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ABSTRACT

In the last few decades, microbial enhanced oil recovery (MEOR) techniques have 

been implemented in a number of oil and gas reservoirs around the world in order to 

improve recovery of hydrocarbons. In order to implement an MEOR treatment for any 

field, several parameters must be considered. These include: reservoir temperatures, 

indigenous microbial communities, pore throat sizes, and other environmental factors 

such as reservoir pH, salinity, alkalinity, etc. Microbial communities are likely to thrive 

at temperatures below 150°C in environments where pore throats are large enough for 

their mobility. Appropriate physical environments can be defined through microscopy 

and well logs, while optimal chemical parameters can be defined both on-site during 

drilling and also in the lab.

Niobrara Formation core samples from Silo field were described with the use of 

standard petrography and scanning electron microscopy. Mobility of microbial organisms 

in the reservoir is dependent upon pore spaces in which to move. In Silo field, the 

presence of framboidal pyrite spheroids is significant for evidence of microbial activity.

It is likely that microbes have been metabolizing within the reservoir and that they can, in 

fact, move freely through reservoir pore spaces.

Several samples from Silo field, and one from Beecher Island field, were analyzed 

for microbial life. Results identify several groups of taxa that may be of use in MEOR 

processes. These taxa include: Thermoanaerobacteraceae, Methanococcaceae, and the 

order Clostridiales. More detailed study will be required to determine which specific 

species are metabolizing organic material within the reservoir; however, the presence of 

these groups is encouraging.

A catalogue of possible contaminants for use in contaminant tracing has been 

compiled by virtue of this work. Should contamination of adjacent aquifers occur during 

drilling for oil and gas in the Niobrara Formation (or any peripheral operations), samples 

can be obtained and contaminating species referenced back to the data available here.



Further study of resident species is required; however, the data presented in this work 

show significant promise for the feasibility of MEOR and contaminant tracing for the 

Niobrara Formation.
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CHAPTER 1

INTRODUCTION

Several researchers have confirmed that microbial life exists deep within the 

Earth’s crust (Onstott et al., 2009; Pederson, 2000). These microbes are extremophiles 

uniquely adapted to living in the extreme pressures and temperatures inherent to 

subterranean environments. Some extremophiles are also adapted for high salinities and 

pH, as well as other harsh chemical environments.

Within the last 50 years, there has been special interest in these subterranean 

microbes and how they interact with oil and gas reservoirs, as well as fresh water 

aquifers. Microbes are usually seen as a destructive force in both oil and water reservoirs; 

however, they can prove useful for both enhancing oil and gas production, and tracing 

contaminants introduced by different drilling activities.

As demand for oil and gas products continues to rise across the globe, it has 

become essential to reduce residual hydrocarbons left in reservoirs. Current primary 

production techniques only recover 10-35% of oil-in-place (Rafique and Ali, 2008). 

Secondary and tertiary recovery techniques can increase overall recovery by 20-60%, but 

it is typical to have a significant amount of oil remaining in the reservoir. It is for this 

reason that techniques such as microbial enhanced oil recovery (MEOR) are being 

considered and implemented in a number of the world’s oil fields.

MEOR is especially attractive as a means of producing additional hydrocarbons 

because its environmental impact is substantially less than lab-produced chemicals, and it 

is relatively inexpensive to implement. As genetic engineering develops and microbes are 

specifically designed for MEOR application, this tertiary technique will become even less 

expensive.
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Tertiary recovery techniques are required for some of the unconventional plays 

being produced presently. One such unconventional play is the Niobrara Formation of 

eastern Colorado, southern Wyoming, southwestern Nebraska, and western Kansas.

As people develop enhanced recovery techniques for oil and gas reservoirs, there 

is a growing concern for the impact that injected chemicals and microbial contaminants 

may have on fresh water aquifers. In several cases, it has been suggested that the process 

of drilling for oil and gas has introduced certain species of microbe into fresh water 

aquifers, which can destroy or contaminate the water.

By determining what species of microbes are associated with the drilling process 

and what species are indigenous to petroleum reservoirs, we can not only attempt to 

improve production with microbial enhanced recovery treatments, we can trace exactly 

what microbes are being introduced into our reservoirs. This will help us pinpoint where 

and how contamination occurred due to the drilling process, if it occurred at all. Even if 

microbial enhanced oil recovery treatments cannot be used successfully in a field, it 

would still be worthwhile to catalogue what microbes are associated with the drilling 

process in the event that contamination is proposed.

1.1 Motivation and Merit

The Niobrara Formation, especially in Colorado and Wyoming, exhibits some of 

the key characteristics of a reservoir that would respond well to a MEOR treatment. 

Physico-chemical properties o f the reservoir such as salinity, pH, pressure, temperature, 

fracture density, hydrocarbon character, and the presence of clays all need to be 

considered when appraising a reservoir for MEOR application. Thus far, it appears that 

the Niobrara Formation falls within the zone of acceptable physico-chemical properties 

for a bacterial/archaeal treatment (see Chapter 4).

More so than physico-chemical properties, it is also very important to determine 

what indigenous microbial species may exist within the reservoir at present and how they 

may be manipulated to enhance production. Even if an MEOR project is never applied to 

the Niobrara Formation, microbial species data can be used to trace any contamination 

that may occur during drilling. By understanding what microbes are already living in the
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reservoir, we can better catalogue which microbes are likely introduced during the 

drilling process. Microbial analysis can be conducted on all drilling equipment and fluids, 

and the species catalogued for future reference should contamination of an overlying 

aquifer occur. With that information on hand, microbes responsible for contamination of 

the aquifer can be compared to any known indigenous and introduced microbes and 

contamination can be easily confirmed or denied.

1.2 The Opportunity

Given the renewed interest in Niobrara oil and gas production, analysis of 

microbial communities within the Formation is a timely endeavor. At this stage in 

Niobrara exploration and production, there is an enormous amount of basin-wide and 

local information that is still unknown. Production in the 1980s and ‘90s from the 

Niobrara Formation was typically not deemed economical because of low cumulative 

production of both oil and gas. Only hydrocarbon input from the underlying Codell 

Formation made production from the Niobrara economical in the past (Hollberg et al., 

1985). As additional data are gathered from the Niobrara Formation, the play can be 

made more productive.

The Niobrara Formation is currently being drilled by a number of oil and gas 

companies. With a field that is currently under production, it will be much easier to 

gather fresh core and fluid samples from new wells to analyze for indigenous species, as 

well as begin to catalogue any microbes introduced during the drilling process via fluids 

or materials. With older, established petroleum fields, it will be more difficult to 

determine what microbes may have been introduced via the drilling process, since 

drilling may have occurred years previously. If cataloguing of indigenous and introduced 

species is successful in the Niobrara, it may become a new industry standard in an effort 

to understand and pinpoint contamination of aquifers found in the vicinity of petroleum 

reservoirs.

1.2.1 The Niobrara Consortium
The Niobrara Consortium is an industry-sponsored organization of individuals 

comprised of Colorado School of Mines faculty, students, and companies such as EOG, 

Whiting Petroleum, and over 30 other companies. The combined efforts of this group will
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help shed light on different aspects of the Niobrara Formation— from lithology, 

petrology, and diagenesis to structural behavior and fracture characteristics. It is only 

fitting that the biological impact on the Formation be taken into account as well. A 

successful play is not solely dependent on just geologic aspects, but also on biologic and 

geochemical aspects. Understanding how biology and geology interface in the Niobrara 

will broaden the knowledge base of the Consortium. This can only lead to more 

successful exploration, drilling, and production in the future.
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CHAPTER 2

MICROBIAL ENHANCED OIL RECOVERY IN THE NIOBRARA FORMATION

Microbial enhanced oil recovery (MEOR) is receiving new interest from around 

the world because of its low environmental impact and low cost to implement. Microbes 

can help to stimulate additional recovery in a number o f different, highly specific ways. 

Their specific application depends largely on the reservoir and hydrocarbon 

characteristics of a play.

2.1 Hydrocarbon Character

The Niobrara Formation of the Denver basin varies throughout its extent. From 

deep, mature oil and gas-condensate in the Wattenberg field, to shallower, lighter oils in 

Silo field, Wyoming, to biogenic, shallow gas in Beecher Island field and its equivalents, 

the hydrocarbons found within the Niobrara have variable character. Different fields 

present different problems for MEOR application, which is why MEOR treatments will 

likely have to be developed for individual fields.

2.2 Fields Analyzed
Due to the temperature o f Wattenberg field, which can exceed 150°C, it will not 

be included in this study. Silo and Beecher Island fields display characteristics unique to 

each other while still producing from the chalk benches o f the Niobrara Formation. 

Produced fluids from both fields were analyzed for microbial life. Other physico

chemical characteristics o f both fields are also defined, since it is just as important to 

characterize the reservoir and hydrocarbons as it is to characterize the ecological niche 

microbes may fill within the petroleum system.

2.3 MEOR Techniques

In the Niobrara, it is possible to implement MEOR in different ways, which 

include well-bore clean-up and well stimulation.
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In the case of well-bore clean-up, microbes can produce acids, solvents, and 

biogas. Acids can help to dissolve carbonate precipitates and loosen clay particles in and 

around the well bore. Solvents can dissolve or swell the precipitated organic deposits, 

improving the mobility of the oil phase. Biogas can create pressure around the well bore, 

which can help to expel sludge and drilling mud before the well is placed back into 

production (Rafique and Ali, 2008).

Well stimulation is achieved principally through production of bio surfactants, 

polymers, and solvents by microbes. These products can improve the mobility of oil by 

reducing surface tension between oil and rock interfaces, reducing the viscosity of oil 

through the dissolution of organic solids, and providing partial repressurization of the 

reservoir with the production of methane or CO2 gases. With carbonate reservoirs 

especially, acid-producing microbes can be especially helpful for widening 

microfractures that already exist within the reservoir (Rafique and Ali, 2008). Well 

stimulation is usually achieved through enhanced water flooding.

Enhanced water flooding involves introducing microbes and nutrients into the 

reservoir with a waterflood, allowing for a shut-in period to incubate the microbes, then 

waterflooding again. The initial waterflood exposes the entire producible zone to 

microbes, which are then allowed to grow and metabolize, producing selected byproducts 

to help stimulate production (Rafique and Ali, 2008).

2.4 MEOR Case Studies
Microbes have been used in variable ways in order to stimulate oil and gas 

production. They can produce surfactants, degrade heavy oils to make them easier to 

produce, and open pore throats and fractures by dissolving carbonate cements.

2.4.1 Enhanced oil recovery by means of microorganisms

Buciak and others (1995) showed that oil recovery increased with the injection of 

microbes during water-flooding. Little information is given as to what microbes were 

used, however. Similar to Zhaowei and Peihui (2008) (see below), crude oil was 

emulsified by microbial surfactant production (Figure 2.1). This surfactant production 

results in a less-viscous fluid that is easier to transport through pore spaces.
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2.4.2 In Situ Biosurfactant Production by Bacillus Strains Injected into a 

Limestone Petroleum Reservoir

Youssef et al. (2006) attempted to determine whether or not a microbial-plus- 

nutrient injection into a limestone petroleum reservoir would yield natural biosurfactants, 

thus liberating more oil for production. Five producing wells were chosen for the 

experiment within the same reservoir. Two wells received a suite of microbes plus 

nutrients, two wells received only nutrients, and the final well received only formation 

water.

'

Figure 2.1 : Emulsification of crude oil caused by microbial surfactant production.
From Buciak et al. (1995).

Two Bacillus strains, RS-1 and Bacillus subtilis subspecies spizizenii NRRL B- 

23049, were used to produce lipopeptide biosurfactants that would, theoretically, 

mobilize oil by lowering interfacial tensions between hydrocarbons and aqueous phases 

within the reservoir.

The researchers theorized that the species injected into the two wells were 

dependent on the nutrient consortium. Indigenous microbes within the reservoir did not 

utilize the nutrients, thus allowing for a niche in which the injected species could thrive.

The conclusion of this experiment was that, although production was only 

incrementally increased in the two wells inoculated with microbes-plus-nutrients, it is 

still a cost-effective technique for increasing hydrocarbon production. If used on a wider
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scale in a larger reservoir, especially in conjunction with fracturing techniques, results 

may be more promising.

2.4.3 The Application of Hydrocarbon-degrading Bacteria in Daqing’s Low 

Permeability, High Paraffin Content Oilfields

The work conducted by Zhaowei and Peihui (2008) showed that an injection of 

microbes compatible with the indigenous populations of microbes within the Daqing 

reservoir, China, produced 40% lower-viscosity oil. Compatible species are those that do 

not alter the overall ecosystem, but rather fill an available niche within the ecosystem. 

Laboratory tests showed a 6.5% increase in original oil-in-place production over 

waterflooding alone. The introduced microbes also resulted in a decrease in wax content. 

Natural organic acids that were produced by the metabolic processes of the introduced 

microbes were primarily composed of surfactants, which helped to decrease the overall 

surface tension between the oil and water, and oil and mineral grains (Figure 2.2).

Figure 2.2: Bacillus cereus and Brevibacillus brevis that were used to stimulate oil 
production. From Zhaowei and Peiheui (2008).

2.4.4 M icrobial-Enhanced Oil Recovery (MEOR)

In the study by Rudyk and Sogaard (2011), Clostridum tyrobutiricum was 

analyzed for its effectiveness in applied MEOR. C. tryobutiricum was specifically chosen 

for its high salinity tolerance, as well as its ability to produce useful gases and acids. This
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microbe produces C 0 2 and H2 gases, and butyric and acetic acids. The produced acids 

were seen to increase permeability in tight chalk when a 5 liter microbial culture was 

incubated in a core sample for 2 weeks. Average increase in permeability was 16%. The 

produced acid not only improved permeability overall, but it also increased pore space.

Microbes such as C. tryobutiricum may be especially useful in the Niobrara 

Formation because of the low permeability and porosity found within the producing 

zones. Fracture networks already in place within the Niobrara may be easily widened by 

utilizing this microbe in a microbial flood of the reservoir units, especially in the Silo 

field B2 Chalk Bench.
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CHAPTER 3

MICROBES IN AQUIFERS AND PETROLEUM RESERVOIRS

Based on the work of several researchers, it is known that species of microbe can 

survive in the harsh subterranean environments of the Earth’s crust (Hallmann et al., 

2008; Krumholz et al., 1997; Lovley and Chapelle, 1995; Onstott et al., 2009). In order to 

survive, however, they require both electron donors and acceptors. Organic carbon is an 

especially rich source of electron donors. Electron acceptors such as oxygen, iron, sulfate, 

and carbon dioxide are also required for microbial metabolic processes. Communities 

within petroleum reservoirs will vary based on the availability of electron acceptors, 

especially.

3.1 The Significance of Microbial Processes in Hydrogeology and Geochemistry

Microbial alteration of groundwater geochemistry will be limited either by 

electron donors or electron acceptors (Chapelle, 2000). Pristine aquifers contain very 

little available organic carbon, and are therefore considered electron-donor limited. The 

opposite is true for a petroleum system. Since organic carbon is so abundant, petroleum 

systems are often considered electron-acceptor limited. If  contamination of a fresh water 

aquifer were to occur from hydrocarbon drilling processes, an influx of organic carbon 

would result in a relative abundance of electron donors. This may in turn result in growth 

of different microbial communities, which in turn result in further “contamination” of the 

aquifer. In reality, the growth of microbial species is reducing the contamination of the 

system by hydrocarbons through their metabolic processes.

In electron-acceptor limited aquifers, such as petroleum reservoirs that contain 

water, it is likely that electron donors available from the hydrocarbons will interact with 

the water and produce a zone of methanogenesis. Moving away from the oil-water 

interface, sulfate-reducing, iron-reducing, and oxic conditions will sequentially follow 

assuming the availability of electron acceptors (Figure 3.1).
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Figure 3.1 : Sequential electron-accepting processes typically found in deep aquifers or 
hydrocarbon reservoirs with sufficient electron acceptors. From Lovley and Chapelle 
(1995). In the case of an aquifer contaminated with hydrocarbons, methanogenic 
processes would be closest to the location of contamination, with subsequent reactions 
taking place sequentially moving away from the location of contamination. In the case of 
hydrocarbon systems that contain water, the sequential processes shown here would 
likely radiate away from the oil-water interface.

One or more of these phases may not occur if the electron acceptors are not 

abundant in the system (Chapelle, 2000). The phases can be confirmed based on 

radioisotopic imaging of fresh core, as well as remnant minerals such as framboidal 

pyrite (see Chapter 6) (Folk, 2005; Krumholz et al., 1997). Detailed 

groundwater/hydrocarbon geochemistry should be conducted in order to determine 

relative abundances of electron acceptors.

In the event that contamination of an aquifer occurs, especially by hydrocarbons 

from leaky casings, it is likely that microbial communities will take advantage of the 

electron donors. Metabolizing the organic matter will produce localized methanogenesis, 

sulfate-reducing, Fe(III)-reducing, and oxic zones sequentially moving away from the 

initial leak (Figure 3.1). It may be worthwhile to first determine what microbes are living 

in an aquifer or reservoir before trying to pinpoint contamination, however. Alternatively,
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by determining what compounds are in reservoirs or aquifers, it is possible to infer what 

processes may be taking place. For instance, if there is an abundance of acetate and 

methane, methanogens may be a dominant species (Figure 3.2).

CO2

CO2

COaCH*

Figure 3.2: Possible organic matter metabolic processes for different microbial species in 
an aquifer or petroleum reservoir. From Lovley and Chapelle (1995).

3.2 Aseptic Sampling of Subsurface Microbes and Contamination Assessment

While Drilling

Aseptic sampling technique is one of the biggest challenges related to subsurface 

microbe studies. In order to understand an aquifer or petroleum reservoir as an 

undisturbed environment, it is essential to limit contamination of subsurface samples with 

surface microbes.

The main sources of contamination are the drilling assemblies, the drilling fluids, 

and the sample preparation. According to Phelps et al. (1988), the most effective method 

of reducing drilling assembly contamination is to steam-clean the hardware, including

12

O2 Reduction or Denitrification
Sugars 
Amino Adds 
Aromatics
Long Chain Fatty Adds

Hydrolysis 
of Complex 
Organic Matter

Aerobes
Denitrifiers

Fe(lll), Mn(fV), or Sulfate Reduction Aromatics
45?niaifc

Hydrolysis Fennenters,
of Complex 
Organic Matter

Methane Production

Hydrolysis 
of Complex 
Organic Matter

Amino Adds Chain Fatty Acids SCFA Oxidizers

Long Chain Fatty Adds 

Aromatics

5 2 ^

Sugars Fermentera 
Amino Adds

Long Chain 
Fatty Acids

> HaAcetat»

Ï Proton-Reducing 
Acetogens

Other Shoct-Chain 
Fatty Acids



drilling rods and bits, before use. The main source of contamination with that project 

was drilling fluid. The only solution to reducing contamination from drilling fluid was to 

take a sample ahead of the fluids. Smith et al. (2000) instead took fluid samples of the 

contaminating fluids, in their case seawater, so that it could be analyzed for microbes and 

compared to the samples retrieved from downhole.

In both cases o f Phelps et al. (1988) and Smith et al. (2000), chemical tracers were 

also added to the drilling fluids in order to track contaminant infiltration in retrieved core 

samples. Smith et al. (2000) also used fluorescent microspheres of a similar size to most 

microorganisms to assess potential contamination by microbes in cored samples.

The ideal chemical tracer is inert, not usually found in the environment, and easily 

detected at very low concentration (Smith et al., 2000). Fluorescent dyes were used by 

both Smith et al. (2000) and Phelps et al. (1988); however, Phelps et al. (1988) also used 

potassium bromide as a conservative tracer. Both studies were conducted on relatively 

shallow subsurface sediments at <1000 m.

3.3 Application in the Petroleum Industry
By cataloging what microbes are indigenous to a deep reservoir and how they 

behave, and which are being introduced into a reservoir by the drilling process, it will be 

possible to pinpoint the source of contamination in adjacent fresh water aquifers. 

Microbes are likely already living in aquifers in the subsurface; however, it is the job of 

industry to ensure that fresh water resources are not contaminated with surface microbes 

or hydrocarbons during the drilling process. Chemical tracers such as fluorescent dyes or 

microspheres may be added to drilling muds for this purpose.

If an MEOR treatment were to be developed for the Niobrara, microbes with 

specific qualities, such as phages (viruses specific to a species of bacteria), may be used 

to trace the extent of reservoir contact with microbes during a waterflood, for instance.

By using microbes with phages instead of fluorescent dyes or micro spheres, it is possible 

to reduce the amount o f harsh chemicals injected into a reservoir. Should contamination 

of an aquifer occur, the injected microbes could be easily traced down gradient.
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3.3.1 An Example: Tracing Methane Contamination of Drinking Water Due to

Gas-well Drilling

In the study by Osborn et al. (2011), methane contamination from Marcellus 

Formation wells is observed in drinking water. By using isotopic evidence, the authors 

attempted to pinpoint the source of the contaminant methane as being the same as the 

Marcellus methane. Their evidence is strong, based both on the proximity of 

contaminated water to active Marcellus wells, and their isotopic similarity.

If  methane is truly contaminating adjacent water aquifers due to the drilling and 

hydraulic fracking process, than there will be associated microbial contamination as well, 

since they will mobilize with injected fluids. By cataloguing what microbes are found in 

the reservoir, what are found on the surface, and what are found in the aquifer, it may be 

easier to say definitively that methane is indeed contaminating aquifers from the 

underlying hydrocarbon reservoir, since microbes found in the Marcellus reservoir will 

also be found in the fresh water aquifer. Only by testing both the reservoir and aquifer is 

it possible to conclusively say that the methane is indeed a contaminant and not, in fact, 

occurring naturally in the aquifer due to natural gas seeps. It makes sense that producible 

zones of gas may be associated with gas seeps, while non-producible zones may not have 

enough gas to affect overlying aquifers. Since the methane molecule is so much smaller 

than even the smallest microbe, it is possible that the methane seeped to overlaying units 

independent of fluids by simply using existing porosity. This is an entirely natural 

process. As such, microbial studies would help to pinpoint the nature o f the 

contamination, whether through propagating fracture networks due to the hydraulic 

fracking process, or through natural seepage through preexisting porosity.
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CHAPTER 4

BACKGROUND GEOLOGY AND GEOCHEMISTRY

The Niobrara Formation is producible in the Front Range because o f the complex 

interactions between structural traps, stratigraphy, fracture networks, and hydrocarbon 

maturity. The play would not be successful without one o f these key factors.

4.1 Niobrara Stratigraphy

The Niobrara Formation stretches along the Rocky M ountain Front Range. It was 

deposited 87 to 82 million years ago during the Late Cretaceous in what was the Western 

Interior Seaway (Figure 4.1). It is thickest in the western regions along the Rocky 

Mountain Front Range (Figure 4.2). The Niobrara is composed o f two units, the Smoky 

Hill Chalk M ember and the Fort Hays Limestone Member, which lies beneath the Smoky 

Hill. The Fort Hays M ember is not a true limestone. Instead, it is a marlstone, or shaley, 

organic-rich carbonate rock. The Niobrara also contains some black shale beds rich in

Figure 4.1 : Late Cretaceous North America. From Blakey (2011).
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coccoliths and chalk fecal pellets, which act as the main hydrocarbon source rocks. 

Organic richness varies across the extent o f the Denver Basin, ranging from 1% TOC in 

the siliciclastic-rich western facies, to more than 7% in the eastern siliciclastic-poor 

facies (Figure 4.3). Thermal maturity o f organics is also variable across the basin due to 

variability in burial depth and local heat anomalies (Longman et al., 1995).

Utah _______________ C o l o r a d o __________________ K a n s a s  an d  N e b r a s k a  Iowa
5 iie  e l  C o r d i l le r a n  

f ro n l  R e n g e
A lt# of W asatch 
M ountains and west
e rn  edge of Colorado

V e rtic a l scale

Figure 4.2: Cross-section profile o f  Upper Cretaceous strata o f the Rocky Mountain 
foreland basin, showing position o f the Niobrara Formation. From Longman et al. 
(1995), modified from Kauffman (1977).

r
ST U D Y  ^  
AREA

Figure 4.3: Figure showing organic richness and siliciclastic deposition in relation 
to paleolatitudes o f Late Cretaceous Western Interior Seaway. From Longman et al. 
(1995).
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4.2 Niobrara Structure

Within the Silo, Sooner, and Wattenberg fields o f Wyoming and Colorado (Figure

4.4), it has been observed that there is a general northeast trending wrench fault system 

responsible for the majority o f Niobrara Formation natural fractures. These fractures are 

dominantly vertical with coexisting vertical stylolites (Figure 4.5) (Sonnenberg and 

W eimer, 1993).

1 0 8 *  104* 1 0 8 °  10?*

I i
•7

4 0 °

eecher Island fijel

I I I I U_JI— *— "I— I 
0  3  0  m ile s

Figure 4.4: Map showing the location o f Silo and Beecher Island fields. 
M odified from Sonnenberg and W eimer (1993).

Large faults have also been documented. Typically, faults and fractures are in

filled with crystalline calcite cement. In general, because o f the brittle nature o f the 

Smoky Hills Chalk Member, it is much more naturally fractured. It is from this Member 

that the majority o f production takes place.
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Figure 4.5: Vertical stylolites, horizontal fractures, and calcite infill shown in 3 in. 
diameter core, from Sonnenberg and W eimer (1993).

Regional isopachs o f the Niobrara Formation and related strata indicate 

movement o f the Transcontinental arch during Late Cretaceous time. This movement of 

the Transcontinental arch may have played a role in hydrocarbon entrapment due to 

development o f structural highs, especially in the Wattenberg field, Denver basin. This is 

o f particular interest, since the W attenberg field is also located on a thermal hot spot 

(Weimer, 1978).

Beecher Island field is located on the eastern flank o f the Denver basin and is 

associated with shallow Niobrara biogenic gas accumulations. East-west normal faults 

have been interpreted to have a vertical displacement o f 50 to 100 feet (Lockridge, 1977) 

(Figure 4.6).

Northwest-trending faults dominate the Silo field area and appear to have a strike- 

slip displacement (Sonnenberg and Weimer, 1993) (Figure 4.7). More importantly for
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production are fracture swarms found in the area. Combined with some matrix porosity, 

the open fracture networks provide substantial porosity and permeability, which 

contributes to the producibility of the field. See below and Chapter 6 for additional 

observations on matrix porosity.

R 4  V *

STRUCTURE ON TOP NIOBRARA
CONTOU* I NT tA V A L  .  « '

Figure 4.6: Beecher Island structure on top of Niobrara 
Formation. From Lockridge (1977).
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Figure 4.7: Silo field structure on top of Niobrara Formation with faults. From 
Sonnenberg and Weimer (1993).

4.3 Reservoir Characteristics of the Niobrara— Silo vs. Beecher Island fields

The Denver Basin Niobrara Formation has variable character across its extent. 

Changes in hydrocarbon character, burial depths, and porosities create unique challenges 

for drilling and production. In order to implement an MEOR treatment for the Niobrara 

Formation, the reservoir parameters must be understood as thoroughly as possible (Table

4.1).
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Table 4.1: Reservoir characteristics of Silo and Beecher Island fields. ‘Sonnenberg 
(2011); 2Lockridge and Scholle (1978 ); 3Landon et al.(2001); 4well data. Some data 
unavailable.

R eservo ir C haracteristics o f the N iobrara Silo Field (Sonnenberg and W eim er, 1993) B eech e r Island Field (Lockridge and Pollastro, 1988)

Depth of Reservoir Interval 7600-8500 ft 900 to 3000 ft
Pay 30-60 ft 20-50 ft
Porosity 6-8% 30-45%

Permeability <0.01 md .04 md

Temperature ~100°C 2 8 % f

Pressure 340 to 345 psi2

Salinity

pH 7.0-7.84

Oil Gravity 35° API primarily methane gas

TOC 1-6% in shales 1 Average 4.02%3

Kerogen Type Type II Type II

Generation Thermogenic Biogenic

4.3.1 Thermogenic vs. Biogenic Fields
Niobrara production comes from both thermogenic and biogenic fields (Figure

4.4). Thermogenic production is primarily located closer to the Rocky Mountains, where 

the Niobrara is deeper. Biogenic gas fields are located eastward along the Colorado 

border and into Kansas and Nebraska. The best biogenic gas field to date is Beecher 

Island field in Yuma County, Colorado. Cumulative gas production from gas fields in 

eastern Colorado is equal to approximately 450 BCF as of 2005 (Kelso et al., 2006).

Thermogenic oil is found throughout the most western Niobrara hydrocarbon 

accumulations within the Denver basin; however, Wattenberg field is one of the more 

infamous thermogenic accumulations because of its location atop a thermal hot spot. The 

hot spot is related to the Colorado mineral belt that is experiencing anomalous heating 

from radioactive decay. Another high-profile oil-bearing field is Silo field o f Laramie 

County, Wyoming. Oil and wet gas-condensate produced from the deeper regions o f the 

basin such as Wattenberg and Silo field are believed to be produced by thermal cracking 

of kerogen. This is supported by isotopically heavier methane gases from the deeper 

portions o f the basin when compared to isotopically lighter methane produced from the 

biogenic gas fields to the east in Yuma County, Colorado. Additionally, source-rock 

maturity is consistent with the geochemistry and hydrocarbon species present in the given 

areas of the basin (Rice, 1984).
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4.4 Permeability, Porosity, and Fracturing

Permeability in the Niobrara Formation ranges from 0.01 to 20 mD with an 

average of 1 mD. Reservoir quality is very dependent on natural fractures that exist 

within the chalkier intervals o f the Smoky Hills Member.

In oil-bearing zones such as Silo field, matrix porosity is relatively low, at 

approximately 8%. Porosity decreases with increasing burial depth and increasing 

diagenetic mineral precipitates such as calcite cement. Matrix permeabilities are less than 

0.01 mD for the field (Sonnenberg and Weimer, 1993). Permeability is primarily 

dependent on natural fractures that exist in the brittle chalk intervals o f the Smoky Hills 

Member. Fractures are necessary for providing additional porosity and permeability. The 

occurrence of calcite spar in fracture networks has a negative impact on unit 

permeability. From cores, fractures are observed to range from 0-3 mm wide 

(Sonnenberg and Weimer, 1993). See Chapter 6 for SEM porosity analysis o f a Silo field 

core within the B2 Chalk Bench producing zone.

In gas-bearing zones such as Beecher Island field, permeability is low while 

porosity is high. Porosity analysis from core shows approximately 40% remaining 

porosity, while permeability is about 1 to 6 mD, but average permeability is only 0.04 

mD from a pressure curve of a drill stem test from the field (Lockridge). From these core 

analyses from Beecher Island, microfractures were also noted, although the significance 

of the microfractures as permeability contributors was not acknowledged at the time.

4.5 Drilling Wells

Based on historical comparison of vertical wells to horizontal wells in Silo field, it 

is clear that horizontal drilling and multi-stage completions are necessary to make a 

successful Silo well (Figure 4.8). As of 2010, drilling costs for horizontal Niobrara wells 

were at about $3.5MM (Drillinglnfo, Inc.).

For Silo field in particular, contacting fracture swarms with horizontal wells is a 

high priority. Fracture swarms may be pinpointed with the use of resistivity maps used in 

conjunction with subsurface mapping (Sonnenberg and Weimer, 1993). High initial
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production rates may cause damage to open fracture networks— this has resulted in newer 

wells being choked back (Sonnenberg and Weimer, 1993).
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Figure 4.8: Cumulative oil production for Silo field. Note productivity increase in the 90s 
due to the introduction o f horizontal drilling. From Drillinglnfo, Inc.

For Beecher Island field, a number o f gas wells were drilled in the 1970’s with 

good success. Most o f the initial wells were stimulated with a foam fracturing treatment 

(Lockridge, 1977). As o f December 2005, there were 2500 gas wells along the eastern 

Niobrara flank and cumulative production exceeded 450 BCF (Kelso et ah, 2006).

N iobrara gas wells are cemented above and below the pay zone and perforated 

with a shot density o f 2 shots per foot with 120-degree phasing. The wells are then 

fractured with borate crosslink and sand. Artificial lift may be required after pressures 

decline (Kelso et ah, 2006). It is unclear whether Beecher Island field, or Niobrara gas 

wells in general, take advantage o f microfractures in order to enhance overall 

permeability and reservoir contact during fracturing, though it is probable given the 

prevalence o f natural fracture networks found in the Niobrara Formation as a whole.
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CHAPTER 5

METHODS

In order to formulate an effective MEOR treatment for the Niobrara, several steps 

were required. The microbial habitat was defined with the use o f scanning electron 

microscopy and energy dispersive x-ray spectroscopy. Fluid samples from producing 

wells in the Niobrara o f Colorado and Wyoming were analyzed for genetic material. Each 

process posed new and unique challenges that required a wide range o f skill sets.

5.1 Microbial Environment Samples

Samples for scanning electron microscopy (SEM) analysis were taken at three 

intervals from 7961 to 7969 ft.; at 7961, 7968, and 7969 ft. (Figure 5.1). The sporadic 

nature o f the sampling is due to Ethology. During sampling, it was important to look at 

the reservoir interval for a fractured zone indicated by the resistivity log for the core. The 

reservoir interval falls within very chalk-rich rock types. As such, samples were taken 

where shale-rich/marlstone-rich rock was less abundant and chalk Ethologies dominated.

Figure 5.1 : From left to right: Core samples from 7961 ft, 7968 ft, and 7969 ft. Note that 
all three samples are rich in chalk. Only the first sample (7961 ft) has clearly visible 
laminations o f shaley material.
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SEM samples were coated with gold. Because calcium carbonate is the most 

abundant mineral found in the Niobrara, a carbon coating would have interfered with 

energy-dispersive x-ray spectroscopy (EDS). EDS was used primarily as a tool to 

identify authigenic and diagenetic minerals such as pyrite and calcite cement.

Three thin sections were cut perpendicular to any visible laminations for all of the 

sampling depths mentioned above. Blue epoxy was used on thin sections to help visualize 

porosity. It should be noted that laminations were only truly visible in the sample from 

7961 ft. This sample was chalk-rich; however, some shaley laminations were visible 

(Figure 5.1).

5.1.1 Champlin 9-1 Log

Samples were chosen based on the high resistivity reading of the Chalk B2 Bench 

(Figure 5.2). The high resistivity could be due to fractures filled with oil or local 

cementation (Sonnenberg and Weimer, 1993). For use in other wells, it was important to 

determine which scenario was more likely and what impact matrix porosity may have on 

production from the B2 Bench and higher resistivities in general. Please note that the 

high resistivity indicated by the log was a reference for where to take core samples.

Given log resolution, it would be difficult to pinpoint exact locations in core that may 

have driven the higher resistivities. The log was used as a reference, not for sampling at 

very specific depths.

When comparing the log to the sampled section of core, it was clear that the core 

was moderately fractured. It is unclear if  the fractures occurred due to the drilling process 

or if they were naturally occurring. There was minimal fracture infill o f calcite or other 

minerals. Also, no oil staining was apparent on the core samples. Based on initial 

observations o f the core samples, it is likely that the high resistivity peaks observed in the 

log were due to fractures and matrix porosity, and not on minerals or hydrocarbons filling 

the fractures. See Chapter 6 for additional observations and data.

5.2 Fluid Sample Collection

In order to understand the homogeneity/heterogeneity of microbial communities 

within areas of gas and oil production and whether or not they would interfere with an
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MEOR treatment, samples were taken from Silo and Beecher Island fields. Silo field is a 

prolific oil producer while Beecher Island produces primarily biogenic gas. Silo field is 

located in Laramie County, W yoming while Beecher Island field is located in Yuma 

County, Colorado (Figure 4.5).

Chalk A 
Marl A

Chalk B1

Marl B 
Chalk B2

Marl C

Chalk C 

Fort Hays

Figure 5.2: Champlin 9-1 log. The neutron-density log on the far right of the image shows 
high porosity in the N iobrara interval. The red dot shows the zone where samples were 
taken. It was the purpose o f this study to determine if  there is any significant matrix porosity 
or if  the porosity is controlled by fracture networks.

Samples were collected in 50 ml sterilized lab tubes. For Beecher Island, only 

produced water could be collected. Twenty-four water samples were collected from 

Beecher Island. Three o f the 24 samples were collected at the wellhead while the 

remaining samples were collected from the treater. For Silo field, oil and water were 

collected, also in 50 ml sterilized lab tubes. Two oil samples and two water samples were 

collected from 10 different Silo field wells, except for the Sunlight 41-20 well, which did 

not produce waters. In total, 38 samples were collected from Silo field wells in Laramie

T15N R64W  8 9  
C NW NE
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County, Wyoming. Since samples cannot be taken directly from the Formation itself, 

fluids were collected from the treaters associated with each well. This may pose a 

problem for contamination later on; however, a more sterile method could not be used 

due to the fact that wellhead pipes were frozen at the time of sample collection.

A Silo field core was also sampled for fluids. The core was collected and cased in 

3 foot sections by the operator. Each section was poured off into 50 ml sterilized lab 

tubes. A total of 19 fluid samples were collected from this core and cover approximately 

120 feet o f Niobrara section. Because drilling mud is cased with oil, water, cut rocks, and 

sediment, surface contamination is likely in these samples. However, the cased core 

fluids do provide a unique opportunity to see what microbes may be introduced into the 

reservoir from the surface.

All samples were refrigerated after collection until they were used in the DNA 

extraction process. No cultures were attempted from any samples.

Collected samples encountered both dry biogenic gas (methane) and associated 

water accumulations in the eastern portion of the basin, as well as thermogenic oil and 

gas-condensate accumulations in the deeper, western and northern portions of the basin. 

By comparing the species found within different areas of the Niobrara, it will be easier to 

create an MEOR treatment for the Formation. If  species are variable in different areas of 

the basin, different MEOR techniques must be used. Ideally, the fields will have similar 

microbial character and a common MEOR treatment can be developed for use across the 

Formation, in both oil- and gas-prone fields.

5.3 DNA Extraction Techniques

After fluids were collected from well sites, DNA was extracted from them. 

Regardless of fluid type (water, oil, or mud-sediment mixture), samples were centrifuged 

in order to consolidate heavy particles. It is assumed that microbes are more likely to be 

associated with heavy particulates rather than free-floating in liquid.

5.3.1 Phenol: Chloroform Extraction

The phenol : chloroform extraction protocol was preferred for attempting to extract 

DNA from water and oil samples because it is a known chemical process, whereas



factory-provided kits have proprietary blends o f chemicals. The following is a step-by- 

step guide to the protocol:

• Add 1ml of Buffer A to each sample tube (each tube contains 0.9 ml of water plus 
sediment)

• Buffer A:
• 200mM Tris base pH 8.0
• 50mM EDTA
• 200mM NaCl
• 2mM sodium citrate
• 1 OmM CaCh
• Add lysozyme (-115 pi)
• Place in heat block at 37 °C, rotating every 10 minutes or so, for 1 hour.
• Add proteinase K (45 pi of 25mg/ml stock)
• Add SDS (17 pi of 20% stock)
• Spin at top speed in microcentrifuge for 5 min (14,000 g)
• Transfer aqueous layer (top layer) into new 2ml tube.
• Add 500 pi chloroform: isoamyl alcohol (24:1). Mix by inversion
• Spin at maximum speed in microcentrifuge for 10 minutes
• Transfer aqueous phase (top layerO into clean microcentrifuge tube
• Precipitate with 1/10th volume 3M sodium acetate and an equal volume of cold 

100% isopropanol
• Place tube in freezer (-20°C) for 30 min or overnight
• Spin at maximum speed for 30 min
• Decant
• Pipette in 1ml of ice cold 70% ethanol (do not pipette up and down!)
• Spin at max speed for 5 min
• Decant (if tube still smells like phenol or chloroform, wash again until smell is 

gone)
• Air dry, inverted, for 10-15 min (don’t want to dry for too long or pellet is 

difficult to re-suspend) Completely dry, ethanol needs to be gone.
• Smell tube, if ethanol smell is gone, proceed. Otherwise, wait until it is gone.
• Re-suspend pellet in 20-100 pi TE (depends on size of pellet) Warming up to TE 

in incubator at 37 °C may increase yield
• Run 5 pi of product, with 1 pi loading dye on new or recycled gel. Take a picture 

of product. Run a ladder to quantify yield—PCR Amplification of Ribosomal 
DNA

Waters used for extraction included the first of each of the waters from Silo field, plus 

3 samples from Beecher Island. The samples chosen from Beecher Island field were 

obtained from the wellhead and not the treater; it is assumed that these 3 samples would 

have a lower potential for contamination compared to the other Beecher Island water
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samples. With each extraction performed for the waters, positive and negative controls 

were also used. The positive control was a piece of microbial mat from Yellowstone 

National Park that contained previously-confirmed DNA. Nine samples from Silo field 

and 3 samples from Beecher Island field were extracted from, for a total of 12 water 

samples. Table 5.1 is a list of which waters were used for the phenol : chloroform 

extraction.

Table 5.1 : List o f water samples used with the phenol:chloroform DNA extraction 
protocol.

Sample Name Lease Location Field Collection Notes
YC-W9-N4-17 N ew  4-17 NESE Sec 14 T2S R43W Beecher Island Bottom Hole—water DNA extraction
YC-W19-R8-17 Rose 8-17 NWSW Sec 17 T2S R43W Beecher Island Bottom Hole—water DNA extraction
YC-W23-S5-17 Strang 5-17 SWSE Sec 17 T2S R43W Beecher Island Bottom Hole—water DNA extraction

LC-W1-M41-21 #1H Marie 41-21 Sec 21 T16N R65W Silo Treater, wellhead frozen
LC-W5-KS Rester State NWSW Sec 18 T16N R64W Silo Don't have water analysis sheet
LC-W9-E41-25 #2H Epler 41-25 Sec 25 T16N R65W Silo
LC-W13-M1-26 McConnaughey 1-26 Sec 26T16N R65W Silo Treater was cold
LC-W17-L12-32 LeMaster State Sec 32 T16N R64W Silo
LC-W21-DS-TB Dino State Tank Battery Sec 8T15n R64W Sflo
LC-W25-OTB Owen Tank Battery Sec 9T 15N R 64W Silo Lots o f parrafin in water
LC-W33-GH2 Leroy Goertz H2 Tank Battery Sec 3 T15N R64W Sflo
LC-W37-BTB Barney Tank Battery H1H Sec 15 T 15N R64W Sflo

The oil samples collected from Silo field were also subjected to the 

phenol : chloroform protocol. However, because of the density of the fluid and the 

assumption that microorganisms will preferentially exist on larger molecules as an anchor 

point, the oils were centrifuged with isooctane in order to a) move larger particles into the 

bottom of the centrifuge tube for collection, and b) precipitate microbial cells. According 

to Yamane et al. (2008), 2, 2, 4-trimethylpentane (isooctane) can be used to precipitate 

DNA. Oil samples were centrifuged 3 times (at 8,000 x g for 20 min, at 4°C; 6,000 x g 

for 2Omin, at 4°C; and 5,000 x g for 2Omin, at 4°C) in a floor centrifuge. Between each 

centrifuge run, fluid was poured off until only the bottommost fluid and sediment 

remained in each centrifuge tube. An equal volume of isooctane was then added, mass 

balanced, and vortexed before the next centrifuge run. After the last centrifuge run, the 

bottommost sediment was moved into a 2 ml microcentrifuge tube. These tubes were 

centrifuged to consolidate sediment at the bottom of the tubes, fluids were poured off, 

and more sediment plus fluid solution from the large centrifuge tubes was added. The 

process was repeated until about 0.5 ml of sediment was consolidated in each
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microcentrifuge tube. Table 5.2 is a list o f which oil samples were used for the 

pheno 1 : chloroform protocol.

Table 5.2: List of oil samples collected and used with the phenol : chloroform DNA 
extraction protocol.

Sample Name Lease Location Field
LC-03-M41-21 #1H Marie 41-23 Sec 21 T16NR65W Silo
LC-07-KS Kesler State Consol NWSW Sec 18 T16N R64V Silo
LC-OH-E41-25 #2H Epler 41-27 Sec 25 T16NR65W Silo
LC-015-M1-26 McC onnaughey 1-28 Sec 26 T16NR65W Silo
LC-019-L12-32 LeMaster State Sec 32 T16NR64W Silo
LC-023-DS-TB Dino State Tank Battery Sec 8T15nR64W Silo
LC-027-0TB Owen Tank Battery Sec 9 T15N R64W Silo
LC-O31-S41-20 Sunlight 41-22 Sec 20 T15NR64W Silo
LC-035-GH2 Leroy Goertz H2 Tank Batter) Sec 3 T15N R64W Sib
LC-039-BTB Barney Tank Battery H1H Sec 15T15N R64W Silo

Note that when possible, if the original oil sample exceeded 20 ml, it was split 

into two different centrifuging tubes. This was done to provide consistency during the 

extraction process.

Though polymerase chain reaction (PCR) analysis provided good results for the 

water samples, the oils provided no results from this protocol. This may be due to a low 

concentration of DNA in the oil, no DNA in the oil, or an ineffective protocol.

5.3.2 MoBio PowerSoil Kit

Due to the failure o f the phenol : chloroform to extract DNA from oil samples, the 

MoBio PowerSoil kit was selected as an alternative protocol (MoBio Laboratories, Inc., 

Carlsbad, CA, USA). This kit was not preferred to due to the proprietary chemicals used; 

however, it has been very effective in the past on thick particulates, such as those found 

in oils. A similar process of centrifugation and isooctane addition was used before the 

MoBio PowerSoil kit was used. Overall, the kit proved very effective in extracting DNA 

and was much less time consuming than the phenol : chloroform protocol. Table 5.3 is a 

list of which oil samples were used with the MoBio kit.
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Table 5.3: Oil samples collected and used with the MoBio PowerSoil kit.

Sample Name Lease Location Field
LC-04-M41-21 #1H Marie 41-24 Sec 21 T16N R65W Silo
LC-08-KS Kesler State Consol. NWSW Sec 18 T16N R64W Silo
LC-012-E41-25 #2H Epler 41-28 Sec 25 T16N R65W Silo
LC-016-M1-26 McConnaughey 1-29 Sec 26 T16N R65W Silo
LC-O20-L12-32 LeMaster State Sec 32 T16N R64W Silo
LC-024-DS-TB Dino State Tank Battery Sec 8 T15n R64W Silo
LC-028-0TB Owen Tank Battery Sec 9 T15N R64W Silo
LC-O32-S41-20 Sunlight 41-23 Sec 20 T15N R64W Silo
LC-036-GH2 Leroy Goertz H2 Tank Batten Sec 3 T15N R64W Silo
LC-040-BTB Barney Tank Battery H1H Sec 15 T15N R64W Silo

5.4 PCR Analysis: Amplifying DNA
Once DNA was extracted from samples, they underwent PCR analysis in order to 

determine if DNA was successfully extracted from the oil and water samples. No 

community information can be gathered from this procedure— it is only useful for 

determining the presence of DNA. During PCR preparation for gel electrophoresis, 515 

forward and 1391 reverse primers were added to the extracted DNA. The JWS STD 

protocol was used for PCR on the water and oil samples for both protocols (see Appendix 

#). Once PCR was completed, sample was mixed with dye and injected into an agarose 

Ethidium Bromide gel for electrophoresis.

A total of 24 samples had a positive PCR product (Table 5.4). Nine of the 24 samples 

were waters, 7 were oils, and the remaining 8 were core fluid samples. The PCR product 

was then visualized under ultraviolet light (Figure 5.3 and Figure 5.4).

5.5 DNA Sequencing: 454 Pyrosequencing

After extraction, quantitative real-time PCR (qPCR) was conducted on a 

Lightcycler 480 II (Roche) to monitor the amplification process. The amplification 

process is designed to create thousands (and sometimes millions) o f copies of a specific 

section of the DNA, usually around 400 base pairs for this process. The first 11 cycles 

were conducted at 68-58°C touchdown at 1°C increments followed by nine more 3-step
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PCR cycles at 58°C. The last 15 cycles consisted of 2-step annealing and elongation 

processes at 72°C for a total of 35 cycles.

Table 5.4: Confirmed DNA from water, oil, and core samples. Water sample extractions 
completed with the phenol:chloroform protocol; oil and core samples extracted with the 
MoBio PowerSoil kit.

Sample Name Lease Location Field
W ater Samples with DNA
LC-W1-M41-21 #1H Marie 41-21 Sec 21 T16NR65W Silo
LC-W5-KS Kesler State ConsoL NWSW Sec 18T16NR6 Silo
LC-W9-E41-25 #2H Epler 41-25 Sec 25 T16NR65W Silo
LC-W13-M1-26 McConnaughey 1-26 Sec 26 T16NR65W Sib
LC-W17-L12-32 LeMaster State Sec 32 T16NR64W Sib
LC-W21-DS-TB Dino State Tank Batteiy Sec 8 T15n R64W Sib
LC-W25-OTB Owen Tank Battery Sec 9 T15N R64W Sib
LC-W37-BTB Barney Tank Batteiy HI H Sec 15T15NR64W Sib
YC-W9-N4-17 New 4-17 NESE Sec 14 T2S R43W Beecher Island
Oil Samples with DNA
LC-04-M41-21 # 1H Marie 41-24 Sec 21 T16NR65W Sib
LC-016-M1-26 McConnaughey 1-29 Sec 26 T16NR65W Sib
LC-O20-L12-32 LeMaster State Sec 32 T16NR64W Sib
LC-024-DS-TB Dino State Tank Battery Sec 8 T15n R64W Sib
LC-028-0TB Owen Tank Batteiy Sec 9 T15N R64W Sflo
LC-O32-S41-20 Sunlight 41-23 Sec 20 T15NR64W Sflo
LC-O40-BTB Barney Tank Battery HI H Sec 15T15NR64W Sflo
Core Samples with DNA
Cl 7630-7633 ft Core Sflo
C4 7638-7642 ft Core Sflo
C6 7645-7648 ft Core Silo
C8 7654-7657 ft Core Sflo
CIO 7660-7663 ft Core Sflo
C12 7666-7668 ft Core Sflo
C14 7679-7682 ft Core Sib
CIS 7694-7697 ft Core Sflo

Each forward primer contained a barcode corresponding to each sample. This 

allowed for amplicon pools to be sequenced in parallel and binned by sample. Primers are 

used to select for certain sections of the DNA for amplification. Amplicons are the result 

of the amplification process—the DNA strand duplicates. The forward primer barcodes 

allow for faster sequencing since more samples can be sequenced simultaneously due to 

the individual markers that characterize them.
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Figure 5.3: Gel electrophoresis image o f water sample DNA under ultraviolet light.
Image is inverted for color. Phenolichloroform protocol. Green square = ladder. Orange 
oval = positive extraction control. Blue triangle = negative extraction control. Purple star 
= positive PCR control. Red star: negative PCR control.

After sequencing using the Roche 454 Titanium platform, samples shorter than 

200 nucleotides (nt) and longer than 510 nt were discarded. Additionally, sequences with 

an average quality score lower than 27 were also discarded. Sequences were stripped o f 

forward primers, the strands o f nucleic acids that provide a starting point for DNA 

synthesis. Sequences were removed if  any errors in barcode or forward primers were 

found. Sequences with homopolymer runs greater than 6 nt were also removed. These 

steps were completed with QIIME (Caporaso, 2010). The sequences were denoised to 

remove artifacts from the sequencing process. Sequences were then clustered at 97% 

similarity using the UClust algorithm (Edgar, 2010). The most abundant sequence in each 

cluster was used as the representative for that cluster. This representative sequence was 

then used to assign taxonomic names to the sequence cluster using the Ribosomal 

Database Project (RDP) database and algorithm (Cole et al., 2009) with a 50% 

confidence bootstrap (Table 5.5). Plots were generated with the denoised data and can be 

found in Chapter 7.
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Figure 5.4: Gel electrophoresis image o f oil sample DNA under ultraviolet light. Image is 
inverted for color. MoBio PowerSoil kit protocol. Green square = ladder. Orange oval = 
positive extraction control. Blue triangle = negative extraction control. Purple star = 
positive PCR control. Red star: negative PCR control.

Table 5.5: List o f which samples amplified and sequenced successfully. Note that only 
one sample from Beecher Island field successfully amplified.

W ater Samples Sample Designator
YC-W 9-N4-17 New 4-17 NESE Sec 14T2S R4 Beecher Island N417
LC-W1-M41-21 #1H Marie 41-21 Sec 21 T16N R65W Silo W1
LC-W5-KS Kesler State ConsoL NW SW  Sec 18 T16N Silo W5
LC-W9-E41-25 #2H Epler 41-25 Sec 25 T16N R65W Silo W9
LC-W13-M1-26 McConnaughey 1-26 Sec 26 T16N R65W Silo W13
LC-W17-L12-32 LeMaster State Sec 32 T16N R64W Silo W17
Oil Samples
L C -016-M 1-26 McConnaughey 1-29 Sec 26T 16N  R65W Silo 0 1 6
LC-O20-L12-32 LeMaster State Sec 32 T16N R64W Silo 0 2 0
LC-024-DS-TB Dino State Tank Batteiy Sec 8 T15n R64W Silo 0 2 4
L C -028-0T B Owen Tank Battery Sec 9 T15N R64W Silo 0 2 8
LC-O32-S41-20 Sunlight 41-23 Sec 20 T15N R64W Silo 0 3 2
LC-O40-BTB Barney Tank Battery HI Sec 15 T 15N R64W Silo 0 4 0
Core Samples
Cl 7630-7633 ft Core Silo Cl
C4 7638-7642 ft Core Silo C4
C6 7645-7648 ft Core Silo C6
C8 7654-7657 ft Core Silo C8
C 14 7679-7682 ft Core Silo C 14
CIS 7694-7697 ft Core Silo C 18
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CHAPTER 6

CORE FABRIC AND MICROBIAL INFLUENCE IN THE NIOBRARA

It is as important to understand the physical microbial environment as it is to 

understand the chemical properties of the Niobrara Formation. In this section, core 

samples from Silo field are used to describe the microscopic fabric of the Niobrara to 

show that the physical environment is suitable for microbial life. This is important 

because pore throats and fractures will be the main avenues for microbial mobility. 

Understanding the nature and efficacy of porosity is therefore crucial. If an MEOR 

treatment were to be implemented in the Niobrara Formation, it is critical that microbes 

would be able to move throughout the producing zone so that they may contact as much 

o f the reservoir as possible.

The Champlin 9-1 core was used as a representative example of the Niobrara 

Formation at Silo field. Core samples were prepared as thin sections and scanning 

electron microscopy (SEM) samples so that the physical parameters o f microbial mobility 

could be characterized. Porosity has been analyzed and visually estimated, not only in the 

context o f microbial mobility, but also in the context of overall matrix porosity 

contributions for hydrocarbon production.

The Champlin 9-1 well logs from Silo field provided preliminary data for 

choosing an appropriate section of core. The B2 chalk bench was chosen for SEM 

analysis because of an anomalously high resistivity reading from the well logs. The high 

resistivity could be because of fluid found in the matrix porosity or in the fracture 

networks. It was the goal of this study to determine which scenario was more likely, in 

addition to characterizing microbial habitat. This core was also chosen because the zone 

o f high resistivity was generally lacking in abundant organic matter, which allowed for 

easier SEM analysis.
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Three samples were taken at irregular intervals from the B2 chalk bench of the 

Champlin 9-1 core, thin sections were prepared, and broken samples mounted for use in 

the SEM. In all three samples, taken at 7961 ft., 7968 ft, and 7969 ft., chalk lithologies 

dominated and shaley laminations were minimal.

Diagenetic minerals found in the core samples suggest a reducing environment in 

the Niobrara Formation after burial. Abundant sulfur and iron are seen in the form of 

euhedral and spherical pyrite framboids. The presence of these framboids suggests a 

heavy microbial influence on the reservoir.

6.1 Sample from 7961 ft.

The sample from 7961 ft. displayed some organic laminations, but was 

predominantly chalk in composition. In hand sample, no forams or pellets were visible; 

however, the faint metallic gleam of pyrite was sometimes visible with a hand lens. The 

core sample contained a vertical fracture along the left side of the sampled piece (Figure

5.1). It is important to note that the fracture did not have sparry calcite or other materials 

on its surface, which may indicate that the fracture formed during the pressure changes 

associated with the coring process. Even so, the existence of the fracture in that particular 

zone of core confirms that the chalk lithologies are more brittle and prone to fracture, 

whether that happens naturally or through human-influenced processes.

Thin sections taken from this sample show minimal visible porosity at 

approximately 1 OOx magnification. Microfossils are abundant and some organic 

laminations are present (Figure 6.1). SEM images from this sample show abundant 

framboidal pyrite and intact biogenic grains. Intergranular porosity is minor, but still 

present (Figure 6.2, Figure 6.3, Figure 6.4). Diagenetic minerals such as calcite have 

formed in available pore spaces (Figure 6.5).

6.2 Samples from 7968 ft.

Core samples from 7968 ft. are similar to the first set of samples (7961 ft.); 

however, there were little to no organic laminations in hand sample. There is a general 

lack of visible porosity in thin sections (Figure 6.6). SEM images do show relatively 

abundant porosity, which is visually estimated at around 7% (Figure 6.7). Laminations of
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organic matter are still visible in thin section, but are present in lower abundance than the 

sample from 7961 ft. From the dark color o f the fecal pellets, it is assumed that they are 

rich in organic matter.

Figure 6.1 : Thin section photomicrographs from 7961ft. Left image in plane-polarized 
correspond to right images in cross-polarized light. Slides are stained with blue epoxy to 
show porosity. Note the lack o f blue color. In crossed polars, it is easier to see the high 
birefringence o f the calcium carbonate foraminifera and their different morphologies. 
Note that this is the sample with more shaly laminations, which can be seen in the plane- 
polarized light images. Images are at lOOx magnification. Field o f view is approximately 
1.25 mm across.
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Figure 6.2: Framboidal pyrite filling pore spaces in sample 7961 ft. Note that some 
remnant microfossil morphologies remain (upper right corner). Visually, porosity appears 
low. The EDS analysis at the base o f the image confirms an abundance o f sulfur and iron, 
which is interpreted to be framboidal pyrite. Morphology is consistent with this 
interpretation. Note also that the framboids appear to be filling a circular depression left 
by a (possibly) biogenic grain and that the individual framboid elements do not appear to 
be densely packed or highly organized.
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Figure 6.3: Note porosity around foram morphologies (red arrow). One foraminiferan is 
broken open and chambers are visible. The haloes around the foraminifera may be due to 
microbial activity and the precipitation o f calcium carbonate cement. Pore throats appear 
to be approximately 0.5-1.0 pm.
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Figure 6.4: Similar to Figure 6.3 but with EDS analysis. The ball appears to be a foram, 
which is confirmed by the dominantly calcium (and inferred carbonate) composition.
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Figure 6.5: Calcite cement filling available pore space. EDS analysis confirms abundance 
o f calcium and the morphology o f the mineral is consistent with that o f calcite.
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Figure 6.6: Thin section photomicrographs from 7968 ft. Left images are plane-polarized 
and right images are cross-polarized light. Images are taken from the same thin section. 
Note the lack o f visible porosity in thin section. Morphologies o f several foraminifera are 
clear and are associated with the more crystalline calcite (left). Dark blotches are 
compacted fecal pellets (right). M agnification is lOOx for all images. Field o f view is 
approximately 1.25 mm.

6.3 Samples from 7969 ft.

Similar to 7961 and 7969 ft. samples, there is an overall lack o f visible porosity in 

thin sections, and a high degree o f compaction is assumed due to the elongate character 

o f visible pellets (Figure 6.8). SEM images also show an abundance o f biogenic grain 

fragments and framboidal pyrite (Figure 6.9).

6.4 Framboidal Pyrite

Pyrite is usually formed in a reducing environment rich in iron and sulfur in the 

form o f sulfide. Framboidal pyrite is seen in all three samples from the Champlin 9-1 Silo 

field core. In each, they have a slightly different morphology. In samples from 7961 ft.,

41



pyrite has a euhedral crystal habit and appears to be stacking in a cubic pattern. From the 

same sample, pyrite is seen to fill a rounded depression left by a foram or shell and is not 

as organized (Figure 6.10).

In the sample from 7968 ft. depth, pyrite framboids take on a perfectly spherical 

habit. A similar crystal habit is seen in Cretaceous Austin Chalk pyrite by Folk (2005). In 

the Austin Chalk samples, precipitation o f pyrite is thought to be triggered by 

m icroorganisms living in the formation in a reducing environment (Figure 6.11).

In the sample from 7969 ft. depth, pyrite framboids appear to be dispersed 

randomly, which may indicate a different species o f responsible microorganism. As with 

the other samples, the individual pyrite nodules are 0.5-1.0 pm  in diameter (Figure 6.12).

Though no remnants o f microbes are visible through the SEM images, the 

presence o f framboidal pyrite is a strong indicator that microbes were active in the 

N iobrara Formation when the environment was reducing. Depending on the chemical 

environment that currently exists in the Niobrara, it is possible, and even likely, that 

microbes are still active in pore spaces and fractures where mobility is highest. Most Silo 

field wells are also around 100°C, well within the temperature limits o f life.

Figure 6.7: SEM photomicrographs from 7968ft. showing effective porosity. Note 
rem nant biogenic grain morphologies (small cylinders; white arrows). Some intragranular 
porosity is also visible in the biogenic grain fragments. Pore throats are visually estimated 
at approximately 0.5-2.0 pm. Intragranular porosity is approximately 0.2-0.5 pm  in 
diameter and up to 5.0 pm long (in cylindrical biogenic grains).
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Figure 6.8: Thin section photomicrographs from 7969ft. Left images are in plane 
polarized light, right images are in crossed-polarized light. All images are from the same 
thin section. Similar to samples 7961 and 7968 ft., note the lack o f visible porosity and 
abundance o f foraminifera. M agnification lOOx for all samples. Field o f view is 
approximately 1.25 mm.

Figure 6.9: SEM images from sample 7969ft. Note the abundance o f framboidal pyrite in 
the left image and the abundance o f biogenic grain fragments with intact intragranular 
porosity in the right image. Effective porosity is approximately 5-7% based on visual 
estimate.
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Figure 6.10: SEM photos o f pyrite framboids from sample 7961. Left: highly ordered 
pyrite nodules that appear to be stacking in a cubic pattern. Right: much less ordered 
pyrite cluster that appears to be infilling a circular depression made by a shell or foram.

Figure 6.11: Left: SEM photo is from the sample at 7968ft depth. Framboidal pyrite has a 
perfectly spherical crystal habit, which may indicate precipitation triggered by microbes. 
Right: image is from Folk (2005) and is a spherical pyrite framboid from the Cretaceous 
Austin Chalk Formation. Its formation is thought to be triggered by microbial activity.

6.5 Interpretations

Though porosity is not easily seen in thin section, it appears to be abundant and 

effective in SEM images. Based on visual estimates, effective porosity ranges from 5-7% 

and is interpreted to be primary porosity. Some authigenic and diagenetic minerals have 

formed in open pore spaces, such as framboidal pyrite and crystalline calcite.
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Figure 6.12: Pyrite framboids dispersed randomly in pore space at 7969ft. depth. SEM 
photo.

Lockridge and Pollastro (1988) took porosity averages from a number o f Niobrara 

core samples collected from different depths and created a relatively linear trend o f 

decreasing porosity with increasing depth. With the additional data provided by the 

Champlin 9-1 core, the trend line begins to asymptotically approach zero (Figure 6.13). 

This trend may or may not allow for a better understanding o f compaction dynamics in 

the Niobrara Formation o f Colorado and Wyoming. Please note that the porosity was 

estimated visually and that the samples used may not be representative o f the Niobrara 

Formation as a whole.

In the context o f  microbial habitat, the intergranular porosity seen in the 

Champlin 9-1 core is certainly large enough to provide good mobility for microbes. 

M icrobes can range from <1 pm to over 10 pm in size. The average pore throats seen in 

the core samples analyzed here are approximately 1-3 pm wide. In addition, fracture 

networks would provide very good additional avenues for microbial mobility. As 

discussed previously, natural fracture swarms are abundant in the Niobrara (Chapter 3). 

The abundance o f framboidal pyrite in open pores also suggests that microbes have been 

metabolizing in some o f the tighter spaces in the Niobrara Formation. All samples shown
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here are from solid rock samples, not fractured surfaces, which limits the possibility of 

previous dissolution and resulting enhanced porosity. This supports the hypothesis that 

during a reducing chemical environment, species that metabolize iron and sulfide were 

abundant.
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Figure 6.13: Niobrara porosity based on density logs at the top of the Niobrara. The Silo 
portion of the line (bottom right) is interpreted from the visual estimates for porosity 
gathered in this study. Modified from Lockridge and Pollastro (1988).

Simply because porosity is low for this representative Silo field core does not 

mean that the pore spaces are not large enough for hydrocarbon migration, however. 

According to Nelson (2009), asphaltenes, the largest hydrocarbon molecules, are 

approximately 0.01 pm in size. Methane molecules, the smallest hydrocarbons, are only 

0.00038 pm in size. As such, it can be assumed that even with the relatively low 

porosities (5-7%) observed in the Silo field Champlin 9-1 core, hydrocarbon molecules
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can still travel through the pore throats. In addition to the observed efficacy of Silo field 

porosity seen here, higher production is also associated with fracture swarms.

6.6 Fabric Summary

Porosity in the Champlin 9-1 core decreases nonlinearly with increasing burial 

depth. It becomes harder to distinguish biogenic grain morphologies as they become 

more crushed and compacted. Additionally, authigenic minerals such as framboidal pyrite 

and calcite cement cause baffles to effective porosity.

The crystal habit of some of the framboidal pyrite clusters seen in the core 

samples suggests both an abiotic and biotic origin. Pyrite spheroid precipitation may be 

triggered by microbial activity, while euhedral, cubic clusters are likely abiotic and not 

associated with microbial activity (Folk, 2005).

Silo field porosities are visually estimated to be <10% throughout the samples 

analyzed here. When comparing this data to available historical production data from Silo 

field, it is clear why man-made fracturing is required to connect and enhance natural 

fracture swarms and increase unit permeability and surface area contact.

6.7 Microbial Habitat

The matrix porosity observed through SEM analysis is sufficient to provide a 

suitable habitat for some species of microbe. With the availability of water and 

hydrocarbons for metabolic processes, as well as the availability o f unit permeability 

through fractures, it is likely that an injection of microbes would survive in the Niobrara 

Formation habitat. The same is true for Beecher Island field. Given that Beecher Island 

has much higher porosity, microbes would likely thrive.

For any microbial enhancing oil recovery treatment, the indigenous population 

must be taken into consideration. Indigenous microbes are already well-suited to the 

harsh subterranean Niobrara environment, as shown by microbially-influenced pyrite 

formation. However, the chemical environment may be different now than at the time of 

pyrite formation. Further chemical analysis will have to be completed in order to better 

understand the current dynamics of the Niobrara ecosystem. By selecting for a microbe
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that can survive in the Niobrara rock matrix observed here in conjunction with current 

chemical dynamics, an MEOR treatment is much more likely to be successful.

Before a microbe or suite o f microbes can be selected for, however, it is important 

to understand what communities are already living in the Niobrara ecosystem.
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CHAPTER 7

DNA DATA

In recent years, DNA sequencing technology has advanced at a rapid rate. New 

complete sequence efforts applied to microbial communities of limited size have yielded 

rich rewards in terms of whole-genomic characterization without cultivation (Allen and 

Banfield, 2005). Traditional Sanger-based sequencing has yielded tens of thousands of 

full-length (-1400 base pairs) 16S rRNA (Bacteria and Archaea, 18S rRNA for Eukarya) 

gene sequences with which to build a map of the “Tree of Life.” This map currently 

provides the backbone upon which to hang valid identification for organisms from a 

multitude of environments. With 454 DNA pyrosequencing technology, millions o f base 

pairs and millions o f gene sequences can be obtained from a single run at the expense of 

short reads of —400 base pairs per sequence. While not full-length, identification of 

organisms is still possible by targeting ‘variable regions’ o f the small sub-unit (SSU) 

rRNA gene. Recent work from Julie Huber and Mitchell Sogin at the Marine Biological 

Laboratory has demonstrated the power of this identification technology for marine 

systems (Sogin et al., 2007).

NASA Astrobiology Institute researchers at the University of Colorado have 

extended this technology further by “bar-coding” polymerase chain reaction PCR 

amplicons through the pyrosequencing system to allow for accurate binning of sequences 

from multiple, diverse sources in a single pyrosequencing run (the ‘pyrotagged’ 

approach). Once identification is made in such a study, it is possible to infer physiology 

(from relatedness to cultured representatives of phylogenetic groups) and to then interpret 

what kinds o f functional genes might be present in the source environment.

7.1 DNA Data

Pyrosequencing was successful on 18 samples— 6 water samples (samples 

denoted with a W), 6 oil samples (samples denoted with an O), and 6 core samples
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(samples denoted with a C) (Table 5.5). Only one sample, a water sample with number 

N417, is from Beecher Island field. Even with so little data on Beecher Island field, it is 

still worthwhile to see how the DNA sequencing data compare to the Silo field data.

DNA data were organized by phylum, class, order, and family and displayed 

graphically to show the relative abundances of microbial life found in the Niobrara 

Formation.

Graphs for water, oil, and core samples were generated to show changes in 

microbes with depth (core) and sample location. Relative abundance of phylum, class, 

order, and family are shown. From these, it will be possible to characterize what 

metabolic processes may be active in the Niobrara and what MEOR treatments may be 

successful in the Formation.

7.2 Relative Abundance of Phyla in the Niobrara Formation

Phyla are groups of organisms with morphological similarity. Though it is 

possible to theorize on the metabolic processes of phyla groups, organisms will have 

metabolic processes dependent on whichever genes are active in their individual DNA. 

So while it is difficult to say precisely what processes different phyla are responsible for, 

it is possible to narrow down metabolic processes to the ones that are mostly likely 

occuring in the environment.

In water samples, Firmicutes are abundant in the N417 sample from Beecher 

Island field, and the W1 and W13 samples from Silo field. In all other samples except 

W17, Proteobacteria are also very abundant. Both Firmicutes and Proteobacteria have 

primarily anaerobic members, which would be in keeping with the subterranean 

enviornment. Euryarchaeota are also abundant in samples W l, W13, and W17. This 

phylum includes extremophiles, or organisms that are more likely to be able to survive in 

extreme conditions such as high heat or high salinity (Figure 7.1).

Silo field oil samples contained abundant Proteobacteria (30-40% throughout), 

Firmicutes (20%), and Bacteroidetes (15%). Euryarchaeota were not as abundant in 

Niobrara oil samples (2-5%) as for the water samples; however, sample 020 did show a 

slightly higher abundance of Euryarchaeota at about 15% (Figure 7.2).
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The Silo field core samples display a very clear change in relative abundance of 

phylogénie groups based on the depth of the sample. In the shallowest sample, C l, 

Bacteroidetes dominates. The second most abundant phylum is Proteobacteria, followed 

by Firmicutes and Deinococcus-Thermus. In progressively deeper samples, the 

abundance of Bacteroidetes drops to less than 10% from over 60% in the shallowest core 

sample, while Firmicutes abundance increases to nearly 80% in the deepest core sample 

from about 10% in the shallowest sample (Figure 7.3). In deeper core samples, 

Euryarchaeota also begin to emerge, though in small relative abundance. The increase in 

Firmicutes may indicate that with increasing depth of sample, higher temperatures are 

creating an environment suitable only for Firmicutes species that can survive in extreme 

high temperatures.

7.3 Relative Abundance of Classes in Niobrara Formation

Classes are more phylogenetically specific than phyla. They provide a broader 

view of varieties of organism, and from this, metabolic processes and physiological 

characteristics can be more accurately described.

For water sample N417 from Beecher Island field, the division Firmicutes 

subgroup Clostridia is the most abundant microbial group at about 50% of overall 

relative abundance (Figure 7.4). The rest of the water samples from Silo field are 

variable in organism abundance; oil samples had more consistent assemblages 

throughout. This may be because of many different factors. Further testing would be 

required to determine the exact source of the microbial variability. In general, however, 

there is an overall abundance of Proteobacteria, especially subgroup 

Gammaproteobacteria. Samples W l3 and W l7 have high abundances of 

Methanomicrobia while the other water samples lack these methanogen-metabolizing 

Classes. Sample W17 is also high in Synergistia, unlike the other samples.

The oil samples from Silo field display a much more uniform and continuous 

abundance of microbial classes. In general, Clostridia and Gammaproteobacteria are the 

most abundant classes. Oil samples also appear to have less abundant 

Betaproteobacteria and Sphingobacteria (Figure 7.5).
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In core samples, relative abundances o f microbes change with increasing depth of 

the core sample. The most shallow core samples, Cl and C4, contain abundant 

Bacteriodia. With increasing depth of the samples, the abundance of Betaproteobacteria 

increases. This is interesting when compared to the oil samples and their relative class 

abundances. Since the oil samples were not taken at different depths from the same well, 

relative class abundances are highly variable compared to core samples. In the oil 

samples, Betaproteobacteria was less abundant than Gammaproteobacteria, where in 

core samples, the opposite is true. Additionally, with increasing depth of sample, the 

Clostridia class increases in relative abundance. In sample C l8, the deepest core sample, 

Clostridia dominates (Figure 7.6).

7.4 Relative Abundance of Orders in the Niobrara Formation

As with the classes found in the Niobrara Formation water samples, the orders are 

equally discontinuous and do not appear to be similar between samples. In some water 

samples, the Clostridia subgroup Thermoanaerobacterales is a dominant order, while in 

others, Gammaproteobacteria subgroup Oceanospirillales dominates. For the Niobrara 

Formation and Silo field as a whole, it is difficult to say which orders are the most 

abundant, since so many are expressed in the water samples (Figure 7.7). The oil samples 

provide much more clear information on abundant, consistent orders found in Silo field.

As with phyla and classes, the Silo field oil samples provide a very consistent 

look at which orders are most abundant throughout the field. Similar to some of the water 

samples, Oceanospirillales is consistently abundant at around 15-20%, with samples 040 

at a low of 6%. Thermoanaerobacterales is also an abundant order at approximately 12- 

17% relative abundance, with sample 040  again acting as an outlier with a value of 36%. 

Other orders range between 5 and 10% relative abundance (Figure 7.8).

In core samples, the majority of Bacteroidia seen in samples Cl and C4 is 

subgroup Bacteroidales. The majority of Betaproteobacteria seen in samples C4, C6, and 

C8 is subgroup Burkholderiales with only a small percentage made up of Rhodocyclales. 

The deepest sample contains the most Clostridia, specifically subgroup 

Thermoanaerobacterales. Samples C8 and C14 contain roughly the same amount of 

Thermoanaerobacterales as the oil samples (Figure 7.9).
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7.5 Relative Abundance of Families in the Niobrara Formation

Orders have been further subdivided for the Niobrara Formation samples into 

families, which is as precise as the data from these samples can be for this 

pyrosequencing run. As seen in Figures 7.10, 7.11, and 7.12, each graph is similar to the 

order, class, and phylum graph that came before it; however, it has been further 

subdivided to show the families that fall into each order of microorganism.

Note that for all family charts, taxa with less than 3% relative abundance have 

been grouped in order to minimize smaller groups of organisms. Other charts for phyla, 

classes, and orders were only narrowed down to 2% since the subdivisions were still 

manageable at that cutoff.

In water sample N417, the family Thermoanaerobacteraceae is most abundant at 

approximately 48% relative abundance. Following that, ûiq Alphaproteobacteria family 

Rhizobiaceae has a 15% relative abundance. For sample W l, Thermoanaerobacteraceae 

is also an abundant family, at about 16% relative abundance. Gammaproteobacteria 

family Halomonadaceae is also relatively abundant compared to other families in the 

sample, at approximately 16%. Sample W5 has a noticeably high abundance of 

Betaproteobacteria family Comamonadaceae at about 32%. Like sample W l, samples 

W9 and W13 have relatively high abundances of Halomonadaceae at 43% and 14% 

abundances, respectively. W13 also shows a high abundance of Methanomicrobiales, a 

member of the Archaea. O f all of the samples, W l 7 is the only one that contains a high 

abundance of the Synergistetes family. Synergistaceae, the only subdivision expressed 

from that phylum at about 44% relative abundance (Figure 7.10).

In all oil samples, the most abundant families appear to be Halomonadaceae and 

Thermoanaerobacteraceae at 6-20% and 17-37% abundances, respectively. Note that a 

good portion (20% or more) of each sample is taxa with less than 3% abundance (Figure 

7.11). It is assumed that these organisms will have a much smaller impact on the 

reservoir as a whole since they are in such small relative abundances.

In the core samples, like the oil samples, the orders are dominated by only a few 

families. The most noticeable subdivisions o f orders are found in the Firmiciutes order
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Clostridiales, which has been split into families Ruminococcaceae, Peptococcaceae, and 

Other. Note that Other are organisms that lack the specificity of genetic data to be 

categorized at the family level. Also notable is the subdivision of Proteobacteria order 

Pseudomondales, which has been subdivided into Moraxellaceae and Pseudomondaceae. 

Overall, with Figure 7.12, it is again easy to see that families vary in relative abundance 

with the depth of the sample.

7.6 Summary of DNA Data

Overall, data from the Niobrara Formation water samples are variable and 

discontinuous, which may or may not indicate a discontinuous water chemistry within the 

Formation itself. The exact chemistry of each of the well-site treaters would have to be 

determined before any significant interpretations could be made.

Oil and core samples are much more continuous. Note that oil samples are from 

different wells across a lateral dispersal o f sites, while the core samples are from a single 

well and are representative of taxa at increasing depth with sample number. As such, it is 

easy to see that the oil microfauna are very similar through lateral space. Since all o f the 

oils samples were mixed in the treaters before being sampled, it is difficult to say how the 

microfauna may change with producing zone (and depth), though core data may be of 

some help in making interpretations in that regard. Additionally, core microfauna change 

with increasing depth, which is to be expected in a subterranean environment, though it is 

surprising that they vary so much within such a relatively short interval.

The most relatively abundant phylum from all of the Niobrara Formation samples, 

by far, is Proteobacteria with values that average at about 50%. Firmicutes follows 

closely after with an average relative abundance of approximately 10-25%. Bacteroidetes 

and Euryarchaeota follow with small relative abundances, 5-15% in both cases (Figure 

7.13).

Depending on the likely metabolic processes for each family, there are several 

taxa that may be of interest for MEOR. These include: Thermoanaerobacteraceae, 

Methanococcaceae, and the order Clostridiales. Each of these groups may contain
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species that may benefit the Niobrara Formation, whether through acid-producing 

properties, or the ability to produce methane from residual hydrocarbons left in situ.
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CHAPTER 8

DATA INTERPRETATION AND APPLICATION

As seen in Chapter 7, there is a wide variability in taxa o f microorganisms found 

in the water, oil, and core samples from the Niobrara Formation. The raw data cannot 

describe the metabolic processes or even tell us which specific species are found in the 

Formation; however, the DNA data can be used to narrow down what metabolic 

processes may be likely in the Formation. With that knowledge, a MEOR treatment plan 

can be developed for the Niobrara. In addition, for the wells that were sampled, a 

catalogue of possible microbial contaminants has already been started. In the event that 

aquifer contamination occurs from one of those wells, a list of known microbial classes 

can be provided for reference.

In the previous chapter, a number of different phyla and classes were seen in the 

water, oil, and core samples from the Niobrara Formation. The domain Bacteria was 

more prominent than the domain Archaea, which is surprising given that Archaea are 

sometimes more likely to survive in extreme conditions, such as subterranean 

environments.

In the following sections, the most prominent orders o f microbes will be 

characterized by possible metabolic processes. With that information, possible MEOR 

treatments can be developed. Additionally, using the microbial data gathered from the 

Niobrara for contaminant tracing application will be discussed. It should be noted that the 

organisms discussed here are not necessarily active and metabolizing in the Niobrara 

Formation. It is possible that the DNA collected and analyzed was from dead organisms. 

However, the presence of the DNA suggests that the organisms may have been 

interacting with the reservoir within a reasonable period of time (on the order o f hours 

and days).
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8.1 Metabolic Processes

A number of different classes and orders of microbes are seen in the Niobrara 

water, oil, and core samples discussed in Chapter 7. Each order of microbes may have a 

number of different families and species associated with them; however, the data are only 

available within a specific range of certainty. It is for this reason that the data discussed 

here are approached at a broader scale than species. From phylum and class information, 

metabolic processes of organisms can still be hypothesized, given that phyla and classes 

are arranged based on known phylogénie similarities. In order to describe specific 

metabolic processes, individual species would have to be cultured and their metabolic 

genes studied in detail. Given time and resources, this is not possible for this study. As 

such, the metabolic processes o f some o f the more prominent classes o f microbes will be 

discussed on a broader scale. By comparing the water, oil, and core samples, prominent 

classes were narrowed down to 17 total classes (Figure 8.1). O f these, the most abundant 

will be discussed.

8.1.1 Proteobacteria
In core samples, the phylum Proteobacteria is very abundant. As seen in the 

samples, the classes Alphaproteobacteria, Betaproteobacteria, and 

Gammaproteobacteria are all present. From these, several orders o f organisms are also 

observed. For the sake of consistency and for a wider knowledge base, the metabolic 

processes of Proteobacteria will only be discussed on a class scale.

Alphaproteobacteria are typically associated with plants and sometimes have a 

symbiotic relationship with them (Madigan et al., 2009). Some are associated with 

marine plankton. The Rhizobiales order seen in the Niobrara samples typically fixes 

nitrogen in the environment. Some subsets of Rhizobiales may use methane as a source of 

carbon and energy. The process o f nitrogen fixation requires nitrogen and hydrogen in 

order to make ammonia. The following process may be used: Nz + 8 H++ 8 e" 2 NH3 + 

H2 This process is common in anaerobic environments for the Rhizobiales order 

(Madigan et ah, 2009).
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Dom ain Phylum Class O rd er
Sphingobacteria Sphingobacteria les

Bacteroidetes Bacteroidia Bacteroidales

Betaproteobacteria Rhodocyclales
Burkholderiales

Bacteria
Pseudomondales

Proteobacteria Gammaproteobacteria Akeromonadales
Xanthomondales
Oceanospirillales

A Iphaprote obacte r ia Rhizobiales

Bacillus Bacillales

Firmicutes Clostridia Clostridiales
Thermoanaerobacterales

Chloriflexi Anaerolineae Anaerolineales

Deinococcus-Therm us D einococci Thermales

Actinobacteria Actinobacteria

Thermotogae Thermotogae Thermotogales

Synergistetes Synergistia Synergistales

Deferribacteres Deferribacteres Deferribacterales

Thermodesulfobacteria Thermodesulfobacteria Thermode sulfobac ter ia le s

Euryarchaeota Methanomicrobia Methanosarc inales
Methanomicrobiales

Archaea
M ethanococci M ethanococcales

Figure 8.1 : Chart shows the prominent phyla, classes, and orders o f organisms present in 
the Niobrara Formation water, oil, and core samples. Chart does not show evolutionary 
distance; it is only to easily display related subgroups.

Betaproteobacteria  subdivision Burkholderiales  are closely associated with 

Pseudom onads, which are also found in the G am m aproteobacteria  class (Madigan et al., 

2009). These organisms can use many different organic compounds as carbon and energy
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sources. For Burkholderia, fatty acids, sugars, alcohols, and aromatic compounds are just 

a few of the energy sources that they can use in their metabolic processes. These 

organisms can be either anaerobic or aerobic. Given that they are found in the Niobrara 

Formation environment, it is likely that they have anaerobic metabolic processes 

(Madigan et al., 2009).

The Gammaproteobacteria class of organisms found in the Niobrara samples is 

the most diverse of the Proteobacteria. Pseudomondales, Alteromonadales, and 

Oceanospirillales are all found in the samples. As discussed, the Pseudomondales 

subdivision of organisms is capable o f using a variety of energy sources.

Alteromonadales are an uncommon Gammaproteobacteria and are often found in marine 

environments. The Oceanospirillales subclass o f organisms is also typically found in 

marine environments, require NaCl to live, and are considered important for recycling 

organic matter (Madigan et al., 2009).

O f the Proteobacteria discussed here, the Pseudomondales and Burkholderiales 

orders of organisms can be pathogenic to animals, plants, and humans. Considering that 

these organisms grow most ideally at lower temperatures, it is likely that they are recently 

introduced species (possibly through drilling), and not indigenous to the Niobrara system. 

Alteromondales, Oceanospirillales, Rhizobiales, and other Proteobacteria <2% relative 

abundance could be indigenous species. This can only be assumed based on general 

physiological characteristics common to their groups. More detailed studies of species 

would be necessary to confirm whether they are indigenous or not (Madigan et al., 2009).

8.1.2 Bacteroidetes

Bacteroidetes are another phylum of microorganisms that are common to the 

Niobrara Formation samples. Two significant classes of Bacteroidetes were observed. 

These include: Spingobacteria and Bacteroidia. Bacteroidia are obligate anaerobes but 

are typically seen in the intestinal tracts of humans and other animals. Spingobacteria 

synthesize a lipid called a sphingolipid, which are typically found in the tissues of 

animals. For this reason, it is likely Spingobacteria is a contaminant to the Niobrara 

system. Most Bacteroidetes species ferment sugars or proteins as part of their metabolic 

processes. Bacteroidia may contain numerous types of anaerobic bacteria species,
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therefore it will not be ruled out as a possible indigenous group of Bacteria (Madigan et 

ah, 2009).

8.1.3 Firmicutes

From the Firmicutes phylum, Bacillus and Clostridia are both observed in the 

Niobrara Formation. Both are endospore-forming bacteria (Madigan et al. 2009). Bacillus 

Firmicutes are typically aerobic or facultatively aerobic and are therefore not likely to be 

indigenous to the Niobrara system. Clostridium, however, are capable of living in 

anaerobic environments and are fermenters of a variety of compounds. They are 

important for the formation of acids and alcohols, which contributes to the decomposition 

of cellulose in soils. Given the ability of Clostridium species to survive extreme 

environments through the formation o f endospores, as well as their ability to ferment a 

wide variety o f compounds for their metabolic processes, the subgroup of 

microorganisms will not be ruled out as indigenous to the Niobrara system. One order of 

Clostridium, Thermoanaerobacterales, is an anaerobic microbe that can survive at higher 

temperatures. This subgroup of Firmicutes is a good indicator that at least some of these 

microbes are indigenous to the system (Madigan et ah, 2009).

8.1.4 Other Bacteria

Other bacteria seen in the Niobrara samples include: Chloriflexi, Deinococci- 

Thermus, Actinobacteria, Thermotogae, Synergistetes, Deferribacteres, and 

Thermodesulfobacteria. Chloriflexi is ruled out as an indigenous group of 

microorganisms found in the Niobrara due to its aerobic nature. Deinococcus-Thermus, 

Thermotogae and Thermodesulfobacteria are all phyla of Bacteria that are capable of 

surviving extreme temperatures (Madigan et ah, 2009).

Deinococcus-Thermus phyla are resistant to high temperatures and also high 

radiation, however, this phylum is primarily aerobic and as such it will not be considered 

an indigenous species o f the Niobrara Formation (Madigan et ah, 2009).

Actinobacteria can be either anaerobic or aerobic and they are capable of 

metabolizing a variety of substances (Madigan et ah, 2009). Given the very large 

variability found in the Actinobacteria phylum and the lack of additional information, it is
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difficult to say whether or not it is an indigenous microbe to the Niobrara Formation. 

However, it cannot be ruled out.

Thermotogae can survive extreme temperatures of up to 90°C and while the 

majority of the species found in this phylum are aerobic, it is possible that some varieties 

can live in subterranean environments such as oil reservoirs. This phylum of organisms is 

capable of metabolizing simple and complex carbohydrates (Madigan et al., 2009).

Synergistetes microbes are obligate anaerobes and some species can survive at 

high temperatures (Madigan et al., 2009). It is not ruled out as a possible indigenous 

Niobrara microbe.

Deferribacteres species metabolize iron as their main energy source. They are 

obligate anaerobes and are likely to be indigenous to the Niobrara system (Madigan et al., 

2009).

Thermodesulfobacteria are also obligate anaerobes. They can survive at high 

temperatures, such as those found in the Niobrara, and are primarily sulfate reducers 

(Madigan et al., 2009). Though their relative abundance is small in Niobrara samples, it is 

possible that they have played a significant role in the system, especially with respect to 

the formation of pyrite (see Chapter 6 ).

8.1.5 Archaea: Euryarchaeota

Only one phylum of the domain Archaea is seen in the Niobrara Formation 

samples: Euryarchaeota. Both classes o f Eurarchaeota, Methanomicrobia and 

Methanococci, are methane-producing microorganisms. Orders Methanosarcinales and 

Methanomicrobiales use CO^-type and methyl substrates (process 1 and 2, respectively) 

in order to produce methane. Order Methanococcales uses primarily a CO^-type substrate 

for methanogenesis (Madigan et al., 2009).

Process 1 : CO% + 4Hi CH4 +2 H2O

Process 2: CH3OH + H2 CH4 + H 2O
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Since these orders o f microbes are necessarily anaerobic and associated with 

hydrocarbons, they could be indigenous to the Niobrara Formation.

8.2 Indigenous Microbes

Based on metabolic process data available for the various orders of 

microorganisms observed in the Niobrara Formation samples, a comprehensive list of 

possible indigenous microbes can be compiled. Overall, it appears that some species of 

Alphaproteobacteria, Firmicutes, Thermotogae, Deferribacteres, Thermodesulfobacteria, 

and Euryarchaeota are indigenous to the Formation. Members from all o f these microbial 

classes can exist in anoxic environments and at extreme temperatures. As such, they are 

most suitable for life in the Niobrara Formation. From this list the Firmicutes, Clostridia 

and Bacilli, are most likely to be useful for MEOR application. It is also possible that the 

Euryarchaeota methanogens may be useful for tertiary or quaternary recovery techniques. 

They may be able to degrade residual organics into producible methane.

8.3 MEOR Application
Based on previous studies o f microbial enhanced oil recovery in a subterranean 

environment (see Chapter 2), it is likely that the class Clostridia may be the place to 

begin developing enhanced oil recovery treatments for the Niobrara. In general, it is often 

easier and more cost-effective to enhance an indigenous microbe community or 

population within a formation than introducing an entirely new suite o f organisms that 

must compete with pre-existing communities.

In this study, Clostridia has only been confirmed as an order of microbes found in 

the Niobrara Formation. In order to make a truly effective MEOR treatment, further 

analysis of the phylum would need to be conducted to determine if species, such as 

Clostridum tyrobutiricum, used in Rudyk and Sogaard’s (2011) case study, are seen in 

the Formation. If  so, it would be a relatively easy matter to determine metabolic 

processes and amplify those with the correct nutrient injection. By injecting the correct 

nutrients into the Formation, it would be possible to select for those specific species 

whose metabolic processes depend on those nutrients, effectively enhancing them and the 

chemicals they produce.
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In a tertiary or quaternary treatment for the Niobrara Formation, it may be worthwhile to 

look into which species o f Euryarchaeota methanogens are living and metabolizing in the 

reservoir. These microbes may be enhanced and encouraged to consume residual 

hydrocarbons left available after initial recovery to produce methane, which may be the 

last easily-producible product from the Niobrara.

In any case, it is necessary to continue to sample the Niobrara and try to pinpoint 

exactly what species are operating in the Formation. This work has a broad scope and as 

such, cannot delve too deeply into species identification, which would be necessary to 

develop a working treatment for Silo or Beecher Island fields.

Once species have been determined, MEOR tests can be run on fresh core 

sections that are kept at reservoir temperature, pressure, and salinity in a laboratory 

environment so that exact processes may be observed before a field-wide treatment could 

be conducted. An apparatus that can simulate the reservoir would be ideal. Also, if an 

MEOR treatment were to be used on Silo or Beecher Island field, it would require 

cooperation between different companies. One well would probably be used as an 

injection well, while adjacent wells would be used as producers. Unitization of the fields 

would be imperative for an MEOR treatment to work.

8.4 Tracing Contamination

No contamination of adjacent fresh water aquifers has been reported around Silo 

or Beecher Island fields. In the event that this does happen, a catalogue of potential 

microbial contaminants has already been compiled here. While further studies would 

need to be conducted to determine exact species capable of contamination, the phyla and 

class information contained here is the best place to start in order to narrow down 

potential contamination. In some of the phyla observed in the Niobrara Formation, human 

pathogens do exist, and sometimes in high relative abundance. Though it is unlikely that 

these phyla could contaminate an adjacent aquifer in any harmful abundance, it is always 

wise to keep a close eye on potential contaminants.

Tracing contamination is not only useful in this instance, where sequencing 

information is already available, but in most reservoirs. Samples of produced fluids can
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be taken at any point to be sequenced and catalogued for potential contamination 

information. Additionally, samples of drilling muds and injected waters should also be 

taken for cataloguing purposes. With the increase in contamination accusations from the 

public, it is in the petroleum industry’s best interest to be aware of exactly what microbes 

they may be inadvertently injecting into a formation, and what microbes may already be 

active in the subsurface. It is in our best interest as professional industry leaders, and also 

as stewards of a clean petroleum extraction process.
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CHAPTER 9

SUMMARY AND CONCLUSIONS

The Niobrara Formation displays a complex interaction between stratigraphy, 

structure, and biology. It is a Cretaceous formation that has interbedded marls and chalks, 

complex fracture networks and porosity, as well as a whole microcosm of microbial life. 

This formation would not be the hydrocarbon reservoir it is today without one of these 

key features.

As the boundaries between geology and biology begin to fade, we see greater 

impact on petroleum reservoirs by microbial organisms. Whether they are methanogens, 

hydrogen sulfide producers, or simply thermophiles struggling to survive, the reservoir is 

teeming with life. We see evidence of their presence in the chemistry of the reservoir, as 

well as in the presence of left-over minerals such as framboidal pyrite. As such, it is now 

necessary to embrace the biology of the subsurface realms and see what the organisms 

can do for us, instead of finding the most effective ways of eradicating them, such as with 

biocides. In the last decade, the petroleum industry has developed the horizontal drilling 

and completion technologies necessary to contact as much surface area of a producing 

zone as possible. With this technology, we are more capable than ever o f using microbial 

communities and the processes they provide to our benefit.

Whether through simple cataloguing of microbial communities for future use in 

contamination tracing o f adjacent aquifers, or through the enhancement of microbial 

communities for oil recovery, microbial information will prove more invaluable as time 

goes on and technologies improve. Microbes were once seen as a detriment to a 

hydrocarbon reservoir. Now, they can be seen as inherent aids to the recovery process. 

With the right encouragement, they can help us produce biosurfactants that may help 

liberate more oil, they can produce acids that help widen the fracture networks in 

carbonate reservoirs to aid in production, or they can be used to degrade unrecoverable
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organic material into recoverable methane gas. The possibilities are only truly 

constrained by what microbes are indigenous to any given formation. And even if  a 

reservoir is limited in its indigenous populations, injected microbes can still be o f use.

9.1 In Summary

The work presented here takes into account the entire petroleum system of the 

Niobrara Formation. The geology of the formation was explained in detail, as well as the 

geochemistry. Additionally, fluid and core samples were taken from Beecher Island and 

Silo fields for DNA extraction and sequencing. Different orders o f microbes were 

determined, and indigenous subsets hypothesized on for a successful microbial enhanced 

oil recovery treatment. Not only can the microbial information gathered here be used for 

enhancing oil recovery, but also for tracing potential contamination. For a relatively small 

expense, samples can be sent to different labs around the country for DNA extraction and 

sequencing. For this project, the extraction work was a learning process and required 

much time and effort. For the industry, however, samples can be gathered and sent to 

different labs for DNA extraction and sequencing so that microbial communities (and 

potential contaminants) can be catalogued for future use, whether for contaminant tracing 

application, or an MEOR treatment for tertiary or quaternary recovery.

9.2 Future Work

For the Niobrara Formation in particular, creating a successful MEOR treatment 

will involve further work in determining microbial species. The preliminary work 

described here is only the beginning for developing a well plan for an MEOR treatment. 

Specific species will need to be determined in order to select the correct ones for a 

desired result. The Niobrara would likely respond very well to salinity-tolerant, high- 

temperature-tolerant, acid-producing bacteria that can help widen naturally occurring 

fracture networks. Again, more samples would need to be obtained from the Formation 

and potentially cultured to see if  such species already exist in the Formation.

In addition, more samples should be taken from around Silo field. Since so many 

new wells are in development for the area, it would be interesting to see what the 

microbial communication and spread is throughout the field. Beecher Island field, for all 

that it is a relatively immature, shallow field, may not be the best candidate for MEOR
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treatments; however, gathering more samples from different chalk intervals and from 

core would be helpful in confirming this theory.

9.3 In Conclusion

The work presented here is timely and helps to expand the knowledge base of the 

Niobrara Formation. Given the new and heightened interest in the Niobrara Formation, it 

is worthwhile to explore features of the reservoir that would otherwise go unnoticed, such 

as the chemical impact of microbial organisms. With further work to determine species 

and with continual cataloguing of phyla and classes of organisms found in newly 

developed leases, it will be possible to formulate a precise and successful MEOR 

treatment for the Niobrara, as well as trace any potential contamination in the future.

The Niobrara Formation is a diverse ecosystem comprised of extreme chemistry, 

temperature, and pressure, as well as varying organisms capable of thriving in the 

extreme subterranean environment. With the right application of nutrients, it may be 

possible to enhance certain species found in this extreme environment so that 

hydrocarbon production can be enhanced and several percent more oil and gas recovered.

In this age of quickly diminishing resources (especially to the public eye) it is 

imperative that we, as industry leaders and stewards of the Earth, use every possible 

method to economically deplete hydrocarbon reservoirs. Microbial enhanced oil recovery 

methods are one such way of doing just that.
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