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Executive Summary

Osage Partners, LLC. a Wyoming based operator contacted EORI and requested the institute’s
assistance regarding their Muddy/Newcastle assets. The operator provided EORI with core from
four wells and associated data related to the Osage field in the Powder River Basin. The operator
requested that EORI characterize the clay mineralogy of the pay sands using XRD, SEM, and CEC
analysis of samples from the provided core.

The purpose of performing this clay analysis was to:

« Identify clays in the formation

* Quantify clay content

 Approximate clay distribution in the formation and throughout the field

« Relate clay content to both productive and nonproductive intervals within the formation
« Determine whether or not clay inhibitors should be used (Osage Partners)

* Provide basis for SP and A/SP formulations regarding fluid rock interactions (TIORCO)
« Increase general knowledge about clays in Cretaceous Reservoirs

 Other

The results of this work are summarized in the following sections and detailed result sets are
included in the appendices.

Background
The Osage field is currently producing ~120 BOPD and ~950 BWPD. The field was discovered in

1919 (Dobbin and Miller, 1941) and has since produced approximately 32.1 MMbils oil, 78.5 MMbls
water and 142 MMcf gas (WOGCC ). There are up to seven separate oil bearing intervals in the
Muddy / Newcastle Formation within the Osage area. The operator has contracted with TIORCO to
conduct fluid studies for their reservoirs and has also moved forward on developing a water study for
the Osage field. Currently the operator is injecting roughly 200 BWPD and recovering approximately
3 BOPD from three producers from the Halbouty unit. The focus of this project is the Bradley Unit of
the Osage field.

The Bradley Unit at Osage is divided into 4 separate tracts. Of interest is Tract 4, this tract is
located along the western third of the unit and has produced nearly 70 percent of all Bradley
production. Production in this tract began in between 1919 and 1922 and a water flood was started
in 1969 and continued until 1998. The water flood was reactivated again near the end of 2000 and
continued until 2009. Source water for injection is from the underlying Madison Formation. At the
present it is undetermined whether or not source water was treated prior to injection. Evaluation of
core analysis generated between 2006 and 2008 indicate a remaining oil resource of approximately
3 thousand bbls/acre. This determination is based on an average pay thickness of 5 feet, S, of 40%,
and 20% porosity.

In order to optimize their assets at Osage the operator spoke with the owner of Thompson Creek
(another Muddy/Newcastle field located northeast of Osage) and learned that fluid compatibility
studies should be performed prior to drilling in order to minimize reservoir damage. The operator
has also expressed interest in the use of Potassium Hydroxide (KOH) as a clay inhibitor with respect
to the known clays in the Newcastle Formation as they reactivate the injection in the Bradley Unit. It
is important to note that the operator plans to use a portion of the Bradley Unit to identify best
practices that can then be later applied to other areas within the larger Osage Field.

Project Objectives and Scope I

The objective of this project was to assist Osage Partners, LLC with the characterization of the
Muddy/Newcastle reservoirs at the Osage Field in the Powder River Basin (PRB), WY. The goal of
this work is to provide the operator with information that may be used to enable decision making for
the purpose of enhancing the recovery of oil from their Muddy/Newcastle assets (Osage, Mush
Creek, etc...) in the PRB — specifically for the purpose of providing information relative to designing a
water/chemical flood for the Bradley Unit of the Osage Field. Data for this project was provided to
EORI by the operator and compiled from existing datasets at EORI and the Wyoming Oil and Gas
Commission.

EORI conducted clay analysis on core samples from the Muddy/Newcastle Formation from four
cores surrounding the Bradley Unit at the Osage Field. The analysis required compilation of available
existing data, core preparation and sampling, petrographic analysis, core descriptions, and clay
analysis using XRD and SEM. CEC analysis was also conducted.

This project directly supports the intended purpose and mission of EORI through the institute’s
strategic objectives which include benchmarking, technology transfer and providing technical
expertise to a Wyoming based operator for the purpose of developing additional resources by way of
enhanced oil recovery methods.

Data overview

Core that was used for this project was originally collected between 2006 and 2008 by Rockwell
Petroleum Co.. The four wells that were cored include: 21-4 (api 4529132), drilled in 2006; 18-9 (api
4529128), drilled 2007; 17-1 (api 4529141), drilled 2007; and 16-106 (api 4529202), drilled in 2008.

Of the core that was provided to EORI, only two of the wells (16-106 and 17-1) included the main
pay sands of the Newcastle Formation. The pay sand intervals for wells 18-9 and 21-4 were provided
to TIORCO for analysis prior to the start of this project. TIORCO was later contacted and provided
samples of the pay sands from well 21-4 to EORI (note: these samples have not yet been analyzed).

Other information including field data, production data, core analysis, and log data were compiled
by the operator and provided to EORI early on in the project. A literature search was conducted by
EORI which resulted in a compilation of references relative to the project objectives.

The provided core analysis data were used to identify appropriate samples for clay analysis. Apart
from an overall lithologic criteria, samples of similar lithogies having drastically different porosities and
permeabilities were selected in order to evaluate the relative percent clay and its affect on reservoir
quality.

Several factors including historic development, production, depletion, stimulation, and injection
have already affected the distribution and character of clays within the Newcastle reservoir in the
Osage Field. As this core was collected after primary and secondary recovery, this core is likely
representative of a clay damaged reservoir.

Of the core from the four wells that was evaluated, the core from well 17-1 is most representative
of the Newcastle Formation within the study area because of the completeness of the cored interval
and representation of the depositional sequences that occurred within this portion of the Osage Field.
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Previous Work
Bell Creek 1989, Townsend Field 1990- Russ Welch, Denbury Resources 2012
Bell Creek, Muddy field in Montana along Recluse Bell Creek Trend
Presence of clays can reduce oil recovery after waterflood from 15-35%
Clays retain surfactant and polymer through adsorption, ion exchange, and precipitation
Increasing preflush periods to increase effective salinity improves oil recovery

Townsend Field, Newcastle field naturally fractured reservoir, clays, low K and phi due to matrix heterogeneity
Treat injection wells with KOH to permanently stabilize clays
Use polymer to close off fractures
Use a blend of phosphates and anionic polymers to maximize imbibition

Clay Assessment —

Previous petrographic work on the Newcastle/Muddy Formation in regard to clays occurred at the Bell Creek field in
Montana, Mush Creek, Highlight, Recluse and other fields in Wyoming. The general consensus is that clays found in
the shales include kaolinite, chlorite, mixed-layer illite/smectite, mixed-layer illite/mica, and sectite. The kaolinite in the
Newcaslte sandstone is authigenic, a result of the diagenetic alteration of K-feldspar (Stone, 1972). Volcanic ash is
another major source for clays associated with Newcastle/Muddy sediments. The contrast in clay composition and
abundance in in the different sandstones of the Newcastle/Muddy Formation is evidence that volcanic activity was likely
at a maximum during the initial Newcastle/Muddy regression and likely waned significantly prior to the major Mowry
transgression. The result being basal clay rich sands with clay content diminishing into upper clay poor sandstones. It is
the upper clay poor sands in the vicinity of Osage that serve as the conventional target reservoir.

Depositional facies also contribute greatly to the abundance of clays associated with these sands. Low energy
environments present during deposition such as lagoons and mud flats trapped clay particles whereas high energy
systems such as wave and current dominated facies flushed out the clay particles. Indicators of this contrast include
grain size, current ripple and wavy to flaser bedded sands and are supported by the measured porosity and
permeabilities of the different sands. Consequently Newcastle sands can be subdivided into clay rich and clay poor
units.

EORI Newcastle Clay Analysis Project



Geologic Overview of the Newcastle Sandstone

The Newcastle Sandstone, a correlative of the Lower Cretaceous Muddy Sandstone, represents a rapid sequence
of regression, erosion, deposition, and ultimate transgression of the Mowry Sea. The Newcastle sands were deposited
upon the exposed black carbonaceous Thermopolis Shale (locally referred to as Skull Creek Shale) during a major
regression of the interior Cretaceous Seaway. Incision and valley development along the western flanks of Black Hills
demarcate three distinct trends, the Bell Creek — Recluse and Fiddler Creek trends to the north and the similarly SW-
NE trending Clareton trend to the south, these trends are the result of thrugoing basement related faults (Martinsen
2003b) (Figure 1a & 1c).

During deposition of the Newcastle, numerous minor transgressive/regressive cycles occurred and are represented
by cyclical shale/mudstone/sandstone sequences. Within these sequences are distinct claystone/bentonite layers
indicative of periodic volcanism and ash fall events. Depositional environments of the Newcastle grade from shallow
marine shales into transitional tidal and supratideal sediments. Facies include tidal flats and channels, estuaries, and
marshes.

In the vicinity of the Osage Field the transition from the major lowstand of the previous regression and the
developing transgression is a pair of distinct yellow to tan cross bedded sandstones (the 3 / 4 sands), above which
there exists erosional remnants (1 and 2 sands) of a fining upward succession into the overlying siliceous marine
Mowry Shale. This succession has been previously well documented in the literature and is evident in both available
core and geophysical log data (Figure 1b).

The dominant lithologies of the Newcastle are bioturbated- very fine to fine-grained white to gray wavy (flaser)
bedded sandstones intercalated with dark gray to black mudstones with abundant coalified plant fragments. Minor
lithologies include fine grained tan, to yellow crosshedded sandstone, tan and grey to black shale and carbonaceous
shale, and white to dark grey clay (bentonites). The characteristics of this suite of lithologies provide evidence of low
energy intertidal mud flats and estuaries.
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Figure 1b -Location of the Bradley Unit with respect to mapped Newcastle outcrops.
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Summary of Petrographic Analysis

Petrographic analysis was performed on (35) thin sections prepared from samples collected from the four cores
provided to EORI. Samples were collected from areas adjacent to locations where plugs were previously collected for
the purposes of determining permeability, porosity, and saturation. The purpose of this was to associate petrographic
interpretations with known core analysis values in order to better correlate reservoir properties with petrology.

The results of the petrographic analysis confirmed the presence of the following minerals - quartz, clay, feldspar,
pyrite, and calcite. This analysis also identified the following clays listed in relative abundance — kaolinite, chlorite, illite,
and mixed layer illite/smectite. Petrographic descriptions of the samples are grouped by intervals 1,3 /4, and5/6/7

which are designated E, C, and A/B on existing core analysis.

1 Sand

The major sands within this interval include clean, cross-bedded and
laminated, very fine-grained sandstone (Figures 2 and 3). Detrital grains are
dominated by subrounded and subangular quartz, with minor amounts of
chert and feldspar particles. Glauconite pellets and mica flakes are
commonly observed (Figure 3). Minor amounts of organic streaks and
carbonaceous fragments are dispersed in the 1 Sand. In general framework
grains are loosely packed except where cemented by authigenic calcite
(Figure 2). Porosity is dominated by well-connected intergranular
macropores. Permeability in most of the observed 1 Sand is above 200 md.
Kaolinite is the major clay mineral in these sandstones (Figure 4), but a minor
amount of greenish chlorite is concentrated in certain laminae (Figure 5).
Matrix clays are almost absent. Incipient quartz overgrowth cement is
identified, probably as a function of strengthening the framework grains, but
not seriously plugging the sandstone porosity. Traces of feldspar dissolution
are also observed. The 1 and 3/ 4 sandstones are excellent reservoir rocks
for EOR, but migration of kaolinite crystals may cause some problems during
fluid injection.

Figure 2. Loosely-packed quartz sandstone with isolated calcite-
cemented nodules. Well 17-1, 292.50 feet.

Figure 3. Glauconite pellets are concentrated in certain laminae, and
mica flakes are also dispersed. Well 17.1, 291.60 feet.

o Ny - b A
Figure 4. Kaolinite filling intergranular pores, associated with a
partially-dissolved feldspar grains. Well 17-1, 296.40 feet.

. Pl T :
Figure 5. Greenish chlorite clay filling intergranular pores in some
spots. Well 17-1, 291.60 feet.
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Summary of Petrographic Analysis

3 /4 Sands

The 3/4 interval contains laminated very fine-grained sandstones and
siltstones, with clean sand laminae intercalated with dirty sand laminae
(Figure 7). The tight dirty sand laminae consist of very fine sands, clays and
carbonaceous materials. Bioturbation is severe, and burrows are common
(Figure 8). This interval includes two different groups of sandstones based on
the grain composition. Group one is dominated by subrounded, well-sorted
quartz grains, and the second group is rich in subangular to angular feldspar
grains (Figure 10). Dispersed glauconite pellets are observed in clean sand
laminae. A few calcite-cemented nodules and trace of quartz overgrowth are
were also observed (Figure 9). Clay matrix constitutes a significant portion of
the rocks. Authigenic kaolinite and leached feldspar fill intergranular pores,
while detrital grains are coated with greenish chlorite (Figure 11). Chlorite
coatings do pose a hazard and may damage permeability due to blocking the . "
narrow pore throats, however it also prevents quartz overgrowths. Porosity is Figure 7. Clean sand laminae alternated with shaly laminae. Well 17-1,

. . e . . Figure 10. This sandstone rich in angular feldspar grains. Authigenic
good to fair in most of the this sand but permeability is fair to low due to 321.40 feet Kaolinite associated with leached feldspar grains. Well 17-1, 320.90
lamination and clay plugs. feet

Figure 8. Original lamination destroyed by severe bioturbation. Well 3
16-106, 375.10 feet. Figure 11. Chlorite coating on detrital grains. Well 16-106, 371.80 feet.

Figure 9. Subrounded quartz sandstone with a calcite-cemented
nodule. Well 21-4, 708.60 feet.
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Summary of Petrographic Analysis

5/6/7Sands

This interval is dominated by flaser to wavy and irregular bedding (Figure
12). This interval is a mud-rich, poorly sorted, very fine-grained sandstones,
siltstones, and shaly sandstones (Figure 14). Traces of bioturbation are
common. Subangular quartz grains are the principal constituent in most of
these sandstones with only a few samples containing feldspar grains as the
major constituent of the detrital components. Rip-up clasts, mainly fusinite,
are observed in some samples. Few tuffaceous sandstones within these
sands are characterized by very poorly immature texture, a large portion of
microcrystalline groundmass, and dispersed coarse quartz particles (Figure
15). Permeable sand lenses or patches of sand are enclosed by matrix-rich
shaly sandstones (Figure 14). Even in relatively matrix-poor sandstones,
clay streaks are still very common. Trace amounts of glauconite pellets are
deposited together with detrital quartz grains. Carbonaceous streaks and
fragments are ubiquitous in mud-rich sandstones and abundant pyrite
associated with the organic materials is also present. Siderite nodules are
observed within clay-rich intervals. Authigenic kaolinite clusters are only
recognized in clean sand patches (Figure 16) and are associated with trace
amounts of calcite cement, and incipient quartz overgrowths. Chlorite is
common in matrix-poor sandstones, filling intergranular pores or coating
grains (Figure 17). Micropores in the matrix are abundant, but macropores
are rare, and only occur in the clean sand intervals. Permeability is very
poor, but oil saturation is still high, ranging from 20 to 60%.

Figure 13. Matrix-rich sandstone with bioturbation textures. Well 18-9,
755.50 feet.

Figure 14. Clean sand patches enclosed in shaly sands laminae. Well
17-1, 342.20 feet.

Figure 15. Poorly sorted tuffaceous sandstone. Well 17-1,
336.30 feet.

Figure 16. Well-crystallized kaolinite filling the intergranular pores.
Well 16-106, 392.60 feet.

- :
Figure 17. Chlorite coating detrital grains or infilling intergranular
pores. Well 17-1, 342.20 feet.
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Recommendations
Based on the findings of this work......
The purpose of performing this clay analysis was to:
* Identify clays in the formation
* Quantify clay content
* Approximate clay distribution in the formation and throughout the field
* Relate clay content to both productive and nonproductive intervals within the formation
« Determine whether or not clay inhibitors should be used (Osage Partners)
« Provide basis for SP and A/SP formulations regarding fluid rock interactions (TIORCO)
* Increase general knowledge about clays in Cretaceous Reservoirs
e Other

Table 1. Comparisonof1,3/4,and5/6 /7 sandstones.

- Lithology Detrital Minerals Clay Minerals Calcite Cement Quartz Cement “

Very fine-grained Cross-bedded or Dominated by quartz,  Kaolinite dominant,  Calcite-cemented Incipient Rich in intergr-
sandstones laminated minor chert and minor chlorite nodules common anular pores
feldspar, glauconite
concentrated in certain

laminae,
mica flakes
Very fine-grained Laminated, severe Dominated by quartz  Authigenic kaolinite Few calcite- Incipient Intergr-anular
" sandstones and siltstones bioturbation, and feldspar, and chlorite, matrix cemented nodules pores in clean
= Burrows common glauconite in clean sand clays rich in sands
a spots laminae
I
™M
Very fine-grained Wavy laminated or Dominated by quartz,  Authigenic kaolinite Trace calcite Incipient Rich micro-
sandstones, siltstones, irregular beddings, feldspar rich in few and chlorite in cement pores, rare
and shaly sandstones bioturbation common samples, trace clean sands, matrix macro-pores
glauconite clays rich

wn)
-]

c

©
w

~
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Project: Clay Analysis of Osage Partners, LLC
Analyst: Curbis Chopping Summary of Whole Rock - XRD Analysis .II

Date: December 17, 2013 Whole rock x-ray diffraction analysis (XRD) was performed on 14 samples
- Analylial Technigueey: whole-rock X-ray dif fraction from the Newcastle Sandstone on a SCINTAG XDS 2000 with a copper tube
Eﬂhdﬂfﬂd DI] (R0}, arientated day mount KRD', low inpection using K, Analysis shows that;
R l . snalysls (FIA] for cation exchanpe capadity [CEC]", * Well 16-106 is composed primarily of quartz with lesser amounts of
EC‘[TH"‘EI. 1lrr I'lS[ lt Ll [E feldspar, clays, and trace amounts of calcite.
£ - e Well 17-1 is primarily composed of quartz with lesser amounts of feldspar
Whiole Rock Weight [%) Aelative Clay Percentages (%) CEC and clays.
| Quactz | Feldspar | Clay | xaolinite | iliite | chlorite | Smectite | meq/100g « Well 18-9 is composed of quartz and clays, with little to no feldspar.
16- 106 |AP|¥ £57900 7  Well 21-4 is composed mainly of quartz and clays, with an increasing
LY &5 20 3 H % a | EL amount of feldspar with depth.
343 = 10 40 0 13 13 28 ET ]
1" 2 - . £ ! 2 Recommendations of future work would be to determine speciation of
i :'t‘:' f‘i 21 feldspar types. Determination of this was beyond the scope of work.
14 = 3. Summary of XRD Clay Analysis
;‘: ;; : : Orientated clay mounts were prepared for x-ray diffraction (XRD) analysis
= g s from 35 samples.from the Newc_astle Sandstone on SCINTAG XDS 2000 with
— = T a copper tube using K,. Analysis shows that;
e Well 16-106 is primarily composed of Kaolinite. With Chlorite becoming
) <1 non-detectable at this resolution at the bottom of well sample. Mixed-
. e layered illite/smectite also decrease in relative abundance towards the
Fr 15 bottom of well sample.
27 0 » Well 17-1 is primarily composed of Kaolinite. Relative lllite abundance
m varies inversely to that of chlorite..
* Well 18-9 is primarily composed of Kaolinite with varying amounts of Illite
T =a and Chlorite.
17 Pl e Well 21-4 is composed relatively in equal amounts of Kaolinite, lllite,
<1 <1 chlorite and mixed-layered illite/smectite.
L | .t
<l oy Recommendations of future work would be to determine the amount of
<1 3 Smectite in mixed layer illite/smectite.
2 <1
_____ = 4 <1 Summary of CEC Analysis
9 =1 Fifteen samples were analyzed for cation exchange capacity (CEC) focusing
& hl on the pay zones and other intervals within the well. ASTM D7503 was
e =1 followed with modifications due to the overly high abundance of clays
=5 <1 contained within the samples. Therefore, centrifugation (Standard Soil
=z z1 32 Methods, 1999) was substituted for filtration. Flow injection analysis (FIA)
-1 E Lx =1 was the analytical technique used for analyzing nitrogen (as NH,)
21-4 [APIN 4529132) concentrations.
AEE D <1 0 24 o 2 7 _
nas 47 1 = <. A = £ B Recommendations for future work would be to conducted a coreflood to
nLE M = - = = = - - measure CEC, because crushing the samples effectively increases total
f :;i:l :: ﬂ :; i: : - - surface area and thus CEC is increased (Austin and Ganley, 1991). BET
; =1 “ work would also be recommended.

'-lb Dalferentiation of leldypar species was notl detesmined [K-apar va Plagioclase )
b Total relative day monbent
] Kaclinite

] ilite /S mectite mitoed Layer 10
| EORI Newcastle Clay Analysis Project
Dhise 1o limita tions in C-ray diffraction guanti ficatkon, reswlts must be considened wemi-guantitatiae,




Recommendations

Summary conclusions and recommendations

High permeability clay poor sands (Upper)- 1 and 3/ 4 sand intervals

« Historic pay interval, little to no clay content with exception of kaolinite, historically waterflood w/o inhibitors, thin — generally less than 10 feet

« Likely not completely swept — recommend detailed stratigraphic/correlation and injection/production analysis — assume C sand is laterally continuous
 Sands are bound by low permeability bentonites and shales.

 Use of clay inhibitors and oil based muds is suggested regarding further drilling and reactivation of waterflood based on economic limit

* Infill drilling

Low permeability clay rich sands (Lower)-5/6/ 7 sand intervals

« Unconventional pay interval, high clay content, historically not produced, oil saturations range up to 60 percent, thicker — two intervals each range up to 15 feet
« Likely never developed — recommend stratigraphic work and trial and error based approach

« Use of clay inhibitors for intended flood is recommended dependent on economic limits

« For further development drill underbalanced using oil based muds

« Lab studies for determining clay effects— core floods — two samples, one using clay inhibitor plus Madison water the other with only Madison water-

1 and 3/ 4 sand intervals (Main Pay)
* Questionable correlation/delineation of 1 and 3 / 4 sands based on presence of erosion surface and poro/perm plot patterns (page 13, Figure 18).
¢ Conduct Newcastle outcrop studies.

Recommendations

< Conduct stratigraphic correlations to better define distribution of sands.

* Detailed clay analysis of samples to be used for core flooding.

« Evaluate techniques that aid in preventing formation damage for drilling and waterflood design.
 Develop Field Demonstration pilot study .

11
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Appendix A
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16-106 Box 5
364’ to 374’

Pay interval (371-373) within the Newcastle Sandstone is a fine
grained, yellow to tan, crossbedded sandstone (sample 371.8).
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16-106 Box 6
374’ to 384’

Crossbeds within and at base of pay sand (sample 374.2).

Fine sand/mud couplets and ripple lamina (sample 374.4).
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16-106 Box 7

384’ to 394’
" —

=i ; ,'_;H:aq;“

Very fine sand with rip ups (sample 386.5).

| Te———

Sand/mud flaser bedded (sample 392.6).

EORI Newcastle Clay Analysis Project
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16-106 Box 8
394’ to 404’

Very fine grained sandy mudstone with coal streak (sample 394.5).

Sand/mud flaser bedded with coal fragments (sample 395.5).
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Fine grained cross bedded sandstone (sample 291.6).
Fine grained massive sandstone (sample 292.5).

Fine grained sandstone (sample 293.7).
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17-1Box 33
318’ to 328

Very fine to fine wavy bedded sandstone (sample 322.6).

22
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17-1Box 34
328 to 338’

a—————, . i

s e L

Very fine bioturbated sandstone with siderite blebs (sample 336.3).

23
EORI Newcastle Clay Analysis Project



24

EORI Newcastle Clay Analysis Project

Very fine wavy to flaser bedded sandstone (sample 345.7).
Very fine sandstone with soft sed-deformation (sample 347.3).

Very fine wavy bedded sandstone (sample 342.2).

17-1Box 35




17-1 Box 36

Very fine, clay rich wavy bedded sandstone (sample 350.4).

Very fine wavy bedded sandstone (sample 351.4).
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No samples.

18-9 Box 74
714’ to 724’




EORI Newcastle Clay Analysis Project

Very fine wavy bedded sandstone (sample 748.2).
Very fine wavy bedded sandstone (sample 750.2).

-9 Box 77
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Very fine flaser bedded sandy mudstone (sample 759.4).
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21-4 Box 66
708 to 717’
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Very fine bioturbated sandstone with mud rip ups (sample 711.6).
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21-4 Box 67

717 to 726’

No samples.
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21-4 Box 68

726’ to 736’

Clay rich mudstone (sample 727.3).
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21-4 Box 69

No samples.
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Ad d e n d U m (Appendix B)

Summary Analysis Results
Well 16-106 pages 36-45
Well 17-1 pages 46-60
Well 18-9 pages 61-65
Well 21-4 pages 66-70
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Appendix B

Osage 16-106  API: 4529202 371.8ft {65

Lami WOy AINE-Grained sancions wi
abundant clay-rich laminae. Detrital grains are dominated
by quartz, with a small portion of chart and feldspar gradns.
Most of the guartz grains ane either cemented by
ovengeowihs (Dog) or coated by days. Carbonacecus
materials are abount in clay-nch laminae. Intergranular

Whale Rock Weight Relative Clay
Mineral - Ly Masieval -
Fekispar 20 Wi <1
Tirtal Clay 32  Chigenr 47
Tedal 9 - 2
Testsll 100

CE Mg 100 gmil 37
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Osage 16-106 API1: 4529202 3743 ft

Laminated siftstone composed of permeable
sand laminae and clay-rich tight laminae. The permealse
laminae are dominated by quartz and feldspar grains,
with a small portion of glauconite pellets, whenas the
diirty larminae are fich in clay matrix and carbonaceous
streaks. Few burrows are recognized in the shaly lapers,
Traces of caleite cement (Cal) and kaclinite (Kaa) are

| S eEnad
Poraity Grainy Fluld Satueation
o Density ) Whole Rock Weight Relative Clay
Ambient| wes | W™ [ Water | 04 Mineral - Clay Mirreiad -
ms | an? 18d iy | W Ouaitz 50 [ 30
Feddspar 0 e 13
Total Clay 40 Chicree T
Totsl 100 LAY T T I8
Toial 100
CECIMesy' 100 gevd 34
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Osage 16-106  API: 4529202 375.1 ft (M

Laminated clayey sandstones with traces of
bioturbation. The framework grains are dominated by
queariz, with abundant glawconite partiches. Partially
dissobved feldspar grains (Fd] are observed. Carbonaceoul
streaks and Inclusions are ublguitous, but mone
concentrated in the clay-rich laminae. Well-connected
intergranular pores are developed in the clean sand
Laminae, but tight clay-rich laminae damage parmeability,

Whole Rock Wielght Relative Clay
Mineral - Clary Mineral -
Quariz Fli] Aachints A6
Feldipar 5 Ll T
ity | 25| [ |3
Toaal 100 r— 22

Total 100

CECIMesy/ 100 gmi 34
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Osage 16-106  API: 4529202 3784 ft []

Shaly siltstone with Irreqular bedding, probably
resulted from béoturbation. Organkc streaks and
inclusions ane common, Visual, pooedy interconnected
diissolution pores are products of feldspar beaching.
Most clay mineraly are detrital components in matrix.

Wheole Aock Weight Relatihee Clay
Manesal % Clay Wnaal LY
Ouiarts Wit 35
Feidipar Hite 1
Tatal Clay il _H

Total o iatonsiuedll IE L
CED ey 1063 gami
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Osage 16-106  API: 4529202 386.5 ft 5)

ﬁuwmmmmpuudmﬁu-g:m
sand grains, The fine-grained sands are also concentrated
in some spots, with visible intergranular pores and trace
of authégenic kaolinite (Kao). Shale streaks are abundant,
and siderite nodules (Sid) are comman,

-

Wiale Reck Waight Foelathve Clay
Anibienit Mineral - Llay Mineral =
asie oo e 1 1 L] 150 haarts Kol 69
Feldspar iilite: n
Tortal Clay Chicxfie <1
Tedal Wile e lile 10
Tokal
CE DN 00 gm]
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Osage 16-106  API: 4529202 3885 ft L]

Poorly sorted sandstone with mixture of very
fusinite grains are dispersed, probably from re-worked
parosity is contributed by intergranular pores in spots

lack of clay minerals. These permeable spots ane
separated by tight, matrix-rich rocks.

fine -grained and sifty detrital grains, Abundant rounded

rip-usp shale layers. Siderite nodules are ubigquitous. Fair

whale Rock 'Weight Relative Clay
Mimeral = Ty Minerad L
___Swm el I S
Feldspar liide
Tieqal Clay Chicete ]
Tousd BReimeine 10
Tt 10

CECMegoigmi| 95
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Osage 16-106  API: 4529202 3896 ft 1]

Very fine-grasned sandstone with significant
amounts of clay matrix and sedimentary clasts. Most of
the intengranuldar pones are flled by greeniah authigenic
clays, and trace of kaolinite (Kao) is also recognized.
Porosity is dominated by micropores in matrix and
clay-flled intergranular spaces.

Wheale Rock Weight Faelative Clay
Manedal - Clay Wineal =
Craarks Laalnae 7d

Felchpar Hite 17
Tartal Clay Chiutle <1

Tartal Wb mechibe 11
Tadal 100
CEC Mty 1100 el
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Osage 16-106  API: 4529202 3915ft E

Poorly sorted, very fine-grained sandstone, Clay
ratrix and silty grains constitute a lange portion of the
rock. Carbonaceous bits and chunks are common.
Eaolinite (Kao) Alls seceral pores in the clean sand

patches, and trace amounts of calcite cement (Call Is also
cheerved.

While Rock Weight Relative Clay
Mineral = Clay Mrsesal 5
Chusrtf (411 Eadrule GR

Faldspar <t W_te 22

Total Clay 40 hloiile =1
Taotal 100 Il Semaer il i

Total 100
CEL [y 1) g
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Osage 16-106  APL:4529202 3926 ft

Poorly laminated sandsione with abundant shale
streaks and rip-up clasts. The wery fine-grained sands are
dominated by subrounded and subangular quartz graing.
Oinganéc matter and carbonaceous streaks ane abundant.
Minor amounts of keclinite (Kao) Bl pones, Traces of
calcite cernent are observed, Visual pores exist im clean
sand patches, and open slots are associated with shale
| streaks

Whizle Rock Weight Relative Clay
Mireral ... Chirp Mt ol =
Cuaitz 44 Koty 69

Feidspar 5 Inze 20

Total Clay y;: ] Chiloribe 21

Total o7 B meife 11
Total 100

M 00 gen 68
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Osage 16-106  API: 4529202 3955 ft

T

resulted from dissolution of detrital grains.

Poorly sorted shaly sandstone with detrital
companents from fine -grained sands to silts, Clay mairix
i rich, creating a lenge amount of micropoces, Yisual
macropores are only obsersed in the clean sand patches,
and a portion of these pores are of secondary origin,

Whole Rock Weight Relative Clay
Mirseral = iy Mhievirad =
Cuantr Eibnaty 70

| Feidspar | | Iice 19

hiaia e <l
Total e Smeie 11
Totad 100

CECIMec100 geni
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Osage 17-1 AP1: 4529141 2916ft )

grains are dominated by quartz with minos armounts of
cheert and feldspar particles. Glauconite Is concentratid
in laminae, Greenish chlorite (Ch) is distributed in
laminae or irregular patches. Few spots are cemented by
paikolotogic calcite. Traces of carbonaceous straaks and
fragmiznis are observed, Porosity is dominated by

| well-connecied intergranular pores.

Whole Rack Weight Relative Clay
Mirseral % Clay Minerad -
i1z Faclrat 47

Feldspar e 9

Total Clay Chicrite 0

T ot | | wesmecne | 24
Total 10

CECTMeq 100 grm) 19
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Osage 17-1

API: 4529141

2925 ft

Very

firee-geained sandsbone dominated by lootely packed
quest iz grasr, with abundant glauconite peflets. Minor amoungs of
Belcdipai grase ared mica Aaked are also obneneed, Ovganic
idraaki with pyvits parliche snd calcta-comamtvd pabched [Cal) e
common. Pore-filing kaolinite (Kac] is the mapod clay mirsecal in this
sarmple, with trace armourts of geesnivh chiceibe concemtrated in

patcher. The kanlnite crystals potentially generate
b fines during fluld injaction.
Whiole Rock Weight Relative Clay
Minerad = Clay Mgl
aarty Faclinile
Felchpar iive
Total Clry [T
Tatal e
Eatal

CELMeq DT gm:
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Osage 17-1

API: 4529141 2937 ft

L]

Very fine-grained sandstone. Irregular bedding i
demonsirated by chionie-concentrated laminae
altered with clean sand laminae, Detrital graing are
dominated by subangular guartz, with abundant chert
and feddspar grains and glauconite pellets. Few mica
flakes exing. Both kaolinite (Kaa) crystals and
calcite-cemented nodules [Cal) are rane,

Whale Rack Weight Relative Clay
Ml = Cllary Wlimatral L
Cuarir K edrdte IE
Feddspar e 17
Tesal Clay Chicrle 7

Tatal MRsimeine )
Total 100
TN D0 gl
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Osage 17-1

API: 4529141 296.4 ft 1]

Cross-bedded, very fine-grained sandstone.
Quartz graing is the magor constitute of the detrital
gprain, with lews amounts of chert and feldspar particles.
Few clay-concentrated laminae are obsened. Both
glaucanite and mica Aakes ane in mingr amounts. Rich in
pore-filling kaokinite, Few calcite-cemented nodules

are chserved,
Whidle Rock Weight Flativee Clay
Mineral - Clay Ml =
Cuaart Wacsbarr i
Farlifgun mile <1
Tatal Clay T
Total e Ty TH 63
Total 100

Il 100 gmi
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Osage 17-1 API: 4529141 3209ft E

Stratified, very fine-grasned sandstone composed
of alternating clayey sand laminae and chean sand
larminae. Equal amounts of detrital Beldspar and quarts
grains in this sandstone. Glauconite is pervasive.
Dissolution of feldspar grains is common. Rich in pone-
filling kackinite (kao]. Disseminated organic materials ang

pyrite are obsered.

Whaols Rock Weight Rolative Clay
Mirseral - iy e -
Ouartz e 37
Falchupar LIS ]
Total Clay ~ Chierite 0
Total 100

R TNy 0 g 50
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Osage 17-1  API: 4529141 321.4ft

Cross-bedded sitstone composed of clayey
laminae with clean laminae, Angular feldspar and
quartz graing are the principal constitutes of the rock.
Abumdant glaasconite is pervasively distributed, Feldspar
dissalution (Fd) s ublguitous, and kaclinite (Kao) is
commonky observed. Dispersed pyrite particles (Py) are

denitified
i 5;:':"'“"" Whole Rock Weight Relathve Clay
[+ ] Mineral - Cllirp Mirwrr ot -
A Quarz & Wrsdetite 29
i N - <1
Tatal 100
CECIMany' 1 00 gl L]
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Osage 17-1

API: 4529141 3226t

L

Mot well stratified siltstone with abundant clay
mafrix. Glauconite pellets and mica Makes are
ubiguitously distributed. Carbonaceous streaks and
floating organic particles ane common, Most of clays ame
matrix, deposited together with detrital graims. Mot well
euhedral kagdinite crystals are observed in SEM photos.

Whaole Rock Weight Aelative Clay
Mlirseral - € iy Fhrarrsl -
Quanz 33 Fargicmitg E!

Faldipar 7 ilise {1
Total Clay 40 Chilorite 3

Yol | 100 | |®ewsmeane | g4
ot 10ed
ECegtodgel | 7
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Osage 17-1 APL:4529141 333.7ft

Heavily bioturbated clayey siltstone with
accasional clean sand spols, Rich im loating charooal
[r.:-grmanu arvd carbonaceous streaks, Poikilotopic caldite
fills the chambers inside some charcoal fragments.
Intergranular pores are visibde only in the clean sand
spols. Pyrite particles are comemon, dispersed in the
matrix or associated with charcoals fragmenis.

Horizantsl Permeabiliny Poragity Grain Flutd Saturation ;
b i Oenaity - Whole Rock ‘Weight Rurlative Clay
1o Air Klinkenberg | Ambient| WCS i ) T [+ Mineral - €y Pt =
148 | 157 " ] 181 4] 14 Quai B0 [Fyer—. 78
 Feldspar | <l e 2
Todal Clay i | Chikzrite 'a
Total 100 e 20
Tolal 160
CECIMeq' | D0 gemd
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Osage 17-1  API: 4529141 3345t [T
Not well stratified clayey siltstone with clean sand
laminae, Rich in carbonsceous inclusions and stresks.
Myrite and ron oxlde particles are pervasive, Trace of
calcite cerment are recognized. Fair porosity is observed
aally In clean sand laminae.
Whaole Rock Weight Relative Clay
Mineral = Cliry Pemeri -
Faoldupar ae F
Total Clay | Chvkorite <
Total MRy I_!_-
Total 100
LNy 108 g

54

EORI Newcastle Clay Analysis Project



Osage 17-1

API: 4529141 3363 ft

i

Tuffaceous sandotone with disperied

clay straaks. This sandstone i very poosly immature with
respect of mineralogy and texture, containing a large
portion of microonystalline groundmass and dispersed
uarte phenocrysts, Some siderite nodules [Sid) ane
cheerved. Rich in micropores, but few macropores are

wisible.

Whioke Rock Weight Reelative Clay
Maneral = Clasy Marterial =
Crarts Kaalmile a3

ety it 9
ToLal Chry £ hioeile <1
Total ke Smectte B
LELH] 100

CEC gy OG0 g
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Osage 17-1 API:4529141 3422 ft 1

feorape i L UL com Wi

‘:__.E E . g A larminae and matune laminae, Bloturbation modified

= . A ; some original texture, Carbonaceous streaks ane
i1y - 4 d : comimon, associated with clay-rich laminae. Calcite-
cemented nodules (Cal) exist in clean larminae, Matrix
clayesrich in dirty laminse. Good porosity and
permeability within the dean patches, but not well
connedted.

Whole Aock Weight Relative Clay
blingral = Ly Moral .
Quaartz Kacinie 81
Feldupas Hile B
Total Clay ey
Tadul 100
CEC ey 1} gm!
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Osage 17-1 AP1:4529141 3457 ft L]

ICross lamination with carbonaceous streaks and
ficating plant fragments, Fch in altered matrix clays,
Wisual connected pores are observed within isolated
clean sand patches. Pyrite and irgn axide particles ane
COFTIT,
Porosity Garain Fluld Saturation
(] Density i Whaale ook Weigh Reelative Clay
a.nmm: [T el | yases ol Minaral = Clay Mineeal =
123 | 12 T4 me | 17a sl arsnis 55
Feidspar ] — 43
Tatal Clay T Choeie <1
Tl | | [mesmectne | 20
Faral 100

CECHMag 100 grmi

57

EORI Newcastle Clay Analysis Project



Osage 17-1 AP1: 4529141 3473ft L]

Clayey very fine-grained sandsiones with wavy
lamination, Better sorted sand laminae and patches
contain bess clay, and authigenic kaolinite (Kao) flls somse
intergranular pores. Laminae of silt size are rich in
cherital clays, Disseminated chamoal partiches ane
common. Interconnected pores are only observed
within the better sorted sand laminae,

Whiole Rack Weight Refative Clay
Mg rad = Clry Mirerral hd
_Quartz e .
Feldspar s 46
Total Clay Chizrite |
ksl s imecine T
Tolal 100

L T TERT
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Osage 17-1

API: 4529147

3504 ft

Skhaly, very fine-grained sandstone with
occassonally clay-poor laminae. Wavy Lamination

compased af very fine wand laiminae and clay-rich st
laminae. Kaolinite clusters (Kao) ame observed within the
clay-poor sand patches. Few lange charcoal fragments

are observec,

'mef"m Whaoke Feck Welght Relative Clay
Water | [+ Mineral - Loy Maneral %
My | s ety Eaclnie &0
_Feldpar | 1| - n
Tartal Clay Chlile <l
Testal 1T S il 1B
Tokal 100

CEC Mg 160 gmil 32

EORI Newcastle Clay Analysis Project

59



API: 4529141 351.4ft

pores. Well inmerconnected macropores are only

inclusions ane ubsguitous.

Wawy [amination. Very fine-grained sandstone
laminae alternated with clayey silty laminae. Loosely-
packed kaolinite mineral fills few of the intergranulas

chierved in the relatively clean sands. Mo visual pores
are recognized in the matrix-rich laminae. Carbonaceous

Whoke Rock Wiright Relative Clay
Manesal o ey a— -
Quarts Racine 63
Fielidiguar it 20
olsd Chey [ Ofels. | el
Total nimecre | 47 |
Eotal 100
CECiWeg/ 100 gm)
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Osage 18-9  API: 4529128 7482 ft J

Wavy laminated, very fine-graimed sandstone.
The better sorted lminae are dominated by quartz
grains and greenish chilorite mineral, with good

The tight laminae ane rich in clay matnix, silty particles,
and carbonaceous streaks and inclusions. Authigenic
kacdinite is also ovserved in some pores of the tight

intergranubar pomnes and minor amounts of kaolinite (Kao)

Ralathve Clay
= Chay Wirarsal ]
i 42
ite 12
(Boiile <l
M o ot 4
Total b

CEC ey 1) ] 24
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Osage 18-9 API1: 4529128 750.2 ft

Very fine-gralned shaly sandstone with wawvy
lamination. The chean sand laminae amre compossd of
subrounded quartz grains with ingipient owengrowih
gement, and porthon of these laminae are cemented by
poikilobopsc cabeite (Cal). The shaly laminae are rich in
carbonaceous streaks and inclusions. Kaolinite (Ko}
ocours infew pores. Fragmental bits and chunks of

charcoal are common,

Whinke Rock Weight Relative Clay
Mineral = Clay Mimaral =
Chuarts Eadruis &6

Felcupar illze ]
Total Clay | Criiiee <l
Tota il O]
Todal ‘]w
CECIMea/ D grmd
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Osage 18- API:4529128 7545 ft [ ]

Bioturbated shaly siltstone with very fine-grained
sand laminae or patches. Some of these patches contain
subrgunded quartz grains with good intergranular pores,
Carbonaceous inclusions are common. Porosity is low,
and permeakslity is poor due to rich in matris clays

Whinke Rock Weight fialative Clay
Whale Rock Weight Relative Clay &
Mimaral - Ciy Marbrad L
Chuariz Eaclimite 32
Fetdupar Iise )
Teasl Clay Chicrite 19
Takal e mes e 3

Total 100

CECTMeny'| 00 g %5
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Osage 18-9 API: 4529128 7555 ft L]

Laminated, very fine-grained sandstone conlains
tight silty laminae and permeable sand laminae. The sifty
karninae sre rich in detrital chn and carbonaceous
inclusions. Glassconite pellets are commaon in the
permeable minae, Traces of kaclinite (Kag) are
observed in few intergranular pores.

MMWI_IEM Faelative Clay
Muineral = Cliary Murssial L]
Quarte i 33
Felitagiin e i
Total Chay [hHiiE !'l_'i_
Testal M2 Smec Tt I_ﬂ_ =1
Toral 100
CECMban/ 100 gm)
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Osage 18-9  API: 4529128 759.4 ft

LB

Bioturbated sifty sandstone with irregular

Lamination. This sandstone i composed of shaly sity
Laminae, with less portion of better sorted sand
patches. Glauconite particles are observed in the clean

sand patches. Carbonaceous streaks are common,

concentrated within the sitty laminae, Calcite-cemented
medules (Cal) and authégenic kaolinite are chserved.

Whiode Rock Weight Relative Clay
Manepal w Claeyt Wit il -
Qe s 123 1T 181 67 Ha Oarts EaniE Fq ]
Faidipar Wite 78
Total Clay Chirite 22
Tartal Wi ervec it | 0 |
Tonal 100
CECIMeq 100 gm) 1B
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Osage 21-4 API: 4529132 7086 ft

J

Very fine- 1o fine-gralned sandstane dominated
by subangular to subrounded quarts grains, The
sandstone is characterized by well-conmected
intergranular pores with isolated calcite-cemented
nodules (Cal). Kaokinite (Kao) and chlonte ane observed
in SEM images. Clay-rich, very fine-gralned sands are
concentrated as lamvinae of patches, reducing
permealsility, Traces of bisturbatian are observed,

Whode Rock Weight Rl thwe Clay
Manenal 5 Elay Meral 5§
Cruarty T Kaobnite 24
Felchpam <1 Sibe 30
Total Clay a0 [ hetite | 23
Tertal 100 e e 1
fotal iy
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Osage 21-4  API: 4529132 7095 ft

Horizantsl Permeabiliny Poragity Grain Flutd Saturation
Denaity %

1o Air Riinkenberg | Amibient| WCS Warmeel | ases Ol

158 17 14 (T ] Tl Fre i

Shaly sandstone with ciean sand laminae or
patches. Rich in clay matria ‘Wavy lamination with many
rounded worm borrows. Carbonaceous streaks and
inclusions are ubsguitous, The lsolated chean sand
laminae contain fairly-connected intergranular pores.
Traces of calcite cement iCal) are observed in the clean
sand patchs. Authigenic kaolinite Kao) is not recognized

‘Whiols Rock Weight Reelather Clay
Mineral = Clary Mirast sl L]
Ouats 47 Kabrae 3
i el <1 - 31
Total Chry 51 B Chigile i

Total 100 Besmdetthiicica 8] B
Total 100
CEC My B0 gl 53
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Osage 21-4 API: 4529132 711.6ft

some of the intergranular pores.

Severely bioturbated sandstone. Subangular to
angular detrital gradns. Pooely sorted, Rich in clay matrie
Shale laminae and patches are ubiquitous.
Carbonaceous inchesbons are common. Microscopsc
pores are abundant, but visual matropores are rare,
Eaolinite (Kao) and authigenic greenish chlorite (Chi il

Porosity Garain Fluld Saturation
ol Density e Whole Aock Wiklght felathe Clay

Ambient] WCs | W [Weter | 4 Mungnal % iy Wit al (s
4o | 14 184 aRs | TS ORuarer 34 Fazhnile 25
[ 1] 2%
Chwile 1
il Serer Ll 5
Eotal 100

40
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Osage 21-4  API: 4529132 7126ft LB

Wavy laminated shaly sandstone with abundant
carbonaceous streaks and inclusion. Detrital clay
minerals constitute a significant portion of the rock.
Micropones ane comman, and only few small
intergranular pores are observed in clean sand spots.

Whobe Rock Wislght Polathee Clay
Mangnal “ €l Wiriartal L
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Osage 21-4 AP1:4529132 7273 ft

Tight shaly siltstone. Angular quartz and feldspar
grains, Rich in clay matrix. Disseminated carbonaceous
inclusions and disperied fusinite ane common.
Authigensc kaolinite are identified associated with
pariially distobed feldspar graing,

Whobe Rock Wislght Ralathve Clay
baneral 5 C Ly Wiriartal L
eiser 31 Eaoluiile 46
Felchpat 32 Wit 32
Total Clay 37 Chiwile <1
Taital 1[1i] il Serer Ll 22 z
fotal 100
CBCIMen 10 gmi
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