average of thirty permeability realizations was produced. The thirty realizations tends to give a
smoother distribution of permeabilities that grade into higher or lower values without random
values. Due to the lack of data determining which distribution is correct in the permeability
models, all four permeabilities models were explored for static connectivity to determine how

upscaling of permeability might affect reservoir modeling.
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Porosity-Original Permeability Cloud Transformation
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Figure 42. Porosity-permeability crossplots used to create a cloud transformation (bivariate
transformation) to link permeability to porosity. Dark black lines indicate bins used for t

ransformation.
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Static Connectivity Model Area

Static connectivity to a wellbore is used herein to compare how reservoirs are affected
by using effective-permeabilities derived from flow-based upscaling techniques and by using
unaltered original-permeability measurements. To start the comparison, pseudowells were
added to the model area and the model area was reduced in size (Figure 2). The reduction in
size was done to eliminate or reduce potential errors associated with edge-effects created
during the previous modeling of facies, porosity, and permeability. The outside area of each of
those models was removed so that cells between the original model boundary and the static
connectivity boundary are not considered in static connectivity analysis. Additionally, 20
pseudowells were added that penetrated the entire model in a regular 5-ac (2-hectacre)
spacing. These wells were added and used for the static connectivity analysis as there are only
a few wells that penetrated the smaller area. Additionally, the regularly spaced wells offer an
analogous relationship to infill drilling patterns.

Static connectivity was determined by applying a porosity and permeability cutoff to
determine what is and is not a reservoir cell in the reservoir model. These reservoir cells are
then analyzed for their spatial arrangement and a determination is made as to whether or not
they are connected to a well bore, be it directly (touching the wellbore) or indirectly (touch other
cells which touch a wellbore) (Table 10). The connectivity is reported as a bulk volume of the
connected cells. This volume is then compared with the model’s total bulk volume and a
percentage of connectivity is determined. This was done for each of the four permeability
models.

Additionally, the bulk volume of all reservoir cells was evaluated for all the permeability
models (Table 11). This was done to determine how many of the total reservoir cells in the
model are connected to a wellbore at a given permeability cutoff. At the lowest cutoff (1.0 mD),
all of the potential reservoir cells that could be connected are connected. This is likely caused

by the dense well spacing of the pseudowells in the model area, which likely penetrate each
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K cutoff | SIS Single | SIS Average | Bulk Model Connectivity
(Single ®

(md) (ft)) Model) (Avg. ® Model)
0 52248992 66518436 83615056 62.49% 79.55%
0.15 15797639 9521457 83615056 18.89% 11.39%
0.3 4164627 130404 83615056 4.98% 0.16%
0.45 38668 15275 83615056 0.05% 0.02%
0.6 11797 7552 83615056 0.01% 0.01%
0.75 502 1004 83615056 0.00% 0.00%
0.9 0 502 83615056 0.00% 0.00%
1.05 0 0 83615056 0.00% 0.00%
1.2 0 0 83615056 0.00% 0.00%
1.35 0 0 83615056 0.00% 0.00%
1.5 0 0 83615056 0.00% 0.00%
1.65 0 0 83615056 0.00% 0.00%
1.8 0 0 83615056 0.00% 0.00%
1.95 0 0 83615056 0.00% 0.00%

Original Permeability Models
K cutoff | SIS Single | SIS Average | Bulk Model Connectivity
(Single ®

(md) (ft)) Model) (Avg. ® Model)
0 52248992 66518436 83615056 62.49% 79.55%
0.15 52248992 66518436 83615056 62.49% 79.55%
0.3 47819652 49079060 83615056 57.19% 58.70%
0.45 28203824 27510206 83615056 33.73% 32.90%
0.6 7076063 13199585 83615056 8.46% 15.79%
0.75 3744301 7370615 83615056 4.48% 8.81%
0.9 3390688 6777145 83615056 4.06% 8.11%
1.05 2679715 6049038 83615056 3.20% 7.23%
1.2 1794726 4977874 83615056 2.15% 5.95%
1.35 1167196 4507737 83615056 1.40% 5.39%
15 480240 4077384 83615056 0.57% 4.88%
1.65 22458 3539519 83615056 0.03% 4.23%
1.8 3758 1163983 83615056 0.00% 1.39%
1.95 502 502 83615056 0.00% 0.00%

Table 10. Static connectivity results from all permeability models. SIS=Porosity Model.
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K cutoff | SIS Single | SIS Average | Bulk Model Percent of Total Model
(Single ®

(md) (ft)) Model) (Avg. ® Model)
0 52248992 66518436 83615056 62.49% 79.55%
0.15 15797639 11146096 83615056 18.89% 13.33%
0.3 4164627 135081 83615056 4.98% 0.16%
0.45 1691031 16294 83615056 2.02% 0.02%
0.6 723675 8058 83615056 0.87% 0.01%
0.75 1004 1004 83615056 0.00% 0.00%
0.9 502 502 83615056 0.00% 0.00%
1.05 0 0 83615056 0.00% 0.00%
1.2 0 0 83615056 0.00% 0.00%
1.35 0 0 83615056 0.00% 0.00%
15 0 0 83615056 0.00% 0.00%
1.65 0 0 83615056 0.00% 0.00%
1.8 0 0 83615056 0.00% 0.00%
1.95 0 0 83615056 0.00% 0.00%

Original Permeability Models
K cutoff | SIS Single | SIS Average | Bulk Model Percent of Total Model
(Single ®

(md) (ft)) Model) (Avg. ® Model)
0 52248992 66518436 83615056 62.49% 79.55%
0.15 52248992 66518436 83615056 62.49% 79.55%
0.3 47819652 63010816 83615056 57.19% 75.36%
0.45 28203824 35008020 83615056 33.73% 41.87%
0.6 14249642 15109075 83615056 17.04% 18.07%
0.75 8857820 8311898 83615056 10.59% 9.94%
0.9 8362829 7629447 83615056 10.00% 9.12%
1.05 7344968 6806986 83615056 8.78% 8.14%
1.2 4746485 5614799 83615056 5.68% 6.72%
1.35 3769438 5083262 83615056 4.51% 6.08%
1.5 3018834 4606231 83615056 3.61% 5.51%
1.65 1545343 4013858 83615056 1.85% 4.80%
1.8 490346 1294235 83615056 0.59% 1.55%
1.95 502 502 83615056 0.00% 0.00%

Table 11. Bulk volumes for reservoir criteria in the entire model area. SIS=Porosity Model
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dense body of reservoir cells. As each petrophysical property model is biased towards the
facies model, which shows distinct groupings of reservoir facies (facies consisting mostly of
sandstone with higher porosities relative to sandstone-poor facies), the cells that are likely to be
defined as reservoir cells would also occur in these groupings. As the permeability cutoff value
is increased, differences do appear between the bulk reservoir cell volume and connected
reservoir bulk volume (Figure 43). This is due to more individual reservoir cells becoming
isolated from other reservoir cells.

Pore volume was evaluated in a similar way as bulk reservoir volume was. A pore-
volume model was first created by taking the average porosity model and combining it with the
bulk volume model. The result has the pore volume for each cell based on the porosity that was
modeled. The total pore volume was then calculated for each of the reservoir cutoffs (porosity
>8.75% and a variable permeability variable). The results are then compared to the total pore
volume with no restrictions by dividing the pore volume at a given reservoir definition and
dividing it by the total pore volume and multiplying by 100. This is then a percentage of total

model pore volume (Table 12).
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Figure 43. Bulk reservoir volume (expressed as percentage of bulk model volume) comparison
in cross-sectional view (cross-sectional plane: 1=54) of single porosity referenced original- and
effective-permeability models. The view shows how many cells in the given plane fit the criteria
to be called a reservoir cell. Cross-sectional plane is shown in figure 13 and is consistent with
all model cross-sections. Red lines indicate wellbores. VE = 30x



Original Permeability Models

K cutoff | SIS Single | SIS Average | Bulk Model Percent of Total Model
(Single ®

(md) (ft)) Model) (Avg. ® Model)
0 6386043 6386043 7806366 81.81% 81.81%
0.15 6386043 6386043 7806366 81.81% 81.81%
0.3 5480185 6382369 7806366 70.20% 81.76%
0.45 5480185 5052751 7806366 70.20% 64.73%
0.6 1459267 1827075 7806366 18.69% 23.40%
0.75 846421 1631020 7806366 10.84% 20.89%
0.9 798681 912128 7806366 10.23% 11.68%
1.05 700767 256549 7806366 8.98% 3.29%
1.2 468275 58443 7806366 6.00% 0.75%
1.35 371963 18761 7806366 4.76% 0.24%
1.5 298492 4819 7806366 3.82% 0.06%
1.65 153111 1713 7806366 1.96% 0.02%
1.8 48844 311 7806366 0.63% 0.00%
1.95 50 50 7806366 0.00% 0.00%

Effective Permeability Models
K cutoff | SIS Single | SIS Average | Bulk Model Percent of Total Model
(Single ®

(md) (ft)) Model) (Avg. ® Model)
0 6386043 6386043 7806366 81.81% 81.81%
0.15 1872139 1122054 7806366 23.98% 14.37%
0.3 368589 14210 7806366 4.72% 0.18%
0.45 160904 1688 7806366 2.06% 0.02%
0.6 72174 832 7806366 0.92% 0.01%
0.75 104 104 7806366 0.00% 0.00%
0.9 50 50 7806366 0.00% 0.00%
1.05 0 0 7806366 0.00% 0.00%
1.2 0 0 7806366 0.00% 0.00%
1.35 0 0 7806366 0.00% 0.00%
15 0 0 7806366 0.00% 0.00%
1.65 0 0 7806366 0.00% 0.00%
1.8 0 0 7806366 0.00% 0.00%
1.95 0 0 7806366 0.00% 0.00%

Table 12. Pore volumes for reservoir criteria in the entire model area. SIS=Porosity Model.
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