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Abstract

NANOPETROPHYSICS OF THE NIOBRARA FORMATION
In BERTHOUD STATE #3 WELL of

COLORADO, USA

Rafael Villegas, MS

The University of Texas at Arlington, 2016

Supervising Professor: Qinhong Hu

The advent of new drilling and completion technologies over the past two
decades has made unconventional shale reservoirs the focus of much of the oil
and gas exploration and production throughout the United States. Despite large
estimated reserves, unconventional reservoirs are typically characterized by low
porosity and extremely low matrix permeability, partly accounting for the
relatively low recovery rates seen, ranging from 10-15%. Increasing production
from unconventional reservoirs requires an understanding of the reservoir’s nano-
petrophysical properties including pore throat size distribution and edge
accessible porosity. Furthermore, an understanding of the relationship between
TOC, mineralogy, and pore throat distribution is critical in determining
hydrocarbon storage potential and migration pathways, and ultimately recovery

rates of the reservoirs.



Similar to many unconventional reservoirs which are prevalent throughout
the United States, the Niobrara has been at the forefront of new innovations in
hydrocarbon production. Well known as a tight gas reserve, the Niobrara
Formation encompasses North Eastern Colorado, Wyoming, Montana, North
Western Kansas, and Central Nebraska. The Niobrara was deposited during a
major marine transgression of the western interior seaway during the Cretaceous
and is characterized by calcareous hemipelagic beds of intervening chalks and
marls.

After collecting core samples from 8 units within the Niobrara Formation
in Berthoud State #3 Well, this research examined analyses of TOC, XRD,
wettability, Mercury Injection Capillary Pressure (MICP), low-pressure nitrogen
sorption, and fluid imbibition to determine pore geometry and connectivity within
the formation. It was found that illite content plays a key role in pore size
distribution and porosity, with a tendency for an increase in 2.8-5 nm pore throats
and a decrease in porosity for samples with illite content above 10%. Other
finding from wettability studies showed the samples were oil wet source rocks

and imbibition studies produced results which suggested low pore connectivity.
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Chapter 1

Introduction

Hydrocarbons from shale have been produced since early 1800s, where
nano-darcy permeability was most likely related to natural fractures that allowed
for hydrocarbon transmissibility (Chong et al., 2010). Over time, more research
proved that natural fractures in shales, like those found in the Niobrara, were
actually filled with calcite or quartz, not gas or oil (Chong et al, 2010; Hanley
and VanHorn, 1982). The years (about when?) following early shale oil
discoveries in conventional wells saw steep decline in production of these ultra-
low permeability reservoirs and consequently exploration in “uneconomic”
shales greatly slowed (Anderson et al., 2010).

The relatively recent advent of hydraulic fracturing and horizontal drilling
has caused a resurgence of interest in previously unproductive resource plays. In
order to make unconventional reservoirs a viable option, hydraulic fracturing
attempts to increase the surface area of a formation by inducing or enhancing
natural fractures connected to a well (Anderson et al., 2010). This
unconventional exploration has caused shale plays throughout the country to be
re-evaluated for their economic potential. It has been estimated that there are
over 3.7 trillion barrels of oil in place in various unconventional reservoirs

throughout the country, yet many unconventional reservoirs only produce 10%



of their estimated hydrocarbon potential (Dyni, 2010). This is due in part to
factors such as permeability, porosity, and edge accessible pore connectivity.
Some of the most productive and most studied shale plays in the United States
have been the Bakken, Eagle Ford, and Marcellus (EIA website, monthly report,
2016). The Niobrara Shale in Colorado has recently been an area of focus for
many companies looking to mirror the successes seen in other successful shale

formations.

Niobrara Formation

Despite similarities between various shale plays, each formation is unique
in its own right with varying geologic, geochemical, and geomechanic attributes
which all influence the production of hydrocarbons (Anderson et al., 2010).
Anderson et al (2010) stated that the ability of a reservoir to be effectively
fractured, the capability of a reservoir to sustain commercial production, and the
ability of a field to be both economic and environmentally sound are aspects
required for a successful completion of an unconventional reservoir.

Although tight oil and gas plays such as the Niobrara are reported to have
large amounts of reserves, they have been plagued with production issues. A
recent study conducted by Hughes (2014), examining the top seven tight oil
plays in the US that account for 89% of current tight oil production, found that

only 43% to 64% of their estimated ultimate recovery was achieved in the first



three years. This study also found that steep decline seen in these plays resulted
in a 90% decline in production over that same three-year period. Tight gas plays
had a similar decline rate and saw a decline of 74% to 82% after first three years
of production (Hughes, 2014). Hu et al. (2014) reported that only 10-30% of
estimated gas in place has been recovered from one of the top producing gas
fields in Texas, the Barnett Shale. This decline is most likely attributed to the
ultra-low matrix permeability of shales (Anderson et al., 2010). Despite the
acceptance of steep decline curves seen in tight shale plays, a fundamental
understanding of their mechanisms have rarely been examined (Hu et al., 2014).
This study attempts to investigate the cause of steep decline and low overall
recovery seen in the Niobrara Shale.

Steep decline curves in shale reservoirs have been widely observed, and
the fact that this is the norm rather than the exception may be directly
attributed to poorly connected pore networks. Decline rates of 60% or more are
commonly observed after the first year of production. One of the few solutions
which can successfully combat the steep decline in production is to re-frac
unconventional wells. But re-fracking unconventional wells has several inherent
problems. Re-fracking takes time and is costly, which in turn drives completion
costs higher. Furthermore, the process is merely temporary in terms of

production. Initially upon re-fracking, production rates spike and are once again



favorable; however steep decline quickly returns. This phenomenon seems to be
reservoir independent and has been well documented in unconventional plays

such as the Barnett, Bakken, Eagle Ford, Marcellus, and Niobrara (Hu, 2015a, Hu,
2015b). In order to determine the root cause of steep decline curves observed in
unconventional plays, a better understanding of pore structure, and furthermore

pore connectivity, in conjunction with edge accessible porosity is required.

Objectives of Study

The Niobrara Formation in Colorado is an area of special interest to the
petroleum industry due to the large amounts of hydrocarbon reserves that are
predicted to be held within the formation. The Niobrara Formation has
predominantly been an area coveted for its natural gas production and has been
well documented as a tight gas reserve (Hanley and VanHorn, 1982). The
formation is known for its low permeability and porosity, which has proven
difficult for production. Shales, such as the Niobrara, typically exhibit pore sizes
in the range of micropore, less than 2 nm, to mesopore, between 2 to 50 nm in
size according to to IUPAC classification (Kuila et al., 2013). Other economically
important formations such as the Bakken, Eagle Ford, and Barnett shales have

been examined for their porosity utilizing various methods, yet to date there



have only been limited studies conducted within the Niobrara to examine these
characteristics.

Fully grasping the expanse of the pore structure network and edge
accessibility within the Niobrara Shale will give a better understanding as to the
fluid flow characteristics of potential hydrocarbons within the formation (Bustin
and Bustin, 2012). Mercury injection capillary pressure (MICP) measurements
have long been used to determine pore throat size distribution and has the
ability to measure pore throat sizes from 3 nm to 300 um in diameter (Kuila et

al, 2012).
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Figure 1 Major US shale plays with the Niobrara highlighted in red (modified from EIA
April, 2015)



Chapter 2
Geologic Setting and Petroleum Potential

Geologic Setting

The extent of the Niobrara Shale encompasses North Eastern Colorado,
Wyoming, Montana, North Western Kansas, and Central Nebraska (Fig. 1)
(Brown et al,, 1982; EIA, 2015). The major marine transgression of the
Western Interior Seaway (Fig. 2), which extended from the Arctic Ocean to the
Gulf of Mexico, deposited hemipelagic carbonate rich sediments that eventually
formed the Niobrara Shale (Brown et al,, 1982). The western side of the
seaway experienced mountain building during the Late Cretaceous producing an
asymmetric foreland basin (Pratt et al., 1985). As a result of the developing
mountain range, the deeper western portion of the seaway received runoff from
the mountains in the way of coarse siliciclastic sediments (Longman, 1998).
Strong oceanic currents eventually carried away the finer-grained siliciclastic silts
and shales with deposition occurring tens of miles away in the more gently
dipping eastern portion of the seaway (Fig. 3) (Longman, 1998; Kauffman and
Caldwell, 1993; Shurr et al., 1994).

The Niobrara Formation is one of only two Cretaceous intervals rich in

carbonate sediments in the Rocky Mountain region (Longman, 1998). The high



organic content found in this interval may serve as a source for its hydrocarbon

potential.

Late Cretaceous
85Ma

gor” S

Figure 2 - Late Cretaceous time during the deposition of Niobrara Shale. This figure
shows the extent of the Western Interior Seaway. It should be noted that a mountain
range lies just to the west of the seaway, which is the source for the various types of
siliciclastics and shales deposited in the area during this time (Blakey, 2011).

First proposed by Scott and Cobban (1964), the Niobrara Formation is composed

of the underlying Fort Hays limestone Limestone and the Smoky Hill Shale



member above (Fig. 4), various researchers over the past three decades
(Kauffman, 1969; 1977; Hattin, 1981; Barlow and Kauffman, 1985) have agreed
with this classification. As a ledge-forming unit composed largely of multiple
layers of gray hard limestone, the Fort Hays limestone has a thickness of
approximately 40 ft (Scott and Cobban, 1964). The 700 ft of Smoky Hill Shale
contains seven units; four limestones making up the lower portion while the upper
portion is composed of alternating layers of sandy shales and chalks (Scott and

Cobban, 1964).

WIC Seaway
Niobrara Time

Figure 3 - Western Interior WIC? Seaway illustrating regional depositional trends during
the deposition of the Upper Cretaceous Niobrara (Sonnenberg, 2012).
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More recently, with an elaboration of the original classification by Scott
and Cobban (1964), Longman (1998) has classified four, expanded from three,
major chalk benches (A-D) separated by intervening shale beds within the
Smokey Hill Member of the Niobrara (Fig. 5). This new and accepted
classification has increased the number of benches within the Niobrara to 10;
these intervals include the Fort Hays Limestone at the base of the Niobrara, and
nine chalky-marly-shaly intervals within the Smoky Hill Member (Longman, 1998;
Luneau et al, 2011; Sonnenberg, 2012). The type log shows a distinct gamma ray
signature for each interval within the Niobrara and shows the previously
unclassified N850 interval which directly overlies the Fort Hays Limestone (Fig. 6)
(Longman, 1998). Longman (1998) classified the N850 interval as the “D” chalk
or basal chalk. The Niobrara Formation unconformably lies above the Carlile
Shale below, and is capped by the carbonate poor Pierre Shale above (Locklair,
2007). Deformation during the Laramide has caused the Formation to be highly
faulted and contains low-relief structures potentially trapping valuable
hydrocarbons which are sealed by the Pierre Shale above (Brown et al., 1982).
The highly brittle nature of the Niobrara Formation makes it susceptible to
tension faulting, forming horsts and grabens which have historically served as

stratigraphic oil traps.
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Figure 6 — Type log which shows individual gamma ray signatures for various benches
within the Niobrara Formation (Longman, 1998).

Petroleum Potential

In 1919, the Midfields No. 1 well was drilled in Yuma County, Colorado
which turned out to be a discovery well for the Beecher Island Field (Brown,
1982). Gas flow rates for the Midfields No. 1 well were estimated at 2MMcf/D,

subsequently 4 additional wells were drilled into the Niobrara (Brown, 1982). In



light of their limited success, two of the four wells were drilled into deeper
formations, which curiously had gas shows as they were penetrating the
Niobrara. Additional wells were drilled into the Niobrara, but they soon proved
to be uneconomic with an average production of 20Mcf/D (Brown, 1982).
Despite their shortcoming, the Midfield well proved the existence of significant
reserves within the Niobrara.

In the Denver Basin of Eastern Colorado, the Niobrara has been classified
as a calcareous dolomitic mudstone composed largely of chalks and limestones
(Brown, 1982; Longman, 1998; Thomas, 2005). Production from various
lithologies in the Niobrara changes dramatically over the expanse of the
Formation from East to West. Production in the Eastern section comes from
microporous and fractured coccolith and planktonic foraminifer-rich limestones,
and the Western portion sees production from fractured sand-rich facies, while
the Central region attributes production to fractured marls and shales (Longman,
1998). Sonnenberg (2012) compared the Niobrara to the Eagle Ford Shale in
South Texas, which was deposited during the same time period and has an

estimated 5.1 BBOE in reserves (EIA, 2015).

Hypothesis

In this work, | argue that mineralogical controls are responsible for the

porse size distribution and porosity seen in unconventional reservoirs, such as



the Niobrara Formation. This work specifically examines the relationship of
various geological controls (TOC and mineralogy) on pore size distribution from
MICP and low-pressure nitrogen sorption tests, as well as pore connectivity from

wettability and imbibition tests.
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Figure 7 - Well location (depicted by a red star) of Berthoud State #3 and close-by
Berthoud State #4 in Larimer County, Colorado (modified from digital-topo-maps.com,
2005; Fessler, 2011).

Location
(Latatude

Well Name API| # County and Operator Measured Depth (ft)

Longitude)

. 40.309424, . .
Berthoud 506906054 | Larimer Coquina Qil 2910-3185
-105.124292
State #3

Table 2-1 Berthoud State #3 well location and operator obtained from USGS core
repository.



Chapter 3 Research Design and Procedures - Methods
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mini plugs, a total of 14 samples, were taken from each bench within the core in
order to conduct various tests on the Formation. Each sample was then cut into
1cm cubes for laboratory tests and assigned a laboratory identification (Table 3-

2).

Berthoud State #3
Bench Identli_:‘i?ation Lithology | Depth (ft)

A CO B129A Chalk 2925

AM CO B129AM Marl 2988

B CO B129B Chalk 3039

BM CO B129BM Marl 3060

C CO B129C Chalk 3074

C™M CO B129CM Marl 3107

D CO B129D Chalk 3166

FortHayes ' 5 p199FHLS  Limestone 3194
Limestone
Colorado

CO B129 CSS Sandstone 3210
Sandstone

Table 3-1 - Laboratory identification, lithology, and depth of
samples obtained from Berthoud State #3 well.

Methods

In order to holistically quantify pore size distribution and pore
connectivity of the selected samples, several tests (XRD, wettability, mercury
injection capillary pressure, low-pressure gas sorption, imbibition) have been
performed, and the results are discussed with respect to geological

characteristics (e.g., TOC, mineralogy).



Wettability

Wettability tests determine the wetting characteristics (whether or not
the sample is wetting or non-wetting to a fluid) of the shale samples to n-decane
and API brine, which exhibit an affinity for the organic matter phase or mineral
phase respectively. Due to the limitation of sample mass, thin (~ several mm)
sample fragments were utilized for this experiment unlike other tests which
relied on cubic samples. The DinoXcope was used to photograph the samples
before and after adding 2 puL of one fluid (eiter n-decane or API brine). Opposite
sides of the same sample were then utilized for another fluid, and samples were
discarded after use.

Video was taken while pipetting 2 uL of the aforementioned fluids to
record their spreading characteristics on the shale samples. The spreading of the
fluids was recorded for approximately 30 seconds, or until the spreading reached
the edge of the sample or progression of the spreading ceased. A number
between 1 and 10 was assigned to describe the spreading behavior observed
during the wettability test in an attempt to qualitatively assess the wetting
characteristics of the sample. Samples with seemingly little to no spreading of
the solution were classified with the lowest number (1), where as samples with

immediate or very rapid spreading were characterized with higher values.



XRD (x-ray diffraction)

Powder XRD (x-ray diffraction) analysis is performed to collect mineralogy
information of the Niobrara samples of different benches. Representative core
samples were disaggregated, micronized in a McCrone Mill, mounted, and
scanned with a Rigaku Ultima IV XRD (Cu tube, monochromator, scintillation
detector) at the University of Oklahoma. Quantitative mineralogy is determined
by whole-pattern fitting in Jade2010 using the MDI-500 and ICDD PDF-4+
databases. Following air drying, glycolation, and heat treatment, clay mineralogy
is determined by preparing and scanning oriented filter peel mounts(Madden et

al., 2006).
Mercury Injection Capillary Pressure (MICP)

Porosity, pore-size distribution, permeability, and tortuosity can be
analyzed by utilizing the mercury injection capillary pressure (Micromeritics
AutoPore IV 9510) available at the Univeristy of Texas at Arlington (Fig. 9). In
order to determine the aforementioned properties of a rock sample, the
AutoPore IV9510 produces pressures incrementally up to 60,000 psia forcing
mercury into the pore throats. According to the Washburn (1921) equation,
these pressures allow mercury to invade into a pore throat diameter down to
2.8nm. This instrument also has the ability to perform low-pressure analysis that

allows the examination of larger pores on the order of 300 um. From raw data



of pressure and intruded volume used to calculate densities, pore volume, and
pore throat size, mercury injection capillary pressure (MICP) has the ability to
analyze other pore characteristics such as total pore surface area, permeability,
and tortuosity (Micrometrics, 2011; Hu and Ewing, 2014).

Mercury is a non-wetting substance which does not naturally invade
pores unless an external pressure is applied. Washburn (1921) devised an
equation which states that the diameter of pore-throats invaded by mercury are
inversely proportional to the pressures applied; the higher the pressures used to
force mercury into the pore throats, the smaller the pores. This can be
expressed by the equation developed by Washburn (1921) which is based on the

premise that all pores are cylindrical in shape.

where AP is the pressure difference across the curved mercury interface; Y'is the
surface tension of mercury; 6is the contact angle between mercury and the
porous medium; R is the corresponding pore-throat radius. Using y =485

dynes/cm and 0= 130°, Equation 3.1 becomes:

with AP in psia and R in micrometers (um) (Hu and Ewing, 2014).
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More recently Wang et al. (2016) suggested that the contact angle of
mercury in a circular pore increses exponentially as pore size decreases, this
becomes especially important with pores that have a radius of smaller than 5 nm
such as those seen in tight shale formations. In order to account for the
variability in these properties, the once constant liquid-vapor surface tension of

mercury and contact angle measurements (Y and 6 respectively) are represented

by
_ 1 sy 1
YD) = Voo (1= 5i) exp (= 52 iy ) oo (3.3)
and
—-C
Og = Opgeo + CreXp (—rcsz) ........... (3.4)

where, 7, is droplet radius, S, = E, / T}, and Ejis the enthalpy of vaporization
(kJ/ml); T}, is the boiling point (K); R is the ideal gas constant; and h is the
effective atomic or molecular diameter(nm) (Wang et al., 2016).

The equation proposed by Wang et al. (2016) correlates the mercury
intrusion capillary pressure to the pore radius and combines variable contact
angle measurements as well as taking into account the changes in surface

tension of mercury and can be represented by

p, = — Zag@reosbug® (3.5)

r
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with comparison to the original Equation 3.1 devised by Washburn (1921), yy,
and 84 are functions of r instead of remaining constant.

Throughout the testing procedure, MICP records intruded volumes
associated with pore throats (from applied pressures) that are both invadable by
mercury at specific pressure and connected to the mercury reservoir
surrounding the sample (Hu et. al, 2014). Despite MICP being one of the most
widely accepted approaches to determining pore-throat distribution, the ink-
bottle phenomenon, whereby smaller pore throats connect to larger pores, may
cause this technique to underestimate the volume of large pores and
overestimate that of small pores (Hu and Ewing, 2014; Kauffman, 2010).

Furthermore, pores are rarely cylindrical in real world applications. Despite

Figure 9 - Micromeritics AutoPore IV 9510 used for both low and high pressure analyses.
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some shortcomings, this methodology has proven to be more than satisfactory for
the majority of applications.

Porosity, median pore-throat diameter, and permeability of the samples
can also be calculated as reported by Gao and Hu (2013) through the use of
methodology outlined by Katz and Thompson (1986; 1987) and tortuosity by
Hager (1998) and Webb(2001). Katz and Thompson (1986; 1987) applied the
following equation to determine the permeability of samples by utilizing

pressure and intrusion volume measurements from MICP data:

k = (819) (Lnax)? (%) DS (L) weeeeen. (3.6)

where k is the air permeability (um?); L,,,qy is pore throat diameter when
hydraulic conductance is at a maximum (um); L. is the length of the pore throat
diameter (wm) corresponding to the threshold pressure obtained from the
inflection point of the cumulative intrusion curve P; (psia); @ is porosity; S(Lyax)
denotes the fraction of connected pore space composed of pore width of size
(Lmax) and larger (Gao and Hu, 2012).

Pore connectivity can also be related to effective tortuosity, T, and can be

derived from MICP data (Hu et al., 2015).

_ | P M=T¢max 2
= \/24k(1+th0t)f n fv(n)dn .............. (3.7)

N=Tcmin
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where p is fluid density (g/cm?>); Viot is total pore volume, mL/g;

fn=r”'m“" n?fv(n)dn is pore throat volume distribution by pore throat size (Hu

N=Tcmin
et al., 2015).

Procedure

Individual shale samples were first cut into cubes of approximately 1cm x
1cm x 1cm in length and oven dried at 60°C for a minimum of 48 hours in order
to remove any moisture which may have been trapped within individual pores.
Before the MICP procedure began, samples were removed from the oven and
allowed to cool to room temperature (approximately 23° C) in a desiccator with
less than 10% relative humidity. The desiccator was used to minimize additional
moisture intrusion into the sample before MICP analysis.

To begin MICP analysis a sample of one cube (2-3 grams) was placed in its
corresponding potentiometer, which consists of a sample bow! connected to a
precision metal and glass capillary system. The potentiometer is then sealed
with the sample inside and placed in the low pressure chamber where the
sample is evacuated to 50 um Hg (0.05 torr, 0.000972 psi, 6.7 pa). This process
removes any excess air and moisture which may still be present within the
sample.

Each sample undergoes both low pressure and high pressure analyses

during an MICP test. Low pressure analysis with shale samples fills the sample
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chamber with mercury to a maximum of 30 psia utilizing an equilibrium time of
10 seconds to achieve a stable mercury level before proceeding to higher
pressure intrusion. During low pressure analysis, mercury initially invades pores
which it can easily access by overcoming capillary pressure of larger pore throats
with a limit of 300um (Chukwuma, 2015). High pressure analysis incrementally
increases pressure from 30 psia up to 60,000 psia at an equilibrium time of 45
seconds between pressures, allowing mercury to intrude pore throats as small as
2.8 nm (Hu and Gao, 2012). Throughout the MICP testing procedure, the volume
of mercury intruding the sample is recorded with it’s corresponding pressure.
Utilizing this in conjunction with mercury’s surface tension and contact angle
between shale samples, values for porosity, pore throat radius, permeability and
tortuosity can be obtained (Gao and Hu, 2012; Hu and Ewing, 2014; Chukwuma,

2015)

Low-pressure gas sorption

Low-pressure nitrogen sorption isotherm tests use Niobrara samples at
the size fraction of mesh 35/20 (e.g., 500-850 um) with QuadraSorb™ Sl Surface
Area and Pore Size Analyzer (Quantachrome Instruments) at Chengdu University
of Technology in China. A dried sample weighing approximately 1 g was placed
into the sample cell, with a tube inner diameter of 9 mm, which is installed onto

the sample degassing apparatus and evacuated at 80°C for 12 hours. A tank of
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liquid nitrogen (77.3 K) was placed around the sample tube for the isotherm test.
The nitrogen gas is dosed, and allowed to adsorb, onto the sample. The quantity
adsorbed under different relative pressures of nitrogen is recoded, giving gas
adsorption isotherms, and the surface area of samples is obtained from the gas
adsorption isotherms according to the BET (Brunauer, Emmett and Teller)
equation (Brunauer et al., 1938) with a multi-point approach. Pore size
distribution is obtained by BJH (Barrett-Joyner-Halenda; Barrett et al., 1951)
method for the measurement range of 3.1-220 nm and DFT (density functional

theory) for 1.41-36.0 nm (Ravikovitch et al., 1998).

Fluid Imbibition and Tracer Migration

Imbibition is known as a process whereby a wetting fluid displaces a non-
wetting fluid on the basis of capillary suction alone (Hu et al, 2014). Fluid
imbibition can be conducted in one of two ways; forced, which involves the use
of an external pressure to promote the uptake of a fluid, or spontaneous, if the
sample is placed in a fluid and fluid uptake is due solely to a wettability
difference and capillary forces within the porous media (Morrow et al, 2001;
Lopez and Soria, 2007). In addition to illustrating pore connectivity of a rock
sample, imbibition data can also be correlated with variations in permeability,
porosity, boundary conditions and liquid viscosity ratios (Morrow et al, 2001).

Predominantly a capillary controlled process, spontaneous imbibition rate
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depends upon the properties of the porous media, fluid which is being imbibed,
and the fluid-rock interaction (Morrow et al., 2001). Two fluids (DI water and
decane) were used for the imbibition process during this study of the Niobrara
Formation (Fig. 10). Imbibition within the Niobrara Formation provides not only
a better understanding of pore connectivity within the rock, but also provides
insight into the reservoir quality of the formation.

Imbibition provides a cost-effective way of understanding pore
connectivity for a given rock sample, due to a mathematical analogy between
diffusion and imbibition (Hu et al., 2012; 2014). Ewing and Horton (2002)
utilized a network model based on percolation theory to estimate pore
connectivity, which examined the slope of the log of imbibed liquid mass versus
log imbibition time (Hu et al., 2012; 2014). This approach qualitatively
determines a rock’s pore connectivity and may be expressed as a slope of !4, Y4
changing to %2, or 2 (Hu et al., 2012; 2014). Further details regarding the use of
percolation theory can be found in Stauffer and Aharony (1994), Ewing and

Horton (2002) and Hu et al. (2012).
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Scale

Chamber with sample

Adjustable base

Figure 10 — Imbibition apparatus used for fluid imbibition utilizing DI, n-decane, and brine
(modified from Hu et al., 2014).

Oil and gas recovery is highly dependent upon the spontaneous
imbibition process because oil and gas is displaced by water within a fractured
matrix (Hu and Ewing, 2014). Extensive research has been conducted to further
investigate the correlation between imbibition and oil/gas production (Li, 2007;

Standnes, 2010; Hu and Ewing, 2014).
Procedure

Cubic samples were epoxied on all sides except for the top and bottom.
The use of epoxy on the sample surfaces served two purposes: 1) to avoid
evaporation of the imbibing fluid from the sides of the sample; 2) to allow for

imbibition up the external surface for the study of 2-D migration along the sides.
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Before starting the imbibition process could begin, samples were oven dried at
602C for a minimum of 48 hours, which ensured a consistent initial water
saturation state. For DI water and API brine imbibition tests, beakers of water
were placed inside the experiment chamber in order to maintain a relatively
constant humidity level, minimizing fluid evaporation from the fluid reservoir.
The top and sides of the sample were loosely covered with aluminum foil,
leaving a small hole for air to escape, before being placed into the imbibition
apparatus which can be seen in Figure 9. The aluminum foil reduced vapor
transport and capillary condensation on the top face of the sample. The bottom
of the sample was then submerged to a depth of approximately 1mm into the
fluid reservoir exposing only one side of the sample to a fluid composed of either
DI water, brine or n-decane (with and without tracers). Imbibition rate was
obtained from automatic recording of sample weight change over time.

Tests which utilized brine or n-decane with tracers were stopped after 24
hours, frozen in liquid nitrogen, freeze dried, and stored at < 10% relative
humidity before being mapped for tracer distribution utilizing laser ablation
coupled with inductively mass spectrometry (LA-ICP-MS) (Hu, 2014). LA-ICP-MS
used a 100 um spot diameter UP-213 laser in order to vaporize a hole in the
shale sample at submicron depth; elements which were entrapped within the

pore structure were consequently vaporized and analyzed with ICP-MS (Hu,
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2014). Utilizing LA-ICP-MS allowed for 2-D mapping to be performed on the

chemical distribution of the various shale samples (Hu & Mao, 2013).

Chapter 4 Results and Discussion

Mercury Injection Capillary Pressure (MICP)

Through the use of the methodology outlined by Hu (2014), MICP testing
is able to utilize the pressure at which mercury invaded the shale samples to
estimate the pore-throat size distribution. In addition, MICP testing is able to
determine other petrophysical properties such as bulk density, porosity,
permeability, and tortuosity.

All of the Niobrara samples tested had an average pore size of 0.0028 um
—0.05 um, with only a small portion, less than 3% by volume, exhibiting pore
sizes greater than 0.1 um (up to 36 um), with the exception of the Fort Hays

Limestone (Fig. 11, Table 4-1).
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Figure 11 — Pore-throat size distribution of Niobrara Formation in Berthoud State #3 well.

Pore Size (um)

Sample ID

0028-0.005 [005-0.01 [0.01-005 [00501 | 01-1 1-10 | 10-36
COB129A 216 477 23.4 2.12 2,51 1.12 1.63
COB129AM | 385 34.8 15.6 3.14 4.75 0.684 2.60
COB129B 21.0 46.0 29.6 0.752 0.856 0.618 2.19
COB129BM | 315 45.6 16.8 147 258 2.25 0
COB129C 0.17 3.43 923 2.46 0.686 0.103 0.831
COB129CM | 216 477 234 2.12 2,51 1.12 1.63
COB129D 28.5 61.5 441 0.822 1.08 1.42 2.22
COB129FHLS| 0.034 8.37 67.1 11.1 3.49 0.464 9.51
CoB129CSs | 436 4.07 26.8 22.9 34.7 0.944 6.33

Table 4-1 — Pore-throat size distribution (%) results from MICP.

By individually comparing the chalk/shale (A-D in sample ID) and marl

(ending with M) samples, it became apparent the chalk benches typically
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exhibited a larger pore throat size in the range of 0.005um — 0.05um in
comparison to the marls which generally had a pore throat size of 0.0028 —
0.01um (Figs 12-13; Table 4-1). Nearly 66-75% of pore throats from chalk
samples COB129A, COB129B, and COB129D were represented by pores in the
range of 0.005 um-0.01 um, while 92% of pores from COB129C were in the size
of 0.01 um-0.05 um (Fig. 12). Pore throats between 0.0028 — 0.05 um
accounted for 92-96% of all pores within chalk samples. All three marl samples
tested had roughly 60-70% of pores ranging in size from 0.0028 — 0.01 um, with
samples CO B129BM and CO B129CM having nearly 46% and 48% of their pores
between 0.005 — 0.01 um respectively (Fig. 13). Marl samples showed nearly
90% or greater pore throat sizes between 0.0028 — 0.05 um. Other
petrophysical properties investigated through MICP tests determined porosity,

bulk density, tortusoity, and gives clues as to matrix permeability (Table 4-2).
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Figure 12 - Pore-throat size distribution of chalks tested through MICP.
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Figure 13 - Pore size distribution of marls tested through MICP.
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Median | Median | Median LelL
g
. " . A H
Sample | Total pore | Total pore L pore pore Bulk pparent Porosity M | Geometric | Harmonic ., .| [square
Sample throat throat throat . (skeletal) pores less Tortuosit
Sample ID o mass volume area . . . density . (%) mean for | meanfor | root of
dimension wed@® | ©n’y | (i diameter | diameter | diameter e density than 3 nm k(m2) k() y" (DO/De) (tortuosit
& on-/g 5 D5y (Area) (4V/A) (glem ") (g/em3) (yes/no) ) . y
porosity)]
(Volume) (nm) (nm)
COB 129A 2 22 0.036 44 338 338 314 242 264 8.38 10 139E-20  §21E-21 3929 13.14
fragments
2
COB 129AM 248 0.008 6.1 50 40 54 2.50 255 205 10 321E21  2.00E-21 2480 6.30
fragments
COB 129B 2 208 0018 11.6 6.3 5.1 6.2 248 259 447 1o 283E-20  1.11E-20 1697 8.54
fragments
COB 129BM . 201 0011 117 52 45 55 251 258 267 yes 5.4E-21  3.94E-21 0 0.0
fragments
2
COB129C 2.19 0.026 6.6 183 183 159 246 264 648 10 332E02  4.16E-19 918 7.1
fragments
2
COB129CM 243 0018 115 6.0 50 6.2 245 2.56 436 yes 313E20  1.38E-20 1666 831
fragments
COBI29D  |l-cm cube 228 0.019 11.6 64 54 6.5 253 2.66 479 yes 3.11E-17  347E-20 711 436
COB129 FHLS| Icm cube 212 0.028 53 293 170 214 247 265 701 1o 1.67E-16  220E-18 12367 2924
COB129 CSS | lcm cube 1.74 0.056 16 727 72 294 225 257 12.56 10 NA NA 15543 4297

Table 4-2 — Petrophysical results obtained through MICP for Berthoud State #3 well
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When comparing the composition of chalks/shales and marls within the
Niobrara to the pore throat sizes, it became apparent the mineralogical
composition played an intrinsic role. For chalk-rich samples, benches A, B, and C
exhibited a higher calcite content, as well as lower illite and quartz contents.
Found to be in the range of 5—50 nm, the pore throat sizes of these samples
were generally larger than the marl samples. In contrast to the chalk samples,
the marl samples (AM, BM, and CM) all possessed a lower calcite content but a
higher clay and quartz content. This will be further elaborated upon in

Discussion section.

Wettability

API brine, DI water, isopropyl alcohol (10% in water v/v), and n-decane
were used during wettability tests (Fig. 12; Table 4-3). Dispensing each of these
fluids and observing either the hydrophilic or hydrophobic characteristics helps
determine the wetting behavior of the sample. During the testing procedure it
was noted that samples which exhibited low spreading behavior with API brine
or DI water had high spreading characteristics with n-decane. This phenomenon
is most likely due to the affinity of n-decane to the kerogen or organic matter
phase (which is microns in size and dispersed throughout the sample) and the

affinity towards the mineral phase for API brine.
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When 2ul of API brine, DI water, or 10% IPA was applied to the various
chalk and marl samples, the solution typically formed a bead on the surface with
a high mineral/air contact line, indicating the samples being oil-wet (Borysenko
et al., 2009). Despite most samples exhibiting similar wetting characteristics
between three fluids, there were some notable differences. Sample CO B129 C
had a spreading value of 2 with DI water yet API brine (with much higher salinity
than DI water) produced a result of 6 for moderate spreading. In addition, CO
B129 CM produced a spreading value of 5 with DI water and had a value of 1 for
API brine forming a bead on the sample surface.

Similar to the process of applying API brine, applying 2ul of n-decane on
the same benches showed the samples’ surfaces were hydrophobic. Conversely
to the high contact angle seen when using API brine, the affinity for n-decane
exhibited by the samples produced a low contact angles and in most cases were
adsorbed into the sample almost instantaneously. These findings further
affirmed the results found when using API brine. The hydrophobic nature of the
shale samples towards API brine, DI water, and 10% IPA and hydrophilic affinity

towards n —decane suggests that the samples are oil-wet source rocks.
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Wettability Scale
Sample ID -
DI Water | API Brine N - decane IPA 10%
CO B129A 1 1 10 1
CO B129AM 3 3 10 4
CO B129B 3 5 10 2
CO B129BM 5 5 10 5
CO B129C 2 6 10 4
CO B129CM 5 1 8 4
CO B129D 6 7 10 7
CO B129FHLS 7 8 9 7
CO B129CSS 9 8 10 9

Table 4-3—Wettability test results. All of the Niobrara marl and chalk samples had values
below 7 for API brine, DI water and 10% IPA, but above 8 for n — decane.
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Sample ID

CO B129 A

DI Water Api Brine N-decane IPA (10%)

CO B129 AM

CO B129B

CO B129 BM

CO B129 C

co B129 CM

CO B129 D

CO B129 FHLS

CO B129 CSS

Figure 14 - Droplet wettability test results utilizing four fluids.
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XRD Analysis

The quantitave mineralogy (wt%) of all benches studied within the Berthoud State #3 well are depicted by
Table 4-4. The samples are predominantly composed of calcite and clay minerals, in addition to some siliciclastic
minerals such as quartz (Fig. 15). Calcite composes 58-94% of samples within the Niobrara, while clays within the

various benches, represented by illite, exhibited a weight percentage of 0.5-15.2%. All Niobrara chalk samples had an

illite content of less than 10% while marl samples contained 10.4-15.2%.

Sample ID Calcite Quartz llite  Ankerite  Muscovite  Pyrite Albite  Dolomite  Gypsum  Anorthite  Anhydrite  Fluorapatite TOC (wt. %)
COB129A 2925 897 53 0.5 11 19 15 01 0 0 0 0 0 22
C0B129AM 2988 66.2 104 134 0 15 46 0.2 35 02 0 0 0 29
C0B1298 3039 76.1 114 54 24 0 13 0 0 0 3 04 0 22
C0B1298M 3060 616 129 152 5.7 0 16 0 0 0 3 0 0 22
C0B129C 3074 915 58 15 0 0 0.7 0 0 0 05 0 0 14
C0B129CM 3107 754 93 104 08 0 09 23 0 0 08 0 0 29
C0B129D 3166 58.1 16.6 78 29 113 0.8 01 24 0 0 0 0 09
CO B129FHLS 3194 943 36 0 0.6 0 0 0 0 16 0 0 0 01
0 B129CSS 3210 383 449 51 29 2 0 5.9 0 0 0 0 09 0.7

Table 4-4 — Major mineral composition (wt%) of samples examined within Berhoud State #3 well.
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CO B129BM
COB129C
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Figure 15 - XRD results from Berthoud State #3 well based on weight percentage

The Niobrara Formation exhibited a strong inverse relationship between

calcite and illite weight percentages. When all samples within the Niobrara

Formation were examined, an R’ value of 0.74 was observed suggesting a

relatively strong correlation between the two mineral groups (Fig. 16). A more

definitive inverse correlation between calcite and illite weight percentages was

seen when removing sample CO B129 D, the basal chalk, from the samples (Fig.

17). A duplicate XRD test of CO B129D would affirm current mineralogical results

for this sample, as other research suggests the basal chalk has a slightly different

composition (Kulia et al., 2012). This strong inverse relationship supports

theories that suggest an influx of pelagic chalks during times of warmer climates



and an abundance of shaly chalk units as a result of colder paleo-currents during

the Cretaceous (Longman, 1998).
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Figure 16 - Inverse relationship between calcite and illite within all Niobrara samples in
Berthoud State #3 well. On the same figure, add another line without D sample.
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Figure 17 — Inverse relationship, with R? value of 0.94386, between calcite and illite with
basal chalk CO B129D removed from samples.
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Schlumberger’s sCore lithofacies classification scheme is a ternary
diagram with three apexes to represent the components clay, carbonate, and
quartz, feldspar and mica (QFM) in weight%. Utilizing a ternary diagram such as
the sCore from Schlumberger allows rocks to be classified based upon their
mineralogy, and potentially linked to well logging and reservoir quality
(Schlumberger, 2014). With the exception of CO B129D, the basal chalk, plotting
samples from the Niobrara Formation on to the sCore lithofacies ternary
diagram showed most lithology’s fell into one of two categories (Fig. 18). Chalks
of the Formation are considered a carbonate-dominated lithotype, while marls
are clay-rich carbonate mudstone. Due to the influx of detrital siliciclastic
materials deposited during the formation of CO B129D, the bench is considered
a silica-rich carbonate mudstone and have a different pore structure (Figs.11-12
and 16); such an analysis illustrates the utility of using lithofacies to serve as a
bridge to potentially link pore structure characteristics with other commonly
used reservoir characteristics approaches (e.g., logging).

Basal units of the Niobrara, CO B129D and CO B129FHLS, were thought to
have been deposited under oxidizing conditions with little opportunity for
preservation of organic carbon (Kuila et al., 2012). TOC values of CO B129D and
CO B129FHLS were found to be 0.93 and 0.13 respectively. Sediments from

benches further up section were deposited in deeper anoxic environments which
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allowed for greater preservation of organic carbon., and higher TOC values of

1.43 - 2.96 wt% were observed for the chalks and marls above the basal units

(Table 4.4).

Clay

@® COBI129A
/\ COB129AM
® COB1298

50 A COB129BM
@ COB129C
A COB129CM

Argillaceous/

Mixed
mudstone

® COB129D

* Fort Hayes Limestone

Carbonate-rich
siliceous mudstone

QFM

Figure 18 - sCore ternary diagram showing composition of samples from the Niobrara
Formation in Berthoud State #3 well (modified from Schlumberger, 2014).

Low Pressure Gas Sorption

Niobrara samples tested typically exhibited one of two isotherm profiles
(Fig. 19-20). The characteristic shape of the adsorption curve of the isotherm
profile for chalks and marls of the Niobrara was consistent with a Type I

isotherm, which is characteristic of non-porous or predominantly macroporous
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(> 50 nm) materials (Sing, 1985). Despite this classification, the Niobrara does
not produce a pure Type Il isotherm, the desorption curve exhibits a type H3
hysteresis loop which suggests the samples contain a large volume of mesopores
at 2-50 nm (Sing, 1985). Since the isotherm profiles lack a plateau at higher
pressures, typically associated with type IV isotherms, they are not entirely
composed of mesopores. Materials such as the Niobrara which exhibit both
mesopores, as characterized by the type H3 hysteresis loop, and macropores, as
evident by the lack of a plateau at high pressures, are deemed Type 1B (Kuila et
al., 2012). The presence of both meso- and macropores in these samples is

consistent with the MICP results.
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Multipoint BET and BJH adsorption/desorption data was obtained
through low pressure gas sorption analysis (Table 4-5). With the exception of CO
B129C, chalk benches, which contain less than 10% illite, within the Niobrara
exhibit a higher surface area than marls (Table 4-6). Chalk samples with clay
contents ranging from 0.5-7.8% show surface areas ranging from 1.83-2.42 m®/g
(excluding CO B129C). Marl samples with clay contents ranging from 10.4-15.2%
had surface areas of 1.24-1.51 m?/g. The Fort Hayes Limestone with 0% illite had
the highest surface area of 2.51 m?/g while the CO B129AM sample with 13.4%
illite had the lowest surface area of 1.24 m%/g.

Pore size distribution from the Niobrara samples were also obtained
through low pressure gas sorption, ranging from 1.65 - 35.8 nm (Table 4-7).
Chalks had a lower incidence of pores in the 1.65 - 5.05nm range representing O -
11.5% compared to 10.2 — 18.8% for marl samples. Samples CO B129A, CO
B129B, CO B129C showed a bimodal pore size distribution with the majority of
pores at between 5 -15 nm, whereas three marl samples exhibited a unimodal
distribution with the majority of pores between 5—10 nm. Using the BJH
method, pore sizes of 1.65 — 25 nm represented nearly 90 — 93% of all pore
distribution for marl samples, yet produced smaller values of 74 - 90% for chalk

samples. CO B129D, with the highest illite content of any chalk sample, had the
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highest percentage of pores in the 1.65 -5 nm (11.5%), and 90.5% of pores

within 1.65 - 25 nm.

Multipoint BET Summary BJH Adsorption Summary BJH Desorption Summary
Sample ID Surface | BET Fitting Pore IPore Surface Pore IPore Surface
BET Constant 2 2 Volume Diameter 2 Diameter 2
Area(m/g)l R /) | Dv(d)(nm) Area (m* /g) | Volume (cc/g) Dv(d) () Area(m" /g)

COB129A 25.1 1.83 1.000 0.015 3.18 1.65 0.015 109 2.24
CO B129AM 243 1.24 1.000 0.008 3.20 127 0.009 419 2.83
COB129B 37.2 2.17 1.000 0.017 3.98 2.07 0.019 3.88 5.72
COB129BM 309 179 1.000 0.013 3.01 191 0.014 3.84 5.85
COB129C 309 148 1.000 0.013 2.98 133 0.014 414 2.36
COB129CM 149 151 0.999 0.011 3.18 1.69 0.012 3.87 437
COB129D 53.8 243 1.000 0.015 3.17 2.36 0.018 3.90 6.95
CO B129FHLS 68.3 2.51 1.000 0.01 3.01 1.80 0.01 3.87 2.74
|CO B129CSS 60.6 7.91 1.000 0.023 3.14 5555 0.025 3.88 9.91

Table 4-5— Summary of gas sorption results for samples from Niobrara Formation and
Colorado Sandstone within Berthoud State #3.

Sample ID

CO B129A
CO B12SAM
CO B129B
CO B129BM
CO B129C
CO B129CM
CO B129D
CO B129FHLS
CO B129CSS

lllite (wt%)

0.5
13.4
5.4
15.2
1.5
10.4
7.8
0
5.1

Surface

Area

(m’/g)
1.832
1.241
2.173
1.792
1.48
1.513
2.425
2,511
7.909

Table 4-6 — Comparison of illite content with BET surface area.

38




Pore size (nm)
Sample ID
1.65-5.05 | 5.05-10.05 |10.05-15.05 | 15.05-20.05 |20.05-25 05 |25 .05-30.05130.05-35.85

CO B129A 335 20.8 20.9 17.1 124 144 11.1
CO B129AM 10.2 39.1 24.4 12.3 6.78 5.37 1.78

CO B129B 5.68 32.8 26.6 14.0 7.69 6.52 6.73
CO B129BM 15.1 415 194 8.85 7.28 4,84 3.04

€0 B129C 0.00 239 23.8 20.6 114 951 10.81
CO B129CM 18.8 345 18.8 9.85 7.88 5.95 4,18

CO B129D 11.5 40.1 21.2 10.2 7.56 5.84 3.69
CO B129FHLS 10.4 224 19.2 13.3 11.0 134 5.09
C0O B129CSS 31.1 22.6 18.6 10.2 5.69 6.45 5.49

Table 4-7 — Pore size distribution obtained from BJH analyses of low pressure gas
sorption

Imbibition

For spontaneous fluid imbibition tests on the Berthoud State #3 well, N-
decane and DI water was used in an attempt to gauge the characteristic pore
connectivity of the Niobrara samples. Fluid uptake over time was recorded on a
log-log scale and slopes were obtained from each sample (Table 4-8). Typically,
imbibition behavior from the Niobrara samples exhibited two slopes, but
occasionally 3 slopes were observed. The first slope represents the settling of
samples from initial surface contact with the imbibition fluid. The second
steeper slope, which is sometimes not seen, had values ranging between 0.5-1.0
and is representative of fluid migration across well connected pores on the
sample bottom and continuing up the exterior sides. The third slope is seen

after roughly 60 minutes and exhibits a range of values from 0.144 — 0.319 for DI
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water and 0.131 - 0.452 for n-decane, continuing at this value until equilibrium
is reached. Imbibition slopes around 0.25, like those seen from the Niobrara

samples, indicate a poorly connected pore network.

Samole Testing Slope Average
P Medium | 6 hours | 8 hours | 12 hours | 24 hours Slope
DI 0.247 — 0.208 0.151 0.202
COB129 A
N-decane = 0.397 = = 0.397
CO B129 DI 0.301 — 0.202 0.319 0.274
AM N-decane — 0.755 — — 0.755
DI 0.207 — 0.150 0.230 0.196
CO B129B
N-decane = NA = = NA
CO B129 DI 0.159 0.144 0.154 0.152
BM N-decane — 0.439 = = 0.439

Table 4-8 —lImbibition results for Niobrara samples from Berthoud State #3; for DI water,
three tests with different imbibition times were conducted on the same cubic sample.

Two chalk samples which were tested, CO B129A and CO B1298B, had DI
water slopes with an average value of 0.202 and 0.196, and CO B129A had an n-
decane slope of 0.307 (Fig. 21- 22). Sample CO B129B was not able to be tested
successfully with n-decane. Marl samples CO B129AM and CO B129BM
examined exhibited average slopes of 0.274 and 0.152 for DI water and n-

decane, and slopes of 0.755 and 0.439 respectively (Fig. 23-24).
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Figure 21 - 24 hr DI water imbibition tests on Niobrara chalk samples
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Figure 22 - 8hr N — decane imbibition test on Niobrara chalk
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Figure 23 — 24hr DI water imbibition tests on Niobrara marl

samples
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Vapor Adsorption

Vapor absorption tests were also conducted on Niobrara samples from
Berthoud State #3 well by hanging samples above either DI water or N-decane.
With the exception of the N-decane test for sample CO B129AM and CO
B129BM, which were tested for a duration of 4 and 2 days respectively, tests
were conducted for a duration of either 3 or 7 days dependent upon whether n-
decane (shorter duration) or DI water was used respectively (Table 4-9). Fluid
uptake over time was monitored in a similar fashion as when conducting
imbibition tests, except that there is no contact between sample and fluid.
Slopes for chalk samples tested with DI water ranged from 0.555 to 0.583 while
n-decane slopes ranged from 0.338 to 0.629 (Fig. 25-26). Marl samples CO B129
AM and CO B129 BM within the Niobrara tested with DI water had slopes of
0.745 and 0.413, while n-decane produced slopes of 0.317 and 0.612

respectively (Fig. 27-28).
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Duration

I Lithol Flui |
Sample ithology uid (el Slope
COB129 A DI 7 0.555
Chalk
N-decane 3 0.338
CO B129
DI 7 0.745
AM Marl
N-decane 0.317
COB129B DI 7 0.583
Chalk
N-decane 3 0.629
CO B129
BM DI 7 0.413
Marl
N-decane 3 0.614

Table 4-9 — Results from vapor adsorption tests of selected Niobrara samples

from Berthoud State #3
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Figure 25 —Niobrara chalk samples tested through vapor
adsorption using DI water for a duration of 7 days.

Log Cumulative absorption (mm)

Log Cumulative absorption (mm)

47

'
—

|
[

-2

45 min

Slope: 0.338
Slope: 0.678

CO B129A
Niobrara Shale
Berthoud State #3
N-decane
Rectangular Bar (1.040 cm long x 1.001 cm
‘ ‘ tall x 1.00 cm wi‘de)

1 2 3 4

Log Time (min)

45 min

Slope: 0.0

CO B129B
° Niobrara Shale
° Berthoud State #3
N-decane
Rectangular Bar (1.148 cm long x 0.984 cm
wide x 1.018 cm tall)

1 2 3 4

Log Time (min)

Figure 26 — Niobrara chalk samples tested through
vapor adsorption using N-decane
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Figure 27 — Niobrara marl samples tested through vapor
adsorption using DI water
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Figure 28 — Niobrara marl samples tested through vapor
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Chapter 5 Discussion and Conclusion

Discussion

A strong correlation was found between pore size distribution and
mineralogy of the samples (Fig 20; Table 5-1). Specifically, it was noted that marl
samples, which had a higher clay content (>10%), typically exhibited an increase
in smaller pore sizes in the 3-5 nm range. CO B129D, had the highest clay
content of any of the chalk samples at 7.8%, and showed the highest presence of
pores in the 3-5nm range of any chalk samples. Conversely, samples with higher
calcite content had a higher incidence of larger pores in the 5-50 nm range.
Samples CO B129A, CO B129C, and CO B129FHLS which had the lowest weight
percentage of illite and highest percentages of calcite (~¥90-94%) had the
majority of their pores within the 10-50nm range. Although the sample size
used for these tests was somewhat small, the findings are consistent with those
of Kulia (2012), suggesting illite content may be a deciding factor in pore size
distribution.

Most benches within the Niobrara Formation of Berthoud State #3 well
exhibited unimodal pore size distribution from MICP analyses, however, CO B129
BM, which exhibited the highest illite content of all tested samples, had bi-modal
pore size distribution with 31% and 45% of all pores occurring in 3-5nm and 5-

10nm respectively. The propensity of illite samples to have an increased
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incidence of pores in the 3-5nm range, when compared to samples with lower

clay content, suggests illite may reduce intra and inter pore spaces within the

samples.
0 10 20 30 40 50
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COB129AM F ‘J
costaes P—— a
e
COB129BM g

0 10 20 30 40 50 60 70 80 90 100
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Figure 29 — Mineralogy compared to pore size distribution
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3-5nm

Sample ID Pores (%) lllite (Wwt%)
CO B129A 21.574 0.5

CO B129AM 38.453 13.4
CO B129B 20.982 5.4

CO B129BM 31.468 15.2
CO B129C 0.17 1.5

CO B129CM 21.574 10.4
CO B129D 28.533 7.8

CO B129FHLS 0.034 0

CO B129CSS 4.361 5.1

Table 5-1 — Prevalence of 3-5 nm pores in comparison to illite (wt%)

[llite content also appears to play a key role in porosity of the samples
with an R’ value of 0.88 (Fig. 30). The horizontal axis of Fig. 31 shows chalk
samples to the left and marl samples to the right, and a clear correlation can be
seen between illite content and sample porosity. Samples with the lowest clay
content (<10%), such as CO B129A with 0.5% illite, had the highest porosity of all
samples tested at 8.4%. CO B129AM, only 63 feet from CO B129A, had one of
the highest illite (13.4%) contents of all samples tested, and consequently had
the lowest porosity seen of only 2.1%. Similar to illite reducing intra and inter
pore spaces causing a higher incidence of pores in the 3-5nm range, in this

instance illite has effectively reduced porosity within the pore network.
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Conclusion

The objective of this study was to gain a better understanding of the pore
network within the Niobrara formation of Berthoud State #3 well. Wettability
tests were first conducted to determine whether samples were water wet or oil
wet utilizing DI water, 10% IPA, n-decane, and API Brine. Through these tests it
was determined samples were hydrophobic, to readily adsorb the oil-wetting n-
decane. Imbibition tests produced slopes of roughly 0.25 for both fluids of DI
water and n-decane, suggesting a rather poorly connected pore network, even
though the samples are wetting to n-decane. MICP tests were conducted on all
samples to better understand the pore-throat size distribution and allowed an
understanding of pores ranging in size from 2.8 nm to 50 um you had 36 earlier.
Through MICP it was found that chalks had a tendency for larger pores in the 5-
50 nm range, whereas marl samples exhibited a much greater incidence of pores
in the 2.8-5 nm range when compared to chalk samples.

When comparing mineralogical composition from XRD results with gas
sorption and MICP results, a distinct correlation was found between clay
composition, pore size distribution, and porosity. Samples with the highest illite

content exhibited lowest porosities and had the highest incidence of pores in the
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2.8-5 nmrange. In addition, porosities of these same samples were the lowest
of any seen ranging from 2.2-4.4%.

In the Niobrara, illite content seems to be the determining factor in pore
size distribution. Samples with greater than 10% illite consistently produced a
greater amount of pores in the 2.8-5nm range in comparison to those with lower
illite content. Porosity of those same samples with higher illite content was also
decreased in comparison to samples with lower clay content. These results
suggest samples which have higher illite concentrations (>10%) have a higher
propensity to reduce intra and inter pore spaces causing a decrease in porosity

and a higher incidence of pores in the 2.8-5nm range.
Recommendations

In order to validate the results found in this study, additional research
needs to be conducted within the Niobrara throughout its expanse.
Furthermore, similar studies need to be conducted in other plays such as the
Eagle Ford, Wolfcamp, Bakken and Marcellus. A better understanding of pore
size distribution in unconventional reservoirs throughout the country could

eventually lead to increased production and reduce overall associated costs.
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