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ABOUT THIS REPORT
This document is one of the seven technical reports com-

pleted for the Hydraulic Fracturing in Michigan Integrated 

Assessment conducted by the University of Michigan. During the 

initial phase of the project, seven faculty-led and student-staffed 

teams focused on the following topics: Technology, Geology/

Hydrogeology, Environment/Ecology, Human Health, Policy/

Law, Economics, and Public Perceptions. These reports were 

prepared to provide a solid foundation of information on the 

topic for decision makers and stakeholders and to help inform the 

Integrated Assessment, which will focus on the analysis of policy 

options. The reports were informed by comments from (but do 

not necessarily reflect the views of) the Integrated Assessment 

Steering Committee, expert peer reviewers, and numerous 

public comments. Upon completion of the peer review process, 

final decisions regarding the content of the reports were deter-

mined by the faculty authors in consultation with the peer review 

editor. These reports should not be characterized or cited as final 

products of the Integrated Assessment.

The reports cover a broad range of topics related to hydraulic 

fracturing in Michigan. In some cases, the authors determined 

that a general discussion of oil and gas development is important 

to provide a framing for a more specific discussion of hydraulic 

fracturing. The reports address common hydraulic fracturing (HF) 

as meaning use of hydraulic fracturing methods regardless of well 

depth, fluid volume, or orientation of the well (whether vertical, 

directional, or horizontal). HF has been used in thousands of wells 

throughout Michigan over the past several decades. Most of those 

wells have been shallower, vertical wells using approximately 

50,000 gallons of water; however, some have been deeper and 

some have been directional or horizontal wells. The reports also 

address the relatively newer high volume hydraulic fracturing 

(HVHF) methods typically used in conjunction with directional 

or horizontal drilling. An HVHF well is defined by the State of 

Michigan as one that is intended to use a total of more than 100,000 

gallons of hydraulic fracturing fluid. The reports indicate if the text 

is addressing oil and gas development in general, HF, or HVHF.

Finally, material in the technical reports should be understood as 

providing a thorough hazard identification for hydraulic fracturing, 

and when appropriate, a prioritization according to likelihood of 

occurrence. The reports do not provide a scientific risk assess-

ment for aspects of hydraulic fracturing. 

http://graham.umich.edu/
http://erb.umich.edu/
http://www.sph.umich.edu/riskcenter/
http://energy.umich.edu/
http://graham.umich.edu/knowledge/ia/hydraulic-fracturing
http://graham.umich.edu/knowledge/ia/hydraulic-fracturing
http://graham.umich.edu/knowledge/ia/hydraulic-fracturing/steering-committee%20
http://graham.umich.edu/knowledge/ia/hydraulic-fracturing/steering-committee%20
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EXECUTIVE SUMMARY

T his report provides a survey of the Michigan Basin 

geology by discussing basin hydrogeological charac-

teristics within the context of evaluating the impact 

of high-volume hydraulic fracturing. It also identifies 

existing knowledge and current practices related to extraction of 

oil and natural gas. In some instances, these practices are com-

pared and contrasted to those of other states in order to provide 

perspective on the unique characteristics of the Michigan Basin. 

The goal of this report is to (1) guide the Phase 2 integrated 

assessment efforts as they pertain to evaluating questions spe-

cific to Michigan’s unique geological characteristics and (2) serve 

as a resource for the non-technical reader who wishes to gain a 

fundamental understanding of Michigan Basin geology in the 

context of hydraulic fracturing practices and concerns within the 

state of Michigan. Although a thorough review of the existing data 

and literature was undertaken as part of this study, this report is 

not structured as a pure literature review. It is instead written with 

the purpose of providing an overview of the current knowledge 

as it relates to practices associated with hydraulic fracturing and 

to identify opportunities for additional data collection during the 

second phase of the integrated assessment.

Topics covered
In addition to providing a general background to the geology of 

the Michigan Basin and current unconventional resource plays 

within the state, this report focuses on several key issues related 

to evaluating hydraulic fracturing practices within the state of 

Michigan. These topics include:
•	Regional fluid transport regimes within the basin

•	Potential fluid migration pathways

•	Proximity of hydraulically fractured wells to drinking water 

resources

•	Factors controlling chemical composition of flowback waters 

•	Water use and disposal of flowback fluids

Summary of prioritized pathways for Phase 2 of 
integrated assessment
Several opportunities for additional data collection and improved 

technical understanding are identified in this report. These include:
•	Establish baseline water quality for freshwater resources 

throughout the state

•	Evaluate impact of hydraulic fracturing fluids on the release and 

transport of trace toxic metals and naturally occurring radionu-

clides from organic-rich shales

•	Monitor extent of fracture propagation during hydraulic 

fracturing

•	Evaluate potential for induced fluid migration associated with 

deep well brine disposal 

In addition to addressing data gaps within the areas identified in 

the above list, it is suggested that better communication between 

all involved stakeholders be facilitated in order to best utilize 

resources and coordinate efforts related to these investigations. 

This includes improved knowledge sharing among stakeholders 

and the establishment of a common language for use in discus-

sions related to hydraulic fracturing in the state of Michigan, the 

latter of which will be especially beneficial when communicating 

with the public on this topic. 

1.0 INTRODUCTION

G rowth in the extraction of oil and natural gas from 

unconventional reservoirs has drawn considerable 

attention to the practice of hydraulic fracturing. The oil 

and natural gas industry has long used the practice of 

hydraulically fracturing the rock surrounding a wellbore to enhance 

hydrocarbon extraction from conventional reservoirs. However, 

recent advances in directional drilling coupled with high-volume 

hydraulic fracturing stimulation techniques have made extraction 

of hydrocarbons from unconventional reservoirs, such as shale 

formations, economically viable. The rapid application of this tech-

nology has drawn the attention of many stakeholders, including 

local communities in areas where this extraction technique is being 

applied. The public discourse on the topic of hydraulic fracturing 

is highly polarizing and may often be driven by incomplete infor-

mation, miscommunication or misunderstandings on both sides of 

the issue1. In seeking to address the topic of hydraulic fracturing 

within the limited context of the state of Michigan, the Graham 

Environmental Sustainability Institute has initiated an integrated 

assessment of hydraulic fracturing within Michigan. This report is 

designed to provide a broad discussion of the current knowledge 

pertaining to the unique geologic characteristics of the state of 

Michigan within this assessment framework, and to identify exist-

ing knowledge gaps that could be explored further during the 

second phase of the assessment.

1.1 Scope and usage of ‘hydraulic fracturing’ 
within the context of this report
As mentioned above, much of the attention focusing on the use of 

hydraulic fracturing to extract hydrocarbons from unconventional 

reservoirs is related the rapid expansion of shale gas drilling in 

states like Texas and Pennsylvania. Production of hydrocarbons 

from shale formations falls within the definition of ‘unconventional’ 

oil and natural gas extraction. This term is applied to hydrocar-

bon extraction from formations that do not possess naturally high 

permeabilities and often require extensive stimulation in order to 

be productive reservoirs2. Unconventional reservoirs, such as shale 
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formations, may serve as both the source and the reservoir for the 

hydrocarbons stored within the rocks. Conventional reservoirs are 

formations with permeabilities sufficient to allow for economic 

flows of hydrocarbons to a production well without the need of 

extensive reservoir stimulation and often contain hydrocarbons 

that migrated from underlying source rocks. Common conventional 

reservoirs include sandstone and carbonate formations, however, 

low permeability reservoirs of these same lithologies (e.g. tight 

carbonates) can also be considered unconventional reservoirs. 

Currently, there is minimal drilling activity within the state of 

Michigan that qualifies as high-volume hydraulic fracturing. There 

are fewer than 60 existing permits or active permit applications for 

high-volume completions in Michigan3 (and some of these permits 

are for pilot wells that will not be high-volume completions). The 

Michigan Department of Environmental Quality (MDEQ) defines 

high-volume hydraulic fracturing as any hydraulic fracturing com-

pletion intended to use more than 100,000 gallons of hydraulic 

fracturing fluid4. If this report were to limit its discussion to only 

these instances it would be very narrow in its scope and discussion 

of Michigan’s geology within the context of hydraulic fracturing 

practices in the state. As such, this report will focus on unconven-

tional reservoirs in the Michigan Basin where hydraulic fracturing 

is utilized and not exclusively on high-volume hydraulic fracturing 

completions. The two primary unconventional reservoirs addressed 

in this report are the Antrim and the Utica-Collingwood shale for-

mations. Hydraulic fracturing is used to enhance gas production 

from the Antrim, but high-volume completions are not necessary. 

This is in contrast to the Utica-Collingwood formation, which is 

currently being developed exclusively via high-volume hydraulic 

fracturing completions. Production from the A-1 Carbonate is also 

briefly discussed because of recent high-volume hydraulic fractur-

ing well completions within this formation. A recent flurry of min-

eral rights acquisitions in 2010 associated with exploratory drilling 

in the Utica-Collingwood suggests anticipated potential growth in 

unconventional reservoir production via hydraulic fracturing within 

the state of Michigan, although only a handful of wells have been 

drilled in this reservoir since 20105. Michigan is thus in a unique 

position to assess the future of high-volume hydraulic fracturing 

before the gas boom begins and learn from experiences in other 

states like Pennsylvania.

The following sections provide background coverage of the 

Michigan Basin geology and introduce several unconventional 

hydrocarbon reservoirs that are examined in this report.

1.2 Michigan Basin geology
The state of Michigan sits squarely in the center of the Michigan 

Basin. The Michigan Basin is a bowl-shaped, intracratonic sedi-

mentary basin. The Michigan Basin sits atop crystalline basement 

rocks of Precambrian age, which lie at depths of approximately 

16,000 feet below the surface in the thickest section of the basin 

near the center of Michigan’s Lower Peninsula and 3,300 feet near 

the basin margins. The specific deformational history that led to 

the development of the Michigan Basin is still debated6. However, 

geodynamic modeling of basin development by Howell and van 

der Pluijm7,8 suggests the Michigan Basin developed via several 

different stress-induced subsidence mechanisms (trough-shaped, 

regional tilting, narrow basin-centered, and broad basin-centered) 

occurring over discrete periods of time. These subsidence events 

coupled with deposition of sedimentary material created the basin 

as we see it today. Because much of the sedimentary strata formed 

under a shallow marine environment, the basin strata is dominated 

by carbonate and evaporite formation lithologies8,9.

Past glaciation events have left the majority of the land surface in 

the state of Michigan covered by a thin layer of unconsolidated 

glacial deposits that overlay the sedimentary strata covering 

the entire Lower Peninsula and much of the southern half of the 

Upper Peninsula10. In northern and western sections of the Upper 

Peninsula igneous rocks outcrop at the surface, providing the cop-

per and iron ore that are mined in areas such as the Keweenaw 

Peninsula and Marquette. 

A formation outcrop is described as a location at which it is visible 

at the surface. But in the case of the Michigan Basin where the 

majority of the land surface is covered in a veneer of glacial sed-

iments, the sedimentary formations within the basin are seldom 

visible at the surface. The location at which a formation would be 

visible at the surface if not for being covered by unconsolidated 

sediment is referred to as a formation subcrop. Figure 1(a) provides 

an overview of the basin geology, showing the characteristic ‘bull-

seye’ outcrop/subcrop pattern found in the basin. When viewed 

in cross-section, as shown in Figure 1(b), it is observed that the 

sedimentary strata dip toward the center of the state from all direc-

tions. This is why the basin is described as being bowl-shaped. 

Figures such as 1(b) are exaggerated in the vertical direction to 

clearly show the bowl shape of the basin as the actual formation 

dip is very gradual, generally being on the order of 1° or less. 

Due to extensive hydrocarbon exploration and production within 

the state, Michigan’s geology is well characterized. It is believed 

that the basin has been tectonically stable since the Jurassic9. At its 

thickest point near the center of the Lower Peninsula, the sedimen-

tary strata is approximately 16,000 feet thick and is underlain by 

Precambrian igneous and metamorphic rocks. Common terminol-

ogy refers to the underlying crystalline rocks as the basement rocks 

because they represent the end of the sequence of sedimentary 

strata.
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1.2.1 Fundamental hydrogeology concepts and 
terminology
Sedimentary rocks can be either aquifers or aquitards. A simple 

way to think about aquifers versus aquitards is that an aquifer is a 

permeable geologic formation from which water can be extracted 

in good quantity, whereas an aquitard is a low permeability geo-

logic formation with insufficient permeability to allow for signifi-

cant water production. Aquicludes have essentially no flow of 

water whatsoever and can be thought of as the extreme end of 

impermeable aquitards. Examples of typical aquifer lithologies are 

sandstone and limestone formations, while shales are common 

aquitards. It is important to note that not all aquifers are freshwater 

aquifers. In the Michigan Basin the vast majority of water contained 

within the sedimentary strata is saline water not suitable for drink-

ing. Potable drinking water is found at shallower depths in the 

glacial aquifers and near the recharge zones of some sedimentary 

formations.

Porosity is the percent void space within a unit volume of rock. 

Two good examples of porosity in common objects are (1) the 

voids within a sponge and (2) the void space within a jar filled with 

marbles. In both cases, there is a unit of volume delineated by the 

outer edges of the object (sponge dimensions, total jar volume). 

Within this unit volume is space occupied by both solid material 

(sponge, marbles) and air. The relative volume of air to the total 

volume, represented mathematically as (air[m3]/VolumeTOT[m
3]), is 

the porosity of the system (Φ). It is therefore unitless and is given 

as a percentage. Porosity alone will not dictate whether a given 

formation will be an aquifer or an aquitard, as the key determinant 

here is the formation permeability. Permeability is a measure of the 

ease with which a substance moves through a porous medium and 

reflects the degree of connectedness of the pores within geologic 

media.

1.2.2 Michigan Basin stratigraphy
The lowest sedimentary unit in the Michigan Basin is the Mt. Simon 

sandstone, which is a regional saline aquifer. Due to its high poros-

ity and permeability it has been used as a storage formation for 

waste injection and is considered to be a target storage formation 

for the underground sequestration of CO2
11. Overlying the Mt. 

Simon is the Eau Claire confining unit, which is part of the Munising 

Group that consists of a series of interbedded sandstones, dolo-

mite, and mudstones12,13. Above the Munising Group is the early 

Ordovician Prairie Du Chien Group consisting primarily of dolo-

mite and sandstone with some minor shale lenses12. The St. Peter 

sandstone is a saline aquifer that sits on top of the Prairie Du Chien 

Group strata14. The middle Ordovician age Trenton and Black River 

carbonate formations overlie the Glenwood shale immediately 

above the St. Peter sandstone. 

The Trenton is overlain by the Utica shale throughout the state and 

by the organic-rich Collingwood limestone in portions of the north-

ern Lower Peninsula. The Utica-Collingwood formation is recog-

nized as major source rocks for hydrocarbons within the Michigan 

Basin13. A thick sequence of Silurian-age strata lies unconformably 

above the Utica beginning with the Manitoulin dolomite and the 

Cabot Head shale. Above the Cabot Head shale lie the Burnt 

Bluff Group and the Manistique Group carbonates. The Niagaran 

Group is found above the Manistique Group and is composed 

predominantly of micritic limestone and dolostone. This group is a 

major hydrocarbon reservoir in the state of Michigan and is gener-

ally sub-divided by the oil and gas industry into three units (Brown 

(top), Gray and White (bottom)) based on color, texture, and faunal 

properties12. The Salina Group is found above the Niagaran and is 

composed of a thick sequence of evaporite (e.g. halite, anhydrite 

and gypsum) and mixed carbonates. The evaporites are basin-cen-

tered, thinning toward the outer margins of the Salina Group 

where they are no longer present. Above the Salina Group is the 

Bass Islands Group, a dolomitic saline aquifer, which is overlain by 

the regionally confining units of the Bois Blanc (cherty carbonate) 

and Detroit River Group. The Detroit River Group was formed 

during the middle Devonian and is composed of a mixed series of 

carbonates, evaporites, and sandstones. The Dundee and Rogers 

City limestone formations sit atop of the Detroit River Group. The 

Dundee is a hydrocarbon-bearing reservoir in the central portion of 

the Michigan Basin and is often targeted for wastewater injection 

along its periphery. The Traverse Group is another regional saline 

aquifer dominated by a vuggy limestone lithology. The Bell shale 

sits at the base of the Traverse group and serves as a confining unit 

separating the Traverse and Dundee Groups15. 

The organic-rich Antrim shale is above the Traverse Group and 

serves as another primary source rock for oil and natural gas 

within the Michigan Basin13. A series of confining shale units lies 

atop of the Antrim. Moving up the strata we find the Ellsworth, 

which represents of the end of Devonian strata, followed by the 

Mississippian-aged Sunbury, and Coldwater shales. In eastern por-

tions of the basin the Berea sandstone, a regional saline aquifer, 

lies between the Antrim and Coldwater shales. Another sandstone 

aquifer, the Marshall sandstone lies above the Coldwater shale. The 

Michigan formation, which is considered a confining unit14, consists 

of a mix of dolomite, shale, and evaporites12. The final units in the 

Michigan Basin stratigraphy are the Saginaw formation, a regional 

aquifer, and the Ionia formation, a regional confining unit14. 

This extensive list presents a comprehensive representation of the 

Michigan Basin stratigraphy, but for the sake of discussing basin 

hydrology many of these individual units are lumped together into 

what can be considered general aquifer and aquitard units, as will 

be discussed later in this report14.
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1.3 Oil and gas drilling in Michigan
Hydraulic fracturing of oil and natural gas wells is common practice 

in Michigan. The MDEQ reports that more than 75% of recent wells 

drilled in Michigan have been hydraulically fractured and estimates 

that a total of 12,000 wells have been hydraulically fractured to date 

within the state of Michigan16. Given that the focus of the broader 

integrated assessment effort is on high-volume hydraulic fractur-

ing, for the purposes of this report it is important to draw a distinc-

tion between the process of hydraulic fracturing, in general, and 

high-volume hydraulic fracturing, in particular. Most of the wells in 

Michigan that have been hydraulically fractured do not qualify as 

high-volume completions (i.e. they have used <100,000 gallons of 

hydraulic fracturing fluid). The technique of hydraulic fracturing has 

been used since the 1940’s by the oil and gas industry to enhance 

the production of wells17. High-volume slickwater hydraulic fractur-

ing is a relatively new practice that often combines directional drill-

ing and hydraulic fracturing at larger scales, thus requiring larger 

volumes of water for well completions. The term ‘slickwater’ refers 

to the hydraulic fracturing fluid mixture, which includes friction 

reducers in addition to other chemical additives designed to opti-

mize the hydraulic stimulation process. Directional drilling refers to 

the process where the direction of the drill bit is gradually deviated 

from the vertical, allowing the well to follow a formation in the hori-

zontal direction. In the case of shale-gas wells, such drilling may be 

coupled with hydraulic fracturing to provide increased access to 

the stored natural gas within the impermeable rock matrix. To be 

clear, not all horizontal wells are high-volume completions, and not 

all high-volume completions include horizontal drilling.

It is no surprise that organic-rich shales hold economic quanti-

ties of oil and natural gas, as these same formations serve as the 

source rocks for the hydrocarbons found in more conventional res-

ervoirs (e.g. sandstones). However, the low permeability of these 

formations prevented economic production via traditional drilling 

and well completion methods2. Within the past decade the interest 

in and exploration of unconventional reservoirs has increased dra-

matically due to successful applications of high-volume hydraulic 

fracturing in shale reservoirs. The increased application of direc-

tional drilling coupled with hydraulic fracturing and its impact on 

productivity of unconventional gas production is evident when 

examining Figure 2, which shows the production of natural gas 

from the Barnett shale in Texas from 1997–2010 as a function of 

the type of well drilled (vertical vs. horizontal). This horizontal 

drilling and hydraulic fracturing activity also led to increased water 

consumption. Between 2009 and June 2011 the median amount 

of water used to hydraulically stimulate horizontal wells in the 

Barnett shale was 2.8 million gallons per well18. The growth in U.S. 

domestic shale-gas reserves has led the U.S. Energy Information 

Administration to predict that natural gas extracted from shale 

formations will total 49% of all domestic natural gas production 

by 203519.

Because extraction of natural gas from shales has experienced 

such rapid growth, it seems appropriate to provide some back-

ground on shale lithology and hydrocarbon generation. Shale is 

a fine-grained sedimentary rock rich in clay minerals and often 

contains elevated concentrations of organic matter. Plant and 

animal organic matter can be deposited within sedimentary rocks, 

and when this occurs rapidly in anoxic marine environments, the 

organic material may be preserved within the rock. Overtime, 

further sedimentation and burial may expose these sediments 

to higher temperatures and pressures found deeper within the 

Earth’s crust. Thermal breakdown of this organic material can lead 

to the formation of kerogen, which is the primary ingredient in 

the generation of hydrocarbons. Under the right temperature and 

pressure conditions, kerogen may be further transformed into nat-

ural gas, oil or CO2. Organic-rich shales serve as the source rocks 

for traditional oil and gas reservoirs when the oil or gas is able 

to migrate beyond the shale and accumulate under an overlying 

stratigraphic or structural trap. However, due to the inherently 

impermeable nature of shale formations these products are often 

trapped within the shale and until recently, were not considered 

to be economically recoverable resources21. It is thus only due to 

the recent advances in directional drilling and slickwater chemical 

formulations that unconventional extraction of natural gas from 

organic-rich shale formations has become economically viable via 

high-volume hydraulic fracturing completions. 

In deep shale gas reservoirs, natural gas exists primarily as free gas 

within the shale porosity (both interstitial and fracture porosity). 

Additional gas may also be adsorbed to the surfaces of clay min-

erals and organic matter. The fracture networks created during the 

hydraulic fracturing process allow the trapped gas to flow to the 

Figure 2: Annual Barnett shale natural gas production by well 

type. Figure from U.S. Energy Information Administration20.
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well. The fractures also generate increased surface area pathways 

within the formation allowing for enhanced gas desorption.

1.4 Unconventional hydrocarbon reservoirs  
in the Michigan Basin
The following section presents background information and 

characterization of several unconventional reservoirs within the 

Michigan Basin. The order of presentation will begin with a dis-

cussion of the most developed natural gas play, the Antrim shale. 

This will be followed by discussion of the Utica-Collingwood shale, 

which is a developing target reservoir where high-volume hydraulic 

fracturing has been utilized in recent drilling efforts. Lastly, a brief 

discussion of the A-1 Carbonate formation will be presented given 

that there is also interest in high-volume hydraulic fracturing within 

this formation3. Although not discussed in detail in this report, the 

Trenton-Black River carbonate formation has 

also been a target for high-volume hydraulic 

fracturing completions. The Trenton-Black 

River would be considered a conventional 

reservoir with the mature Albion-Scipio field 

having been actively produced for nearly 50 

years. Although uncommon, high-volume 

completions in the newer Napoleon field 

may be used to overcome inconsistent and 

highly variable reservoir quality22. Wells may 

be in the vicinity of good reservoir rock that 

could be accessed more easily through well 

stimulation as opposed to drilling a second 

well. These completions tend to be just 

above the high-volume threshold of 100,000 

gallons of hydraulic fracturing fluid. In com-

piling this report it was decided to limit 

discussion to unconventional reservoirs, 

that is, those reservoirs that can be consid-

ered ‘continuous plays’ and are especially 

amenable to high-volume hydraulic fractur-

ing completions.

Data on formation total organic content 

(TOC), which serves as a proxy for potential 

hydrocarbon content, and lithology charac-

teristics were collected from the Michigan 

Geologic Repository for Research and 

Education in Kalamazoo, Michigan.

1.4.1 Antrim shale 
The Antrim shale was one of the first economic shale-gas plays 

in the U.S. and has been actively developed since the 1980’s. It 

is a naturally jointed formation with significant gas production 

occurring at relatively shallow depths (~1,000–2,000 feet below the 

surface)23,24. These two aspects have allowed for economic produc-

tion of the natural gas in place through use of traditional extraction 

methods (i.e. vertical wells). The Antrim is somewhat unique 

among shale-gas reservoirs in that it produces significant volumes 

of water25. This is due to its highly naturally fractured nature26 and 

proximity to subcrop recharge, which consequently has also led 

to biogenic methane production in much of the active play near 

the northern formation subcrop region27,28. The majority of Antrim 

natural gas production wells are located in what is referred to as 

the Northern Producing Trend centered near Otsego County and 

OIL AND GAS WELLS
SOUTHERN PENINSULA 
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Michigan Department of Environmental Quality
Office of Oil, Gas, and Minerals

September 2012

OIL AND GAS WELL LEGEND
! OIL WELLS 14,542 (4,551 ACTIVE)
! GAS WELLS 13,269 (11,191 ACTIVE)
! DRY HOLES 22,067
! GAS STORAGE WELLS 3,016
! BRINE DISPOSAL WELLS 1,187
! WATER INJECTION WELLS  787
! OTHER WELL TYPES 1,192

!

!

Figure 3: Oil and gas wells in Michigan’s 

Lower Peninsula. The Northern Producing 

Trend of the Antrim is evident by the high 

density of natural gas wells (red dots) in the 

northern Lower Peninsula. From MDEQ23.
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extending to its neighboring counties in the east and west. This 

region of Antrim production wells is evident in Figure 3 by the 

high density of natural gas wells in the northern half of the Lower 

Peninsula.

The Antrim comprises four distinct zones, as shown in Figure 4(b). 

The main producing zones are in the lower Antrim, specifically, the 

Lachine and Norwood zones, which have elevated concentrations 

of organic matter. The occurrence of natural radioactive elements 

such as U correlates well with the organic content of black shales29. 

This makes gamma ray logs, which measure the gamma radiation 

from the bulk rock along a well segment, quite a useful tool in 

identifying potentially gas-rich zones with high organic content. 

Measured TOC content in the Antrim ranges from <1–25%wt, with 

an average of 8%24. The Antrim shale is a naturally highly fractured 

formation26,30. The average porosity in the Antrim is 9%, and it is 

assumed that natural gas fills roughly half of this porosity31. Given 

that the Antrim shale contains a substantial network of natural frac-

tures, economic quantities of natural gas can be extracted through 

use of vertical wells and low-volume hydraulic fracturing stimula-

tion that opens horizontal fractures to better connect the natural 

fractures with the production well.

While organic thermal maturity in the Antrim supports the possi-

bility for hydrocarbon development near the deeper portions of 

the Michigan Basin34,35, a large portion of the produced gas along 

the margins of the Antrim play, specifically that of the Northern 

Producing Trend, is of biogenic origin27,28,36. The reason for this 

biogenic methane production is that the Antrim experienced sig-

nificant Pleistocene freshwater intrusion that facilitated the growth 

of methanogenic microbes in situ32,37,38.

Although directional drilling has been used to extract natural gas 

from the Antrim, it is not the most common practice as vertical 

wells often provide sufficient contact with production zones. It is 

standard practice to fracture wells drilled in the Antrim prior to 

completion. Nitrogen foam fracturing was often used in the past, 

but slickwater hydraulic fracturing has recently become more com-

mon in this play (Wilson and Schwank, this series). Recent efforts 

have investigated use of directional drilling techniques to access 

very shallow Antrim production zones and natural gas under 

areas where surface access is limited39. These test wells were not 

high-volume hydraulic fracturing well completions, yet they do 

demonstrate opportunities for future growth in the use of direc-

tional drilling techniques to extract additional natural gas from 

the Antrim shale. There is an overall decreasing trend in the net 

production of natural gas from the Antrim shale and the number of 

new wells being drilled in this play.

1.4.2 Utica-Collingwood formation
The Utica shale is present throughout the Michigan Basin and is 

composed primarily of compacted clay minerals and quartz, in 

addition to minor carbonate minerals. Common TOC values for 

the Utica are found to be in the range of 0.5–1.3%wt. Water satu-

ration in the lower Utica is approximately 44% and porosity ranges 

between 3–4%. The Collingwood formation is an organic-rich car-

bonate with moderate clay mineral content (~20%vol) and would 

most accurately be described as a limestone, not a shale. Average 

TOC values in the Collingwood range from 1–6%wt. Total poros-

ity estimates in the Collingwood are between 2–5% with almost 

no water saturation. The Collingwood is located at the top of the 

Trenton formation, near the bottom of the Utica shale and is pres-

ent over only a small section of the northern Lower Peninsula, as is 

indicated in Figure 5. 

The Collingwood outcrops in Collingwood, Ontario, Canada, near 

the shores of Lake Huron. The Collingwood facies is quite thin. At 

its thickest, the Collingwood is only found to be around 35 feet in 

total thickness and narrows toward the basin center prior to dis-

appearing. It is thus often grouped with the overlying organic-rich 

zone of the Utica shale because production wells will likely capture 

both facies within the hydraulically stimulated zones. Together, 

Figure 4: (a) Stratigraphic 

column focusing on the 

Antrim shale; (b) Antrim 

units and total organic 

carbon (TOC); (c) the cor-

responding gamma ray log 

for the Antrim shale. Figures 

modified from McIntosh et 

al.32 and Curtis33.
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these two formations are referred to as the Utica-Collingwood 

formation. The Utica-Collingwood is a newly developing reservoir, 

having gained much attention from industry after the successful 

drilling of one deep horizontal well by Encana in late 20095. Figure 

5 also shows the current and pending permits for high-volume 

hydraulic fracturing in Michigan. A key take-away point related to 

Figure 5 is that the majority of applications for high-volume well 

completions in Michigan are located in the Utica-Collingwood. 

1.4.3 A-1 Carbonate
The A-1 Carbonate is part of a sequence of evaporite and carbon-

ate formations that form the Salina Group. Historically, the A-1 

Carbonate in Michigan has been a primary hydrocarbon reservoir. 

It is bounded from above and below by evaporite formations and 

has three distinct areas of hydrocarbon production within the basin. 

In the northern and southern portions of the Lower Peninsula, 

several production wells target the A-1 overlying the Niagaran 

Pinnacle Reef. In the southwestern region of the Lower Peninsula 

there is some hydrocarbon production from the A-1 where the res-

ervoir displays solution-enhanced porosity and fracturing due to 

salt dissolution. Much of the potential production from the A-1 via 

high volume hydraulic fracturing is within the central portion of the 

Michigan Basin, including the south central and western central 

areas of the Lower Peninsula. Higher porosity and permeability 

within the A-1 in this region occurs as intercrystaline porosity due 

to dolomitization and provides a more continuous resource play 

conducive to development via high volume hydraulic stimulation 

techniques40. Porosity in this region is on the order of 6–7% and 

TOC values tend to be <1%wt. 

Figure 5: Map showing the issued and pending permits for 

high-volume hydraulically fractured wells3. The extent of the 

Collingwood is also shown with formation thickness (in feet) given 

by the isopach map.
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2.0 STATUS, TRENDS & ASSOCIATED 
CHALLENGES

T he main body of this report is split across five primary 

topics of interest: 

1. Michigan Basin hydrogeology

2. Potential fluid migration pathways 

3. Unconventional reservoir proximity to drinking water resources 

4. Flowback water chemistry

5. Water withdrawal and disposal

In the following section a review of each topic is presented, includ-

ing identification of challenges and opportunities to address data 

gaps associated with each topical area.

2.1 Michigan Basin hydrogeology 
2.1.1 Hydrogeologic units
The Michigan Basin is composed of a series of sedimentary for-

mations stacked upon one another, each having different charac-

teristics in terms of porosity, permeability, mineralogy, and overall 

levels of heterogeneity across all of these properties. Even within 

a single formation these characteristics may change as one moves 

from the basin center outward toward the margins. In some cases 

(e.g. Collingwood) a given formation may not be continuous 

throughout the basin. The majority of sedimentary formations 

within the Michigan Basin are either water saturated or contain a 

mixture of water, oil, natural gas, and CO2. Formations with very 

low porosity and permeability may not always be fully fluid satu-

rated. A formation is described as being fully saturated when a 

fluid occupies all of the available porosity. If the permeability is 

sufficient to allow flow of water within the formation and/or allow 

water to be extracted in significant quantities, the formation is 

described as an aquifer. Figure 6 illustrates an approximate group-

ing of aquifer and aquitard units in the Michigan Basin. Michigan 

Basin formation waters tend to be highly saline. Formation water 

salinity is due to a combination of formation water origin being 

derived from evaporated Paleozoic seawater and due to dissolu-

tion of evaporite deposits41–43. Formation water salinity increases 

rapidly with depth, reaching total dissolved solids concentrations 

of >350 g/L at depths as shallow as 2,600 feet37.

2.1.2 Regional subsurface flow
Fundamentally, groundwater flow is driven by hydraulic gradients 

with water flowing from areas of high pressure to areas of low pres-

sure. In the Michigan Basin modern groundwater flow occurs from 

areas of higher elevation to areas of lower elevation, generally 

following surface topography with flow from topographic highs 

in the north, west, and south toward the topographically lower 

Saginaw Bay area15. Meteoric water recharges the glacial aquifers 

at the surface and maintains the water level in these open aquifers. 

At topographic highs, meteoric water also recharges sedimentary 

formations where they subcrop below the glacial till15. In shallower 

aquifers such as the Marshall sandstone, flow from recharge zones 

in the northern and southern subcrop regions discharges into Lake 

Michigan and Lake Huron in the western and eastern subcrop 

zones44. 

A study by Vugrinovich45 found a correlation between lower sub-

surface temperatures and zones of aquifer recharge in Devonian 

and Ordovician aquifers within the Michigan Basin. Positive devi-

ations away from the geothermal gradient for the Michigan Basin 

of 19°C/km, which assumes that heat transfer occurs only due to 

Figure 6: Generalized hydro-

logic units within the Michigan 

as defined by Lampe14. Figure 

modified from Lampe14.
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conductance, were found near aquifer discharge zones. This sug-

gests that regional groundwater flow and subsurface heat transfer 

are correlated. Deviations away from the expected geothermal 

gradient, as evidenced by Vugrinovich45, are associated with 

subsurface convection and correlate with regional groundwater 

flow patterns—for example, cooler waters correspond to aquifer 

recharge zones. Evidence of subsurface temperature gradients and 

measured hydraulic head suggest that groundwater flow in many 

of the deeper aquifers in the Michigan Basin occurs with recharge 

at formation subcrops in the southern and northern portions of the 

basin with discharge near the Saginaw Bay region15,45.

The following paragraph draws heavily on data presented by 

Vugrinovich15, who completed a very thorough study of regional 

flow characteristics of deep brines in the Michigan Basin. Although 

many of the aquifers in the Michigan Basin present hydraulic head 

distributions that mimic surface topography, suggesting gravi-

ty-driven flow conditions, some aquifers present deviations from 

expected nominal pressure gradients corresponding with depth. 

When aquifers are bounded by aquitards (e.g. shales), in situ pres-

sure conditions may be higher than those expected for an equiva-

lent column of water at a given depth (nominal expected pressure), 

which means the aquifers have not reached equilibrium with the 

current land surface topography. An example of one such aquifer is 

the Berea sandstone, which is bounded from above by the Sunbury 

shale and below by the Bedford and Antrim shales. Evidence that 

the Berea remains overpressured supports the existence of good 

confining characteristics (i.e. low permeability) of the shales that 

bound it. The Antrim is also found to be overpressured over much 

of the basin and is believed to leak into the underlying Traverse 

limestone15. The Dundee formation is substantially underpressured 

near the center of the Michigan Basin, with recharge occurring 

throughout the basin from both the overlying Traverse limestone 

and the underlying Detroit River Group aquifers. The confining 

units that separate these aquifers from the Dundee are considered 

to be leaky aquitards. The hydraulic low in the central portion of 

the Michigan Basin is believed to be associated with artificial fluid 

discharge related to hydrocarbon production from the Dundee 

within this region. The A-1 Carbonate is overpressured in the cen-

tral portion of the Lower Peninsula as it is bounded from above and 

below by impermeable evaporite formations. The fact that the A-1 

remains overpressured and has not re-equilibrated with the current 

surface topography demonstrates the good confining character-

istics of the overlying strata. Where the A-1 is unconfined near 

the edges of the basin, flow is thought to be gravity-driven, with 

discharge occurring in the southern end of the Lower Peninsula 

and under Lakes Huron, Michigan, and Erie. Finally, flow within the 

Trenton-Black River occurs with recharge at the subcrop and flow is 

toward the center of the basin. Data suggest that the Trenton-Black 

River aquifer is confined by the bounding aquitards. This supports 

the basin-wide impermeable nature of the Utica-Collingwood that 

overlies the Trenton limestone.

Measured elevated concentrations of Br- and He in shallow aqui-

fers provide evidence of vertical leakage of deeper brines into 

shallower formation waters (Marshall sandstone, glacial drift)44. 

Higher concentrations of Br- are representative of evaporated sea-

water46 and help differentiate the origin of brine salinity from that 

of dissolution of evaporites that would result in very little Br- com-

ponent47. Near the recharge zones of the Marshall, the water in the 

sandstone is potable and serves as the primary source of municipal 

drinking water for much of Jackson County48. By the time the water 

discharges from the Marshall sandstone into the Saginaw Bay it is 

nearly as saline as the underlying Antrim and Traverse brines. This 

observation coupled with the evidence of elevated concentrations 

of the two conservative tracers (Br-, He) support upward migration 

of deeper basinal brines from the Traverse limestone into the over-

lying Marshall sandstone44.

2.2 Potential fluid migration pathways
Concern of water quality impacts and specifically, groundwater con-

tamination, is often cited as top issue regarding the environmental 

implications of hydraulic fracturing49. This is understandable given 

that clean drinking water is a resource that we cannot live without. 

Migration of methane, the dominant component of natural gas, 

into groundwater reservoirs has received significant attention in 

the context of unconventional natural gas extraction. Natural gas 

migration beyond source rock formations is commonplace and is 

what leads to the development of conventional natural gas plays. 

The reason for this is that methane gas is much less dense than 

water and therefore will rise due to buoyant forces if a pathway 

allowing vertical migration exists. Reports of natural gas migration 

into drinking water aquifers50 and investigations of contamination 

of drinking water by hydraulic fracturing chemicals51 have fueled 

public concern of drinking water contamination by hydraulic frac-

turing-related activity. 

A study by Osborne et al.50 cited evidence for natural gas migra-

tion into shallow drinking water aquifers associated with natural 

gas drilling in Pennsylvania. These authors used carbon isotopes 

to differentiate between thermogenic (i.e. ‘deep’) methane and 

biogenic (i.e. ‘shallow’) methane in order to determine the origin 

of methane found in the drinking water wells. The assumption 

was that methane of thermogenic origin could only be found in 

well water if it were to have escaped from deeper sources such as 

(but not exclusively) from the Marcellus shale, whereas methane 

derived from methanogenic microbial activity would be found in 

shallow reservoirs where meteoric water recharge takes place. A 

conclusion from this study was that water wells located nearby nat-

ural gas production wells had a higher contribution of thermogenic 
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methane than wells that were further away from natural gas drill-

ing sites. The association of shallow water thermogenic methane 

contamination with hydraulically fractured natural gas wells led the 

authors to suggest a link between the practice of hydraulic fractur-

ing and methane seepage to the surface. To be clear, the study by 

Osborne et al.50 does not definitively ascribe methane leakage to 

hydraulic fracturing, but inferences are made that suggests such a 

link may exist. It was noted that another possible, if not more likely, 

leakage pathway could be flow up the wellbore due to incomplete 

well cementation. Such leakage would be non-unique to hydrauli-

cally fractured wells and therefore does not necessarily provide any 

evidence directly related to hydraulic fracturing-derived leakage. A 

different study by Molofsky et al.52 suggested that methane leak-

age occurs naturally and is not correlated with natural gas drilling 

activity, but instead, topography. Others have also pointed out that 

natural seepage of methane is known to occur and have argued 

that without baseline measurements of methane concentrations 

prior to drilling activity one is unable to definitively attribute meth-

ane in drinking water to drilling activities53–55. As these competing 

studies demonstrate, assessing leakage can be quite complicated 

and requires having well established baseline water quality data49.

The key issue regarding leakage is the existence of leakage path-

ways coupled with a driving force promoting vertical migration 

of fluids beyond the stimulated reservoir. This report does not 

attempt to assess the likelihood of groundwater contamination 

from hydraulic fracturing in Michigan. However, theoretical leak-

age pathways and the parameters controlling movement of flu-

ids beyond the fractured reservoir are discussed in the following 

sections. 

2.2.1 Fracture propagation
One concern surrounding the practice of hydraulic fracturing is that 

the induced fracture network will extend beyond the target forma-

tion. If this were to occur then flow pathways would exist between 

the target reservoir and overlying formations, possibly allowing for 

migration of fracturing fluids beyond the production reservoir. The 

topic of hydraulically-induced fractures has been studied exten-

sively, as understanding how the fracture network develops is key 

to both evaluating the enhanced productivity of a well and ensur-

ing the safety of overlying sources of potable water56,57. A study by 

Fisher and Warpinski58 provides information on the relative height 

of induced fractures as a function of depth for several unconven-

tional resource plays across the U.S. collected over a 9-year period 

ending in 2010. Data gathered from hydraulically stimulated wells 

in other states does not show evidence of hydraulically-induced 

fractures extending into overlying fresh water aquifers58. This data 

does not support the scenario for propagation of fractures all the 

way to the surface; however, no data was collected for drilling activ-

ity in the Michigan Basin. Collection of similar data for hydraulic 

fracturing operations in Michigan would be beneficial in helping 

evaluate the extent and direction of fracture propagation within 

the unconventional plays in the Michigan Basin. 

2.2.2 Existing faults, natural fracture networks, 
diffuse leakage
Natural leakage of natural gas and oil from shale source rocks is 

common and is the mechanism by which economic deposits within 

permeable reservoirs develop. In the case of conventional natural 

gas exploration, gas plays are often identified by the existence of 

natural stratigraphic or structural traps above permeable reservoirs 

that overlie organic-rich source rocks. The fundamental force driv-

ing the upward migration of oil and natural gas is that these fluids 

are less dense than formation brines and rise due to natural buoy-

ant forces. Vertical migration of these fluids takes place over geo-

logic timeframes and is often retarded or completely blocked by 

overlying impermeable formations. In areas where impermeable 

caprocks are not present above source rocks, for example at loca-

tions where the Antrim subcrops beneath glacial drift in Michigan, 

evidence of natural gas migration into potable aquifers has been 

found59.

As previously discussed in section 2.1.2, widely distributed 

cross-formational flow from deeper formations to shallower forma-

tions has been documented in the Michigan Basin based on high 

He fluxes and elevated Br- concentrations in the Marshall sand-

stone44, confirming previous explanations for the occurrence of 

higher salinity brines at shallow depths within the basin60. Evidence 

for natural leakage of deeper brines into shallower formations is 

not unique to the Michigan Basin. Warner et al.61 recently found 

evidence for natural migration of Marcellus shale brines into shal-

lower aquifers. One important issue to point out here is that the 

timeframe for this natural vertical brine leakage is not well known, 

and it is thus difficult to relate such leakage, which may have taken 

place over geologic timescales, to the short timescales of recent 

subsurface energy extraction practices. Additionally, low water sat-

urations in many shale gas formations may create strong capillary 

tension trapping mechanisms that prevent upward migration of 

injected fluids and formation brines62.

Many of the existing oil and gas fields within the Michigan Basin 

are associated with structural features such as low displacement 

faults30. The two largest of these structural features are the Howell 

Anticline and the associated Monroe-Lucas Anticline structures in 

southeast Michigan. Low displacement faulting is observed across 

the Michigan Basin in a general northwest-southeast trending direc-

tion. These features can be closely linked to the oil and gas plays 

shown in Figure 3 by noticing the spatial trends in oil wells across 

the state. Many of these structural features can be interpreted as 

small anticline folds due to minimal vertical displacement of the 
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geologic strata. Although the deformation events that generated 

these anticline structures within the basin were not severe enough 

to cause significant sediment displacement, they are believed to 

have allowed vertical migration of hydrothermal fluids that lead to 

dolomitization across much of the Michigan Basin30. The natural 

jointing within the Antrim shale is also dominantly northwest-south-

east and in some cases may be associated with stresses from these 

features26. It is not clear, however, that the jointing in the Antrim 

can be attributed solely to structural trends within the basin63.

2.2.3 Leakage along well bores
Existing wells may serve as leakage conduits if they are improperly 

sealed or if their seals have been degraded over time64,65. When 

wells are drilled, completed, or abandoned, drilling companies 

must abide by regulations that specifically state what efforts that 

must be undertaken to ensure that no contamination of potable 

aquifers occurs due to fluid leakage up the wellbore or along the 

well annulus (exterior of the well casing)66. These include guidelines 

for well casing, cementation, and plugging. However, these types 

of stringent guidelines aimed at ensuring the safety of overlying 

drinking water resources were less common or non-existent prior 

to the 1950’s. In the past, abandoned wells may not have been 

properly plugged due to previously lax regulatory enforcement, 

and these wells may be poorly documented67. This means that 

there is a level of uncertainty regarding the integrity of wells drilled 

and/or abandoned prior to this time period. 

Undocumented abandoned wells are often described as being 

orphan wells. To address the issue of orphan wells in Michigan, 

the Orphan Well Program (Act 308) was established in 1994. This 

program provides funding for the identification and remediation 

of improperly abandoned wells located in Michigan. This proactive 

approach to addressing leakage concerns related to abandoned 

wells is a step in the right direction toward reducing the likelihood 

of leakage up existing wellbores within the state of Michigan. To 

address the issue of existing wells in close proximity to newly per-

mitted wells, the MDEQ requires the operator of a proposed well 

to evaluate any preexisting wells within up to a ¼ mile radius of a 

new proposed well. If potential conduits are identified then there 

are several options the permit applicant can take. One option is to 

relocate the well where no other wells fall within the radius of influ-

ence. Another option is to demonstrate that the hydraulic fractur-

ing activity will not cause fluid migration up the neighboring well.

In addition to abandoned or degraded wells, there is a possibility 

for incomplete cementation of the wellbore during well construc-

tion. The integrity of the cement bond is evaluated through use 

of a cement bond log after the well is cemented. Two challenges 

associated with cementing horizontal wells are associated with (1) 

solids settling within the drilling slurry resulting in a mud channel 

along the base of the horizontal leg of a well and (2) excess water in 

the cement slurry resulting in a water channel along the top of the 

horizontal leg68. Both of these events may compromise the cement 

casing bond quality along the horizontal segment of the wellbore. 

These potential challenges highlight the importance of ensuring 

good cement casing bond quality along the vertical segment in 

order to prevent leakage along the wellbore. 

2.2.4 Driving force for upward fluid migration
A study by Myers69 suggested a possibility for vertical migration of 

hydraulic fracturing fluids and formation brines from the Marcellus 

shale. This finding was related in part to the fact that the study 

region of the Marcellus is naturally overpressured and the model 

assumed the existence of a single leakage pathway from the 

Marcellus to the surface. That is, there is a preexisting natural pres-

sure gradient favoring upward advection of fluids and this gradient 

was exacerbated by the assumption that hydraulic fracturing would 

lead to prolonged elevated pressures within the reservoir. Finally, 

Myers69 further assumed that the injection of fresh water associ-

ated with hydraulic fracturing would dilute the formation water 

brines to the point that there would also be density-driven vertical 

flow of the less-dense mixed hydraulic fracturing/formation fluids. 

However, given that the volume of injected fluid is small relative to 

that held within the reservoir and overlying formations, prolonged 

density driven flows induced by the injection of the slickwater 

would be unlikely. 

In a comment on the Myers69 study, Saiers and Barth70 argue that 

the model used by Myers69 neglects many critical hydrogeological 

properties and is over simplified to the point that its findings are 

not applicable to modeling the fate of hydraulic fracturing fluids 

in the Marcellus. The validity and applicability of Myers’ model69 

is further challenged in a comment by Cohen et al.71 The current 

technical report does not attempt to evaluate these studies, but 

points to this academic discussion as evidence of the challenges 

in accurately modeling complex systems such as that presented by 

Myers69. An important point of discussion here is that the key factor 

controlling vertical leakage of hydraulic fracturing fluids beyond 

the target reservoir is the existence (and persistence) of a driving 

force for upward fluid movement. This is of course in addition to 

the existence of a potential leakage pathway. Such a driving force 

could be due to either pressure or density gradients promoting 

vertical fluid movement. Accurate leakage risk assessment will thus 

be improved if modeling assumptions can be validated by field 

data.

Another energy technology that presents many similar environ-

mental concerns in the context of leakage of injected fluids back 

to the surface is geologic carbon sequestration. The main concept 

behind carbon sequestration is that CO2 captured from point source 
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emission sites is injected into the subsurface in an 

effort to reduce the emissions of CO2 to the atmo-

sphere. Two key differences between CO2 leakage 

risk and the risk of migration of natural gas related 

to hydraulic fracturing of unconventional reservoirs, 

are that (1) CO2 injection creates an overpressured 

system in the injection aquifer, whereas natural gas 

production creates an underpressured system and 

(2) CO2 injection relies on an intact impermeable 

caprock to prevent CO2 leakage, whereas shale-

gas production relies on fracturing impermeable 

formations through hydraulic stimulation. A large 

body of research has been undertaken in an effort 

to understand the fate of the injected CO2 and 

to assess the risk of CO2 leakage back to the sur-

face72–75. Much attention has been paid to assess-

ing leakage up abandoned wells as these wells can 

present a conduit to the surface, bypassing layers 

of impermeable rock64,65. It may be beneficial to 

examine the risk analysis framework used within the 

CO2 sequestration research community in future 

efforts to assess leakage risk related to hydraulic 

fracturing activities.

2.3 Unconventional reservoir proxim-
ity to drinking water resources
Michigan is fortunate in that it has abundant sup-

plies of fresh water. The Great Lakes alone hold 

approximately 21% of the world’s fresh surface 

water76. Added to the fact that fresh water is abun-

dant in Michigan, throughout the Lower Peninsula 

past glaciation has left the majority of the state’s 

surface covered in a thin layer of unconsolidated 

sediments. These sediments consist of layers of 

sand, gravel, and clay. The sand and gravel layers 

serve as the fresh water aquifers for approximately 

21% of residential wells and municipal water 

withdrawals within the state of Michigan77. Larger 

municipalities, such as Detroit, draw water directly 

from the Great Lakes and its surrounding waterways 

(e.g. Detroit River). However, in more rural areas 

of the state where residential densities are lower 

there is a higher reliance on shallow subsurface glacial aquifers. 

For example, the village of Kalkaska has municipal drinking water 

wells that draw water from glacial aquifers at a depth of 102 feet 

below the surface48.

In estimating the proximity of unconventional reservoirs to drinking 

water resources, it is important to note that the glacial cover is vari-

able and dependent on the exact location of interest. For example, 

Figure 7: Schematic showing approximate relative locations 

of Antrim and Utica-Collingwood reservoirs in relation to 

glacial drinking water aquifers. Distances are approximate and 

representative of averages depths to top of formation near 

Kalkaska County, MI. Exact depths will depend on specific 

location of wells. Figure modified from MDEQ and Michigan 

Basin Geological Society
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some of the thickest zones of the glacial sediment occur near the 

Northern Producing Trend with thicknesses on the order of 1,000 

feet. As discussed previously, most drinking water in Michigan 

is either sourced from surface waters or from shallow wells that 

tap into the glacial aquifers at depths generally less than 300 

feet. There are also locations in Michigan where drinking water is 

pumped from the lithic strata, such as in Jackson County where the 

municipal wells draw drinking water from the Marshall sandstone. 

But even in this case, the drinking water is pumped from shallow 

depths (~220 feet) and is due in part to the fact that the glacial 

sediments are very thin in this area48.

Given the bowl shape of the Michigan Basin, formations dip 

downward toward the center of the Lower Peninsula. This means 

that the exact proximity of each potential target unconventional 

hydrocarbon reservoir to overlying drinking water aquifers is a 

function of location within the basin. The Antrim shale is present 

through most of the Lower Peninsula, subcropping as far north 

as Cheboygan County and as far south as Lenawee County. The 

Utica-Collingwood contact is found at depths near 4,600 feet in 

Charlevoix County and is at its deepest near the intersection of 

Gladwin, Clare, and Roscommon Counties where it is found at 

depths just over 10,000 feet below the surface. Moving further 

south, the Collingwood continues into Gratiot County where it is 

found at around 8,000 feet deep before it eventually discontinues 

(see Figure 5). The A-1 Carbonate is found throughout the basin 

and is also deepest near the center of Michigan’s Lower Peninsula, 

where it is found at approximately 8,000 feet. It is commonly found 

at depths on the order of 4,500 feet near the northern producing 

zones of the Niagaran Pinnacle Reef and a recent high-volume 

completion drilled in Oceana County (Alta-Riley #1-22HD1) tar-

geted the A-1 at a depth of 4,000 feet.

Figure 7 provides a depiction of the relative location of glacial 

drinking water aquifers to the Antrim, A-1, and Utica-Collingwood. 

The cross section shown in Figure 7 identifies all formations pres-

ent in the Michigan Basin. The relative depth to a given formation 

decreases as one moves outward from the basin center and some 

of the shallower formations disappear completely (see Figure 1). 

Figure 7 demonstrates the relative distances between the uncon-

ventional reservoirs discussed in this report and is used simply to 

provide a general idea of where these formations lie with respect 

to the freshwater aquifers. As discussed above, the exact distance 

between a given formation and glacial aquifers will be dependent 

on the specific location within the basin.

2.4 Flowback water chemistry
Hydraulic fracturing of deep horizontal wells often requires large 

quantities of water (on the order of several million gallons per 

deep horizontal well18,78) that are mixed with small amounts of 

chemicals (<1%wt) and physical proppants (e.g., sand). This water 

mixture, referred to as the hydraulic fracturing fluid or slickwater, 

is injected into the shale to create and hold open zones of high 

permeability to increase contact with the gas-containing rock. 

Of the total volume of hydraulic fracturing fluids injected into a 

well, amounts varying from 10 to 70% may return to the surface 

Permit # Well Name Well No County Target Formation Water Utilized (gal) *Flowback water (gal)

59112 SCHULTZ 1--36 SANILAC A1 Carbonate 154,600 121,800

60041 HUBBEL 2-22 HD1 MONTMORENCY Niagaran 220,000 (est) 34,524

60170 STATE KOEHLER & 
KENDALL

1-27 HD1 CHEBOYGAN Collingwood 3,256,596 1,000,902

60212 KELLY ET AL     1-26 HD1 HILLSDALE Black River 228,312 188,152

60305 STATE WILMOT 1--21 CHEBOYGAN Collingwood 109,410 15,330

60360 STATE EXCELSIOR 1-13 HD1 KALKASKA Collingwood 5,860,764 505,386

60380 CRONK    1-24 HD1 GLADWIN A1 Carbonate 758,454 725,046

60389 STATE EXCELSIOR 1-25 HD1 KALKASKA Collingwood 8,461,614 615,972

60537 MCNAIR ET AL 1-26 HD1 HILLSDALE Black River 350,448 3,893

60452 WILEY 1-18 HD1 GLADWIN A1 Carbonate 1,420,939 1,674,960

60545 STATE EXCELSIOR 2-25 HD1 KALKASKA Collingwood 12,562,096 64,451

60546 STATE EXCELSIOR 3-25 HD1 KALKASKA Collingwood 21,112,194 35,202

60560 STATE RICHFIELD 1-34 HD1 ROSCOMMON Collingwood 4,811,940 1,328,250

60579 STATE GARFIELD 1-25 HD1 KALKASKA Collingwood 12,539,639 NA

60575 RILEY 1-22 HD1 OCEANA A1 Carbonate NA NA

TABLE 1: High-volume well completions in the state of Michigan

*Reported flowback volumes account for fluid collected over a period ≤60 days after well completion and this collection period may vary between  
individual wells. Data from MDEQ23, accurate as of March 13, 2013. State Garfield data from FracFocus81.
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as ‘flowback water’ after the pressure is reduced and gas begins 

to flow toward the wellhead78,79. As shown in Table 1, the average 

amount of flowback water returning to the surface for high-volume 

hydraulically fractured wells in Michigan is around 37% of the total 

injected volumes. This volume may include some amount of native 

formation brines and is the sum of fluid collected over a period of 

less than 60 days following completion of the well. The collection 

periods are not necessary consistent from one well to another, so 

the flowback data in Table 1 should be considered as approximate 

values.

The addition of proppants to hydraulic fracturing fluids is to ensure 

that the fractures remain open after the pressure is released, allow-

ing for continued gas flow in the stimulated area. The chemicals 

are added to alter the fluid properties of the hydraulic fracturing 

water in ways that enhance the fracturing process, thus optimizing 

fracture efficiency and well productivity. Table 2 provides several 

examples of typical chemical additives used in hydraulic fracturing 

fluids in Michigan wells. This list is not comprehensive, as the EPA 

has identified more than 1,000 possible chemicals that may be 

used in hydraulic fracturing fluids within the U.S.80 However, most 

well completions use around 10 different chemical additives in 

their particular slickwater formulations81. Disclosure to regulatory 

authorities of the particular chemicals and amounts used in the 

slickwater is not currently required in all states. However, many 

companies are beginning to voluntarily release this information 

through the website www.FracFocus.org. As of January 2013, 

more than 35,000 chemical disclosures have been reported on 

FracFocus.

A side effect of hydraulic fracturing is the exposure of previously 

hydraulically isolated minerals that may contain naturally occur-

ring radioactive material and toxic metal elements82–85. Some of 

the possible radionuclides that may be released into formation 

and hydraulic fracturing fluids include U, Th, and their daughter 

products 226Ra and 228Ra82,86. The half-life of 226Ra, the most stable 

Ra isotope, is 1600 years. In addition to enhanced levels of radio-

nuclides, flowback fluids may contain elevated concentrations of 

naturally-occurring salts, metals, organics, and methane50,87–89. In 

Michigan, native formation brine salinities can be on the order 

of 200–400 g/L total dissolved solids37. Evaporite dissolution is 

believed to be the major driving force in controlling the high brine 

salinities found in Michigan Basin sedimentary formations.42,90

Organic-rich shales in close proximity to drinking water reservoirs 

have been associated with low-level water contamination due to 

natural weathering processes causing the release of trace metals 

to groundwater91–95. In trying to identify specific contaminants of 

concern, the EPA has identified a list of target chemicals to monitor 

when assessing the adequacy of flowback water treatment. This 

list includes monitoring of As, Ra, Sr, Ba, U, and BTEX components 

(benzene, toluene, ethylbenzene, and xylene), among others80. 

Some of these contaminants may be naturally present in the for-

mation brines, so assessment of flowback water quality must take 

this into account, requiring that baseline measurements be taken 

prior to drilling activities.

2.4.1 Characteristics of organic-rich shale formations
Black shales, so named for their higher organic carbon content 

Application Chemical Name Maximum Concentration (% by mass)

Crosslinker Ethylene Glycol 0.3

Acid Hydrochloric Acid 0.36

Acid Corrosion Inhibitors Isopropyl Alcohol 0.3

Methanol 0.6

Biocides 2,2-Dibromo-3-Nitrilopropionamide 0.6

Friction Reducer Polyacrylamide, Hydrotreated Light Petroleum Distillate 0.3

Surfactants & Foamers Glycol Ethers 0.07

2-Butoxyethanol .003

Gel Breaker Ammonium Persulfate 0.6

Sodium Persulfate 1

Gelling Agent Guar Gum 1

Iron Control Agent Citric Acid 1

Proppant Crystalline Silica, Quartz 0.88

Non-emulsifier Isopropyl Alcohol 0.4

Methanol 0.13

TABLE 2: Summary of Common Hydraulic Fracturing Chemical Additives Used in Michigan

Table 2: Common hydraulic fracturing fluid additives used in the state of Michigan. Data were compiled from MSDS reports filed with MDEQ and data 
posted on FracFocus.org for high-volume fracturing completions. This list is not comprehensive of all potential additives.
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and dark color, maintain reducing environments in the subsurface. 

These reducing conditions can lead to immobilization and subse-

quent concentration of trace toxic metals and naturally occurring 

radioactive elements such As and U, respectively85. The elements 

are often bound in sulfide (e.g., FeAsS) and U(IV)-bearing minerals. 

The naturally occurring higher radioactive content of organic-rich 

shales has been utilized by the oil and gas industry for detecting 

promising formations when prospecting for potential shale source 

rocks during hydrocarbon exploration. The enhanced gamma radi-

ation emission from the shales serves as an indicator for elevated 

organic content. Figure 4(b,c) shows the correlation of TOC and 

gamma radiation for the Antrim shale in Michigan.

These organic-rich shales also contain increased concentration 

of U and Th decay daughter products 226Ra and 228Ra82,83. Uranium 

content of Antrim shale is on the order of 10–40 ppm and scales 

proportionally with TOC96. Trace rare earth and heavy metals are 

also found at higher abundances in black shales relative to other 

sedimentary rocks84,85. The highest natural concentrations of As 

(20–200 ppm) tend to be found in organic-rich or sulfide-rich shale 

formations91. Higher concentrations of 226Ra in produced fluids are 

often correlated with higher salinities, as at higher salinities other 

metals such as Ca2+ outcompete Ra2+ for ion exchange sites of the 

reactive clay mineral surfaces, thereby enhancing the mobility of 

Ra2+ 82. Positive correlations have also been shown for high concen-

trations of innocuous salts (e.g., NaCl, CaCl2) and elevated con-

centrations of trace heavy metals such as Ba87. Flowback fluids that 

come back to the surface include portions of the injected fluids 

that have reacted with host rock minerals and portions of native 

formation brines. These native brines may contain elevated con-

centrations of such elements as Ra and Ba that far exceed drinking 

water standards97. Analyses of flowback waters from hydraulically 

fractured Marcellus shale wells have found 226Ra concentrations 

that exceed EPA minimum standards for safe discharge to the 

environment by a factor of 250 or more98,99. This is in addition to 

the high concentrations of salts and the many hydraulic fracturing 

chemical additives that return to the surface78.  

2.4.2 Potential contaminant release mechanisms
Although oxygen scavengers are often added to the hydraulic frac-

turing fluids to prevent pipe corrosion, it is still possible that the 

injection of oxygen-rich water may lead to oxidative dissolution of 

reduced mineral phases containing radioactive elements or heavy 

metals or metalloids, and thereby release more soluble oxidized 

forms of these elements to the aqueous phase. For example, 

under reducing conditions, U forms the highly insoluble uranium 

oxide phases, such as uraninite (UO2(s)), but in the presence of oxy-

gen-bearing water UO2(s) can be readily oxidized to highly soluble 

U(VI) uranyl complexes100–102. Because U(VI) forms highly soluble 

carbonate-calcium- hydroxide complexes in water103–105, the rate 

and extent of the oxidative dissolution will also be influenced by 

the concentration of calcium and carbonate and pH100.  Likewise, 

reduced sulfide minerals that contain toxic elements (e.g., AsS or 

HgS) may be subject to oxidative dissolution, and also serve as a 

source for increased toxic element release to the flowback fluids. 

Some examples of this mechanism for iron sulfide phases include 

the release of As by the oxidation of arensopyrite (FeAsS)106 or As 

associated with mackinawite (FeS)107, depending on pH. Yet another 

pathway may result from the dissolution or desorption of reduced 

As from Fe-(oxyhydr)oxide minerals as a result of the change in 

system redox conditions associated with hydraulic fracturing.108

Many of the toxic metals found in shales may also sorb onto the 

surfaces or into the interlayers of clay minerals85,108. Chemical addi-

tives that alter clay mineral surface properties may play a key role 

in determining the fate of sorbed metals. For example, surfactants 

can alter the mobility of sorbed metal cations.  In a study by Hayes 

et al.109, divalent cations sorbed to fixed-charge interlayer sites 

in swelling smectite clays could be released by a series of alkyl-

trimethylammoniumchloride surfactants (C8TMAC, C12TMAC, 

and C16TMAC), while those sorbed to external clay surface 

hydroxyl sites were not impacted. Mono- and poly-cationic amine 

compounds (e.g. triethanol amine methyl chloride) are also often 

used in the hydraulic fracturing fluid mixtures as clay stabilizers to 

prevent swelling of 2:1 clay minerals. These additives compete for 

sorption sites on the negatively charged clay surfaces and may also 

impact the release of sorbed metals in shale-gas reservoirs110.

2.5 Water use in hydraulic fracturing:  
withdrawal and disposal 
2.5.1 Water withdrawal
Typical volumes of water used for high-volume hydraulic fracturing 

completions are on the order of 2-5 million gallons per well18,80; 

however, a recent high-volume completion in Michigan (State 

Excelslor 3-25 HD-1) used a reported 21.1 million gallons81, high-

lighting the variation among individual well completions. Small 

hydraulic fracturing completions, such as those used in vertical 

Antrim wells, use approximately 50,000 gallons of water. To put this 

water use into perspective, an Olympic size swimming pool holds 

approximately 660,000 gallons of water. Specific water use for 

completed high volume hydraulically fractured wells in Michigan 

is given in Table 1. The actual amount of water needed to finish 

hydraulically fracturing a given well is a function of the well depth, 

lateral extent, and number of hydraulic fracturing stages. The topic 

of water withdrawal as it relates to high-volume hydraulic fracturing 

activity is covered in greater detail within the Environment/Ecology 

report (Burton and Nadelhoffer, this series). 

Although the amount of water utilized in hydraulic fracturing may 

be comparable to (or far less than) that used in other industries18, 
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the volume and short timeframe of extraction may lead to local 

impacts. Water that is withdrawn from shallow subsurface reser-

voirs may influence local public water supplies, ecosystems, and 

compete with other local industries111. The MDEQ has issued an 

instruction requiring use of an online water resource impact assess-

ment tool to evaluate the area of potential adverse resource impact 

(ARI) prior to any high-volume water withdrawal from subsurface 

water reservoirs. MDEQ defines an ARI as any withdrawal that (1) 

reduces stream flow to a point where sensitive fish populations 

may be adversely impacted due to the reduced flow conditions 

or (2) reduces surface levels of a body of water to the point where 

its ability to support characteristic fish populations is functionally 

impaired. Any well completion that requires withdrawal of more 

than 100,000 gallons of water per day (averaged over a thirty-day 

period) must complete such a risk assessment prior to approval 

or issuance of a drilling permit. See the Environment/Ecology 

report (Burton and Nadelhoffer, this series) for a more thorough 

discussion on water withdrawal issues and use of MDEQ’s Water 

Withdrawal Assessment Tool.

2.5.2 Flowback disposal
Disposal of flowback and produced brine fluids in Michigan occurs 

via deep well injection into brine disposal wells. This method for 

disposal of produced oilfield brines is very common throughout the 

U.S.112 These brine disposal wells are regulated and permitted under 

the EPA Safe Drinking Water Act through the Underground Injection 

Control as Class II wells. They are also regulated by the MDEQ under 

Michigan’s Oil and Gas Regulations66. Michigan has 1,460 Class II 

injec¬tion wells in current operation113. Of these 1,460 wells, brine 

disposal wells constitute about half, with the remainder serving 

other uses such as water injection for enhanced oil recovery or gas 

injection for natural gas storage. Brine disposal wells are often co-lo-

cated alongside oil and natural gas production wells. This means 

that producers in Michigan have a much easier time disposing of 

hydraulic fracturing flowback fluids than producers in Pennsylvania 

where only five brine disposal wells are currently in operation49. 

The MDEQ requires that all flowback and produced fluids be con-

tained in aboveground steel containers and reinjected back into 

the subsurface via brine disposal wells66. Open pits are not used 

for flowback water or produced brine storage66. Since flowback 

is treated as equivalent to produced brine, handling of hydraulic 

fracturing flowback fluids is no different than handling of produced 

brine. Most oil and natural gas production wells in Michigan pro-

duce copious amounts of brine. This produced water amounted 

to more than 4.2 billion gallons of brine that was disposed of via 

brine injection wells across Michigan in 2011. Table 3 relates this 

total volume of injected brine to the cumulative volume of flow-

back water associated with high-volume hydraulic fracturing in all 

completed Michigan Basin wells.

A topic of concern often cited in relation to flowback disposal via 

deep well injection is a risk of induced seismicity. Recent events 

such as that in Youngstown, Ohio, where flowback disposal served 

to lubricate a nearby fault and cause a seismic event, are motivat-

ing these concerns114. The Michigan Basin has been tectonically 

stable since the Jurarssic9 and contains many formations capable 

of receiving fluid, as evidenced by the prevalence of brine disposal 

wells throughout the state. Given that brine disposal wells have 

been actively injecting fluids into the Michigan Basin for many years 

without any reported incidents of induced seismicity, Michigan has 

the infrastructure to easily handle the current volume of flowback 

disposal. A recent study by Keranen et al.115 identified the poten-

tial for a time lag (on the order of years) between the occurrence 

of fluid injection-induced seismic events and the start of fluid 

injection in wells located in Oklahoma. These findings support a 

need for continued monitoring efforts and careful site selection for 

future brine disposal wells. 

One other question related to brine disposal is whether these 

disposal wells may be altering the local hydraulic gradients and 

possibly discharging fluids beyond the target injection reservoir. 

Nearly half of the 712 brine disposal wells in current operation in 

Michigan inject fluids into the Dundee limestone23. As demon-

strated in Table 3, this may amount to well over a billion gallons of 

fluid injected into the Dundee. Closer examination of the ultimate 

fate of injected fluids and the impact on the local injection forma-

tion hydrodynamics would help assuage any concerns surrounding 

the continued use of these disposal wells. 

The amount of flowback water collected from an individual well is 

highly variable. Table 1 reflects this fact, as can be seen when com-

paring the volume of water utilized with the volume of flowback 

collected. As shown in Table 3, high-volume hydraulic fracturing 

flowback waters currently make up less than 1% of the annual brine 

disposal volumes (compared to 2011 cumulative disposal volumes). 

This percentage could change rapidly if there is an accelerated 

rate of application of high-volume hydraulic fracturing in the state, 

as was the case for Pennsylvania116. 

TABLE 3: Brine Disposal Wells (BDW) in Michigan

Total operational BDW 712

Total annual volume of injected brine (106 gal)* 4200

Total volume flowback water from all high-volume hydraulic 

fracturing wells (106 gal)

6.3

Flowback as % of total brine injection 0.15

*Cumulative 2011 BDW injection data, from MDEQ23.
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2.5.3 Surface contamination (spills, improper disposal)
Surface contamination likely carries the greatest risk for negative 

water quality impacts associated with hydraulic fracturing due to 

the proximity to potable water resources when handling these 

waste fluids at the surface117. However, since in Michigan all flow-

back is disposed of via deep-well injection and it is not allowed to 

sit in open pits, the risk of this type of contamination will be lower 

than in other states without such disposal opportunities and regu-

lations. The one exception to deep well brine disposal in Michigan 

is the spreading of produced oilfield brines on dirt roads to control 

dust. 

In a probability bounds analysis by Rozell and Reaven117, the risk of 

potable water contamination associated with hydraulic fracturing 

waste water disposal was found to be several orders of magnitude 

larger than contamination from other pathways such as contami-

nant migration through fracture networks. This study was specif-

ically examining the risk of water contamination associated with 

hydraulic fracturing activities in the Marcellus shale. Handling of 

waste and production fluids from hydraulically fractured wells in 

Pennsylvania has been a continuing challenge for natural gas pro-

ducers. This is primarily due to the fact that the state of Pennsylvania 

has only five operating brine disposal wells49, of which only two are 

commercial wells that accept brine from more than one company 

(all others are privately owned and operated). This means that 

producers in Pennsylvania must find alternative solutions to han-

dle flowback water at the surface. Possible options include on-site 

treatment and reuse or trucking flowback fluids to a site capable of 

disposing of these fluids (e.g. Ohio brine disposal wells). Flowback 

waters are no longer accepted at municipal water treatment plants 

because these plants are not equipped to handle the high salinity 

brines. Past attempts to treat flowback brines in Pennsylvania have 

led to contamination of surface waters, prompting the discour-

agement of this practice116,118. Recently, increased application of 

on-site water recycling and reuse has lessened the surface water 

handling challenges faced by operators in Pennsylvania119.

2.6 Common challenges
One challenge related to assessing the impact of hydraulic fractur-

ing on Michigan’s water resources is the potentially long timeframe 

in which the effects of such activity may be recognized. Although a 

detailed analysis of fluid residence times within the Michigan Basin 

has not been conducted in this report, the most active groundwa-

ter flow regime likely exists in the shallow Quaternary glacial aqui-

fers with minimal interaction with deeper saline formation waters37. 

Additionally, vertical migration of fluids beyond the production 

reservoirs may also be a slow process even in the presence of flow 

pathways because of a general lack of a pressure gradient driving 

force. 

Hydraulic fracturing of oil and gas wells has taken place in Michigan 

for over half a decade without any reported contamination issues. 

This observation lends credibility to sound industry practices and 

state regulations within the state of Michigan. However, there may 

be an opportunity to better characterize subsurface flow regimes 

in order to build Michigan-specific basin-scale models to investi-

gate fluid residence times and predict the impact on local aquifer 

hydrodynamics due to brine disposal. This type of modeling effort 

might serve to better determine the ultimate fate of flowback 

waters injected into brine disposal wells. 

One key challenge that is non-unique to Michigan is the need 

to determine what chemicals or chemical signatures to test for 

when investigating migration of fluids beyond the target reservoir. 

Methane isotopic signatures have been used to evaluate methane 

origin when testing water wells in Pennsylvania50, and stable iso-

topes such as those of Sr have been used to determine the origin 

of saline fluids118. Studies have also investigated the migration of 

native brines into potable water reservoirs61 and within flowback 

water97. The study by Halusczak et al.97 identified Ra within flow-

back waters at similar levels to that which would be expected of 

native formation brines. Advanced analytical techniques (e.g. 

LC-MS) may be required to identify the degradation byproducts of 

hydraulic fracturing fluid chemical additives that may accompany 

leakage of fluids in relation to hydraulic fracturing practices. This 

is an emerging area of research and will require a concerted effort 

by industry and the academic research community to identify new 

tracers to test for when assessing potential cases of potable water 

contamination.

3.0 PRIORITIZED DIRECTIONS FOR PHASE 2

This last section of the report lists several research 

areas and topics that could be addressed during the 

second phase of the integrated assessment. Beyond 

simply addressing data gaps, it would be beneficial to 

foster opportunities for improved knowledge transfer and commu-

nication among relevant stakeholders.

3.1 Opportunities for additional data collection
3.1.1 Establish baseline water quality data
In order to assess whether there are any water quality impacts 

associated with hydraulic fracturing in Michigan, baseline water 

quality data must be gathered from all potentially impacted reser-

voirs (subsurface drinking water, surface waters). Existing data (e.g. 

USGS water quality data120) could be gathered and aggregated in 

an effort to establish where specific data gaps exist and prioritize 

locations for additional water sampling. Implicit within this effort is 

an assumption that water quality impacts will be detectable if they 
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occur—this requires the establishment of water quality param-

eters to monitor and determination of chemical tracers explicitly 

linked to hydraulic fracturing practices. Example parameters might 

include pH, turbidity, electrical conductance (measure of bulk salin-

ity), and analysis of specific analytes such as Cl-, Sr2+, Br- and Ba2+ 121. 

The Shale Network (www.shalenetwork.org) provides a great 

example of such an effort to establish a database of baseline water 

quality data in the Appalachian Basin. The Shale Network seeks to 

develop a comprehensive water quality database for the region 

of Marcellus shale development through engaging community 

volunteers to gather new water quality data and aggregating exist-

ing data from government, industry, and academic studies122. All 

of this data is then made publically available through the CUAHSI 

HydroDesktop server. 

3.1.2 Evaluate the impact of hydraulic fracturing 
chemicals on the release and transport of toxic 
metals and naturally occurring radionuclides
While flowback fluids are expected to be contaminated to some 

degree, e.g., it is known that these fluids will be highly saline and 

contain elevated levels of heavy metals and radioactive elements, 

in addition the original chemical additives78,97,99,123–125, their poten-

tial to be leached as a function of the shale mineralogy, reservoir 

conditions (pH, pe, T and P), and chemical additives present in 

hydraulic fracturing fluid formulations has not yet been deter-

mined. Current efforts to monitor flowback and produced water 

chemistry in other states have focused on characterization of the 

fluids returning to the surface via standard analytical methods such 

as ICP-MS, ICP-AES and IC61,87,99,118,125–127. Two main conclusions 

can be drawn from analysis of flowback brines in other  states: (1) 

flowback fluid salinity and concentration of trace inorganic contam-

inants (e.g., Ba, Ra) increases as a function of time; (2) flowback 

fluids represent a mixture of injected waters and native brines. 

One area that has received limited attention is the contribution of 

the water-rock interactions in controlling flowback fluid chemistry. 

Prediction of the chemical evolution of remnant hydraulic fracturing 

fluids or the chemistry of flowback water returning to the surface 

will be improved if the hydraulic fracturing fluid-shale geochemical 

reactions occurring in the subsurface are better characterized. It is 

therefore important to assess whether hydraulic fracturing fluids 

may enhance the leaching and mobilization of naturally occurring 

trace elements that may be associated with adverse water quality 

impacts. If water-rock interactions are found to contribute to the 

increased toxic metal and radionuclide concentrations in flowback 

fluids, then it may also be beneficial to determine specific geo-

chemical and mineralogical characteristics of potential reservoir 

formations that may lead to elevated levels of these constituents. 

3.1.3 Monitor fracture propagation
Work to implement standard measurement techniques (e.g. 

microseismic) for evaluating the extent and direction of major 

fracture networks during hydraulic fracturing. Gather data from 

Michigan well completions similar to that presented by Fisher and 

Warpinski58. Industry experience may suggest that shallow Antrim 

fracturing completions occur only horizontally (so called ‘pancake 

fracs’), but collection of data to verify this would strengthen this 

claim and better elucidate whether fracture propagation beyond 

the reservoir is an area of concern for overlying aquifer water 

quality.

3.1.4 Conduct modeling studies to assess subsurface 
flow, fluid residence times, and leakage risk 
Assessment of leakage risk up existing wells will require some stan-

dardized means for structural integrity analysis. The existing efforts 

by the MDEQ to identify abandoned or improperly sealed wells 

demonstrate a commitment to addressing leakage risks related to 

existing wellbores. Additional work on leakage risk assessment and 

subsurface migration of hydraulic fracturing fluids would be benefi-

cial to understanding the likelihood for fluid migration beyond the 

target reservoir. Furthermore, it may be worthwhile to take a closer 

examination of local perturbations of hydraulic gradients associ-

ated with brine disposal wells to determine whether brine injection 

may be pushing fluid beyond the target injection reservoir.

3.2 Reevaluate current regulatory definition of  
‘produced water’	
The key question here is whether flowback fluids should continue 

to be classified as ‘produced water’? Although flowback water 

associated with high-volume hydraulic fracturing completions cur-

rently only makes up a small fraction of the total water produced 

from oil and natural gas extraction within the state of Michigan, 

treating it as equivalent to produced brine may be an area that 

could be reevaluated. It is true that a portion of the flowback 

fluids is native formation brines97, but it may also be enriched in 

other trace contaminants at higher levels than are typically found 

in produced brines, such as elevated levels of Ba87. In addition to 

containing potentially higher concentrations of toxic metals and 

radionuclides, many of the chemical additives will return to the 

surface with the flowback fluid78. As a first step, it may be advisable 

to analyze the flowback water chemistry and compare it with that of 

the produced brine from older wells nearby. Building a database of 

native brine chemistry, for instance by aggregating currently avail-

able brine data, would also support this effort.
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3.3 Facilitate improved dialogue and knowledge 
transfer among stakeholders
3.3.1 Open dialogue with industry
One obvious shortcoming of this report is the lack of clairvoyance 

in assessing the potential growth in the application of high-volume 

hydraulic fracturing within the Michigan Basin. This statement is 

not meant to be tongue-in-cheek, but instead reflects the author’s 

lack of knowledge regarding industry expectations and plans for 

future drilling operations in the state of Michigan. Industry players 

make significant investments to evaluate and develop new resource 

plays. This knowledge is of course not shared publically nor is it 

complete. That is, there is always risk that an anticipated reservoir 

turns out to be less productive than originally hoped. If growth in 

the application of high-volume hydraulic fracturing can be antic-

ipated, then efforts investigating the potential for adverse envi-

ronmental impacts could be focused toward the topics or locales 

of greatest importance. Establishing an open dialogue between 

industry stakeholders, state-level regulators, and the research 

community will help guide research efforts moving forward.

3.3.2 Knowledge sharing
Phase 2 of this integrated assessment should leverage the knowl-

edge and experience of seasoned experts within the fields of 

petroleum engineering and sedimentary/structural geology. Those 

with the most practical experience are often members of the oil and 

gas industry. Although developing reports on fundamental topics 

related to hydraulic fracturing within the Michigan Basin, such as 

that provided here, represents a good first step toward addressing 

this complex issue, coordinated involvement of a diverse group 

of experts will be essential to fully address many of the existing 

data and knowledge gaps. One suggestion might be to hold a 

Michigan-centric research colloquium bringing together experts 

from across the many sub disciplines of relevant fields (e.g. geol-

ogy, engineering) with interests in and knowledge of the Michigan 

Basin. Such a meeting would allow for knowledge sharing and 

consolidation of existing data, thereby enabling a more thorough 

discussion on the topic of Michigan’s geology within the context of 

hydraulic fracturing.

3.3.3 Need to justify scope of assessment
This report has taken a broad scope when addressing the topic 

of hydraulic fracturing and has thus included low-volume hydraulic 

fracturing completions within the context of the report. As was 

described in the introduction, this was done to provide a more 

thorough review of formations within the Michigan Basin rele-

vant to unconventional hydrocarbon production. What was not 

assessed in this report was whether there is or should be a dis-

tinction between high-volume and what can be described as more 

‘traditional’ lower-volume well stimulations. Making this distinction 

clear in the Phase 2 report and assessing the rationale for sepa-

rating these two practices will make for a more robust discussion 

of the environmental costs and benefits associated with hydrau-

lic fracturing in general. Advancements in slickwater chemical 

formations have aided the successful application of high-volume 

hydraulic fracturing completions. It is the recent application of 

high-volume hydraulic fracturing well completions, often coupled 

with directional drilling, that has drawn so much attention to the 

topic of hydraulic fracturing. By the same logic, one might argue 

that high-volume hydraulic fracturing is the only technology that 

should be investigated. Indeed, high-volume hydraulic fracturing 

is the primary focus of the technical reports compiled during the 

Phase I portion of this assessment. The general public may not 

understand the differences between the two practices or may sim-

ply choose not to disaggregate one from the other. It is therefore 

incumbent upon the second phase of the integrated assessment 

to make a clear case for isolating high-volume hydraulic fracturing 

within the scope of its analysis. Doing so will provide a necessary 

transparency to the efforts of the integrated assessment and help 

educate the lay public as to whether, and why, a distinction should 

be drawn between the two practices.

1. Ernstoff AS, Ellis BR. Clearing the waters of the fracking debate. Michigan Journal of Sustainability. in press;1(1).

2. Arthur JD. The modern practices of hydraulic fracturing: A focus on Canadian resources. 2012.

3. Michigan Department of Environmental Quality. MDEQ High-volume Hydraulic Fracturing Permits and Aplications. 2012 December 20. Available from: 

www.michigan.gov/documents/deq/utica.collingwood_spreadsheet1_358438_7.pdf

4. State of Michigan Department of Environmental Quality. High volume hydraulic fracturing well completions. MDEQ; 2011.

5. Alexander J. Special Report: Modern gas rush stirs controversy in Michigan. The Center of Michigan [Internet]. 2011 July 13 [cited 2013 January 27]. 

Available from: thecenterformichigan.net/special-report-modern-gas-rush-stirs-controversy-in-michigan/

6. Leighton MW. Interior cratonic basins: A record of regional tectonic influences van der Pluijm B, Catacosinos PA, editors. Geological Society of 

America Special Papers. 1996 January 1;308:77–93.

7. Howell PD, Pluijm BA van der. Early history of the Michigan basin: Subsidence and Appalachian tectonics. Geology. 1990 December 

1;18(12):1195–1198.

LITERATURE CITED



22

HYDRAULIC FRACTURING IN MICHIGAN INTEGRATED ASSESSMENT: GEOLOGY/HYDROGEOLOGY TECHNICAL REPORT, SEPTEMBER 2013

8. Howell PD, Pluijm BA van der. Structural sequences and styles of subsidence in the Michigan basin. Geological Society of America Bulletin. 1999 July 

1;111(7):974–991.

9. Dorr JA, Eschman DF. Geology of Michigan. University of Michigan Press: Ann Arbor, Michigan; 1970.

10. Bergquist SG. The glacial history and development of Michigan. [cited 2013 March 18]. Available from:  

www.michigan.gov/documents/deq/Glacial_History_Bergquist_306034_7.pdf

11. Medina CR, Rupp JA, Barnes DA. Effects of reduction in porosity and permeability with depth on storage capacity and injectivity in deep saline 

aquifers: A case study from the Mount Simon Sandstone aquifer. International Journal of Greenhouse Gas Control. 2011 January;5(1):146–156.

12. Catacosinos PA, Harrison WB III, Reynolds RF, Westjohn DB, Wollensak MS. Stratigraphic Lexicon for Michigan. MDEQ Geological Survey Division; 2001.

13. Swezey C, Geological Survey (U.S.). Regional stratigraphy and petroleum systems of the Michigan Basin, North America. 2008.

14. Lampe DC. Hydrogeologic framework of bedrock units and initial salinity distribution for a simulation of groundwater flow for the Lake Michigan 

Basin.; 2009 p. 49.

15. Vugrinovich R. Patterns of regional subsurface fluid movement in the Michigan basin. Michigan Geological Survey Division; 1986.

16. Michigan Department of Environmental Quality. Questions and answers about hydraulic fracturing in Michigan. [cited 2013 January 4]. Available from: 

www.michigan.gov/documents/deq/deq-FINAL-frack-QA_384089_7.pdf

17. Montgomery CT, Smith MM. Hydraulic Fracturing: History of an Enduring Technology. Journal of Petroleum Technology. 2010;62(12):26–32.

18. Nicot J-P, Scanlon BR. Water Use for Shale-Gas Production in Texas, U.S. Environmental Science & Technology. 2012 March 20;46(6):3580–3586.

19. U.S. Energy Information Administration. Annual Energy Outlook 2012.; 2012 p. 239. Available from: www.eia.gov/forecasts/aeo/pdf/0383(2012).pdf

20. U.S. Energy Information Administration. Technology drives natural gas production growth from shale gas formations. 2011 July 12 [cited 2013 March 12]. 

Available from: www.eia.gov/todayinenergy/detail.cfm?id=2170

21. Rahm D. Regulating hydraulic fracturing in shale gas plays: The case of Texas. Energy Policy. 2011 May;39(5):2974–2981.

22. Harrison W. Michigan Geologic Repository for Research and Education. (pers. comm.).

23. Michigan Department of Environmental Quality. MDEQ online oil and gas database. [cited 2012 December 5]. Available from: ww2.deq.state.mi.us/mir/

24. Dolton GL, Quinn JC. An Initial Resource Assessment of the Upper Devonian Antrim Shale in the Michigan Basin. U.S. Geological Survey; 1996 p. 10.

25. Boyer C, Kieschnick J, Suarez-rivera R, Lewis R, Walter G. Producing gas from its source. Oilfield Review. 2006:36–49.

26. Ryder RT. Fracture patterns and their origin in the Upper Devonian Antrim Shale gas resevoir of the Michigan basin: A review. U.S. Geological Survey; 

1996 p. 30.

27. Martini AM, Budai JM, Walter LM, Schoell M. Microbial generation of economic accumulations of methane within a shallow organic-rich shale. 

Nature. 1996 September 12;383(6596):155–158.

28. Martini AM, Walter LM, Ku TCW, Budai JM, McIntosh JC, Schoell M. Microbial production and modification of gases in sedimentary basins: A   

geochemical case study from a Devonian shale gas play, Michigan basin. AAPG Bulletin. 2003 August;87(8):1355–1375.

29. Fertl W, Chilingar G. Total Organic Carbon Content Determined From Well Logs. SPE Formation Evaluation. 1988;3(2).

30. Wood JR, Harrison WB III. Advanced characterization of fractured reservoirs in carbonate rocks: The Michigan basin. Michigan Technological 

University; 2002 p. 63.

31. Hayden J, Pursell D. The Barnett Shale: Visitors guide to the hottest gas play in the US. Pickering Energy Partners, Inc.; 2005.

32. McIntosh JC, Walter LM, Martini AM. Pleistocene recharge to midcontinent basins: Effects on salinity structure and microbial gas generation. 

Geochimica Et Cosmochimica Acta. 2002 May;66(10):1681–1700.

33. Curtis JB. Fractured shale-gas systems. Aapg Bulletin. 2002 November;86(11):1921–1938.

34. Cercone K. Thermal History of Michigan Basin. Aapg Bulletin-American Association of Petroleum Geologists. 1984;68(2):130–136.

35. Cercone KR, Pollack HN. Thermal maturity of the Michigan basin. 1991;256:1–11.

36. Martini AM, Walter LM, McIntosh JC. Identification of microbial and thermogenic gas components from Upper Devonian black shale cores, Illinois 

and Michigan basins. Aapg Bulletin. 2008 March;92(3):327–339.

37. McIntosh JC, Garven G, Hanor JS. Impacts of Pleistocene glaciation on large-scale groundwater flow and salinity in the Michigan Basin. Geofluids. 

2011 February;11(1):18–33.

38. Person M, McIntosh J, Bense V, Remenda VH. Pleistocene hydrology of north America: The role of ice sheets in reorganizing groundwater flow 

systems. Reviews of Geophysics. 2007 September 21;45(3).

39. Wood JR, Quinlan WC. An Approach to Recover Hydrocarbons from Currently Off-Limit Areas of the Antrim Formation, MI Using Low-Impact 

Technologies. Michigan Technical University; 2008 p. 61.



23

HYDRAULIC FRACTURING IN MICHIGAN INTEGRATED ASSESSMENT: GEOLOGY/HYDROGEOLOGY TECHNICAL REPORT, SEPTEMBER 2013

40. Harrison WBI. Facies, fabrics and organic geochemisty of the A-1 carbonate in Michigan. In: Mount Pleasant, MI; 2013.

41. Wilson T, Long D. Geochemistry and Isotope Chemistry of Ca-Na-Cl Brines in Silurian Strata, Michigan Basin, Usa. Applied Geochemistry. 1993 

September;8(5):507–524.

42. Wilson T, Long D. Geochemistry and Isotope Chemistry of Michigan Basin Brines - Devonian Formations. Applied Geochemistry. 1993 

January;8(1):81–100.

43. Hanor JS, McIntosh JC. Are secular variations in seawater chemistry reflected in the compositions of basinal brines? Journal of Geochemical 

Exploration. 2006;89(1-3):153–156.

44. Ma L, Castro MC, Hall CM, Walter LM. Cross-formational flow and salinity sources inferred from a combined study of helium concentrations, isotopic 

ratios, and major elements in   the Marshall aquifer, southern Michigan. Geochemistry Geophysics Geosystems. 2005 October 8;6.

45. Vugrinovich R. Subsurface temperatures and surface heat flow in the Michigan Basin and their relationships to regional subsurface fluid movement. 

Marine and Petroleum Geology. 1989 February;6(1):60–70.

46. Stueber AM, Walter LM. Origin and Chemical Evolution of Formation Waters from Silurian-Devonian Strata in the Illinois Basin, Usa. Geochimica et 

Cosmochimica Acta. 1991 January 1;55:1.

47. McIntosh JC, Walter LM, Martini AM. Extensive microbial modification of formation water geochemistry: Case study from a Midcontinent sedimentary 

basin, United States. Geological Society of America Bulletin. 2004 June;116(5-6):743–759.

48. Michigan Department of Environmental Quality. Water Well Viewer [Internet]. [cited 2013 March 16]. Available from: wellviewer.rsgis.msu.edu

49. Vidic RD, Brantley SL, Vandenbossche JM, Yoxtheimer D, Abad JD. Impact of Shale Gas Development on Regional Water Quality. Science. 2013 May 

17;340(6134).

50. Osborn SG, Vengosh A, Warner NR, Jackson RB. Methane contamination of drinking water accompanying gas-well drilling and hydraulic fracturing. 

Proceedings of the National Academy of Sciences of the United States of America. 2011 May 17;108(20):8172–8176.

51. DeGiulio DC, Wilkin RT, Miller C, Oberley G. Investigation of groundwater contamination near Pavillion, Wyoming. U.S. Environmental Protection 

Agency; 2011.

52. Molofsky LJ, Connor JA, Farhat SK, Wylie AS, Wagner T. Methane in Pennsylvania water wells unrelated to Marcellus shale fracturing. Oil & Gas 

Journal. 2011 December 5;109(19):54–67.

53. Davies RJ. Methane contamination of drinking water caused by hydraulic fracturing remains unproven. Proceedings of the National Academy of 

Sciences of the United States of America. 2011 October 25;108(43):E871–E871.

54. Schon SC. Hydraulic fracturing not responsible for methane migration. Proceedings of the National Academy of Sciences of the United States of 

America. 2011 September 13;108(37):E664–E664.

55. Saba T, Orzechowski M. Lack of data to support a relationship between methane contamination of   drinking water wells and hydraulic fracturing. 

Proceedings of the National Academy of Sciences of the United States of America. 2011 September 13;108(37):E663–E663.

56. Davies RJ, Mathias SA, Moss J, Hustoft S, Newport L. Hydraulic fractures: How far can they go? Marine and Petroleum Geology. 2012 

November;37(1):1–6.

57. Mahrer KD. A review and perspective on far-field hydraulic fracture geometry   studies. Journal of Petroleum Science and Engineering. 1999 

November;24(1):13–28.

58. Fisher K, Warpinski N. Hydraulic-Fracture-Height Growth: Real Data. Spe Production & Operations. 2012;27(1):8–19.

59. Harrison WBI. Chapter 10 - Hydrocarbon Resources. In: Schaetzl RJ, Darden JT, Brandt D, editors. Geography and Geology of Michigan. Upper 

Saddle River, NJ: Pearson Custom Publishers; 2009.

60. Weaver TR, Frape SK, Cherry JA. Recent cross-formational fluid flow and mixing in the shallow Michigan Basin. Geological Society of America 

Bulletin. 1995;107(6):697–707.

61. Warner NR, Jackson RB, Darrah TH, Osborn SG, Down A, Zhao K, White A, Vengosh A. Geochemical evidence for possible natural migration of 

Marcellus   Formation brine to shallow aquifers in Pennsylvania. Proceedings of the National Academy of Sciences of the United States of America. 2012 

July 24;109(30):11961–11966.

62. Engelder T. Capillary tension and imbibition sequester frack fluid in Marcellus gas shale. Proceedings of the National Academy of Sciences. 2012 

December 26;109(52):E3625–E3625.

63. Holst TB, Foote GR. Joint orientation in Devonian rocks in the northern portion of the lower peninsula of Michigan. Geological Society of America 

Bulletin. 1981 February 1;92(2):85–93.

64. Nordbotten JM, Celia MA, Bachu S, Dahle HK. Semianalytical solution for CO2 leakage through an abandoned well. Environmental Science & 

Technology. 2005 January 15;39(2):602–611.



24

HYDRAULIC FRACTURING IN MICHIGAN INTEGRATED ASSESSMENT: GEOLOGY/HYDROGEOLOGY TECHNICAL REPORT, SEPTEMBER 2013

65. Watson TL, Bachu S. Evaluation of the Potential for Gas and CO2 Leakage Along Wellbores. Spe Drilling & Completion. 2009 March;24(1):115–126.

66. Michigan Department of Environmental Quality. Michigan’s Oil and Gas Regulations. 2006 [cited 2013 February 14]. Available from:  

www.michigan.gov/documents/deq/ogs-oilandgas-regs_263032_7.pdf

67. National Petroleum Council. Plugging and abandonment of oil and gas wells.; 2011 p. 21. Available from:  

www.npc.org/Prudent_Development-Topic_Papers/2-25_Well_Plugging_and_Abandonment_Paper.pdf

68. Keller S, Crook R, Haut R, Kulakofsky D. Deviated-Wellbore Cementing .1. Problems. Journal of Petroleum Technology. 1987 August;39(8):955–960.

69. Myers T. Potential Contaminant Pathways from Hydraulically Fractured Shale to Aquifers. Ground Water. 2012 December;50(6):872–882.

70. Saiers JE, Barth E. Potential Contaminant Pathways from Hydraulically Fractured Shale Aquifers. Ground Water. 2012;50(6):826–828.

71. Cohen HA, Parratt T, Andrews CB. Potential Contaminant Pathways from Hydraulically Fractured Shale to Aquifers. Groundwater. 2013;51(3):317–319.

72. Celia MA, Nordbotten JM. Practical Modeling Approaches for Geological Storage of Carbon Dioxide. Ground Water. 2009 October;47(5):627–638.

73. Gaus I. Role and impact of CO2–rock interactions during CO2 storage in sedimentary rocks. International Journal of Greenhouse Gas Control. 2010 

January;4(1):73–89.

74. Lewicki JL, Birkholzer J, Tsang C-F. Natural and industrial analogues for leakage of CO2 from storage reservoirs: identification of features, events, and 

processes and   lessons learned. Environmental Geology. 2007 April;52(3):457–467.

75. Shukla R, Ranjith P, Haque A, Choi X. A review of studies on CO2 sequestration and caprock integrity. Fuel. 2010 October;89(10):2651–2664.

76. U.S. Environmental Protection Agency. Great Lakes Facts and Statistics. 2012 July 5 [cited 2013 January 3]. Available from:  

www.epa.gov/greatlakes/lakestats.html

77. Nathan VR. Drinking water in Michigan: source, quality, and contaminants. Journal of water and health. 2006;4 Suppl 1:67–73.

78. Arthur JD, Bohm B, Layne M, Cornue D. Hydraulic fracturing considerations for natural gas wells of the Marcellus shale. In: Cincinnati, OH: The 

Groundwater Protection Council; 2008. pp. 1–16.

79. Ground Water Protection Council, ALL Consulting. Modern shale gas development in the United States: A primer.; 2009 p. pp. 95.

80. U.S. Environmental Protection Agency. Study of the potential impacts of hydraulic fracturing on drinking water resources: Progress Report.; 2012 p. 262.

81. Ground Water Protection Council, Interstate Oil and Gas Compact Commission. FracFocus. FracFocus [Internet]. Available from: fracfocus.org

82. Fisher RS. Geologic and Geochemical Controls on Naturally Occurring Radioactive Materials (NORM) in Produced Water from Oil, Gas, and 

Geothermal Operations. Environmental Geosciences. 1998;5(3):139–150.

83. Leventhal J. Pyrolysis-Gas Chromatography-Mass Spectrometry to Characterize Organic-Matter and Its Relationship to Uranium Content of 

Appalachian Devonian Black Shales. Geochimica Et Cosmochimica Acta. 1981;45(6):883–889.

84. Brumsack HJ. The trace metal content of recent organic carbon-rich sediments: Implications for Cretaceous black shale formation. Palaeogeography 

Palaeoclimatology Palaeoecology. 2006 March 22;232(2-4):344–361.

85. Vine JD, Tourtelo EB. Geochemistry of Black Shale Deposits - a Summary Report. Economic Geology. 1970;65(3):253–&.

86. Smith KP, Blunt DL, Williams GP, Tebes CL. Radiological dose assessment related to management of naturally occuring radioactive materials  

generated by the petroleum industry. Department of Energy; 1996 p. 69.

87. Blauch M, Myers R, Moore T, Lipinski B, Houston N. Marcellus Shale Post-Frac Flowback Waters - Where is All the Salt Coming from and What are the 

Implications? In: Society of Petroleum Engineers; 2009.

88. Gregory KB, Vidic RD, Dzombak DA. Water Management Challenges Associated with the Production of Shale Gas by Hydraulic Fracturing. Elements. 

2011 June 1;7(3):181–186.

89. Pritz ME, Kirby CS. Geochemical investigations of Marcellus Shale natural gas hydrofracturing waters. In: Abstracts with Programs. Vol. 42 (1). ; 2010. 

p. 121.

90. McIntosh JC, Walter LM. Volumetrically significant recharge of Pleistocene glacial meltwaters into epicratonic basins: Constraints imposed by solute 

mass balances. Chemical Geology. 2005 November 5;222(3-4):292–309.

91. Smedley PL, Kinniburgh DG. A review of the source, behaviour and distribution of arsenic in natural waters. Applied Geochemistry. 2002 

May;17(5):517–568.

92. Peng B, Song Z, Tu X, Xiao M, Wu F, Lv H. Release of heavy metals during weathering of the Lower Cambrian Black Shales in western Hunan, China. 

Environmental Geology. 2004 June 1;45(8):1137–1147.

93. Woo NC, Choi MJ, Lee KS. Assessment of Groundwater Quality and Contamination from Uranium-Bearing Black Shale in Goesan–Boeun Areas, 

Korea. Environmental Geochemistry and Health. 2002 September 1;24(3):264–273.



25

HYDRAULIC FRACTURING IN MICHIGAN INTEGRATED ASSESSMENT: GEOLOGY/HYDROGEOLOGY TECHNICAL REPORT, SEPTEMBER 2013

94. Loukola-Ruskeeniemi K, Kantola M, Halonen T, Seppänen K, Henttonen P, Kallio E, Kurki P, Savolainen H. Mercury-bearing black shales and human Hg 

intake in eastern Finland: impact and mechanisms. Environmental Geology. 2003 January 1;43(3):283–297.

95. Lee J-S, Chon H-T, Kim K-W. Migration and dispersion of trace elements in the rock-soil-plant system in areas underlain by black shales and slates of 

the Okchon Zone, Korea. Journal of Geochemical Exploration. 1998;65(1):61–78.

96. Swanson VE. Oil yeild and uranium content of black shales.; 1960.

97. Haluszczak LO, Rose AW, Kump LR. Geochemical evaluation of flowback brine from Marcellus gas wells in Pennsylvania, USA. Applied Geochemistry. 

2013 January;28(0):55–61.

98. Lustgarten A. Is New York’s Marcellus Shale Too Hot to Handle? ProPublica [Internet]. 2009 November 9. Available from:  

www.propublica.org/article/is-the-marcellus-shale-too-hot-to-handle-1109

99. NYSDEC. Draft Supplemental Generic Environmental Impact Statement On The Oil, Gas and Solution Mining Regulatory Program, Well Permit 

Issuance for Horizontal Drilling And High-Volume Hydraulic Fracturing to Develop the Marcellus Shale and Other Low-Permeability Gas Reservoirs.; 2009.

100. Bi Y, Hyun SP, Kukkadapu RK, Hayes KF. Oxidative dissolution of UO2 in a simulated groundwater containing synthetic nanocrystalline mackinawite. 

Geochimica et Cosmochimica Acta. 2013 February 1;102:175–190.

101. Pierce EM, Icenhower JP, Serne RJ, Catalano JG. Experimental determination of UO2(cr) dissolution kinetics: Effects of solution saturation state and 

pH. Journal of Nuclear Materials. 2005 October 15;345(2-3):206–218.

102. De Pablo J, Casas I, Gimenez J, Clarens F, Duro L, Bruno J. The oxidative dissolution mechanism of uranium dioxide. The effect of pH and oxygen 

partial pressure. In: Oversby VM, Werme LO, editors. Scientific Basis for Nuclear Waste Management Xxvii. Vol. 807. Warrendale: Materials Research 

Society; 2004. pp. 83–88.

103. Guillaumont R, Agency ONE, Mompean FJ. Update on the chemical thermodynamics of uranium, neptunium, plutonium, americium and  

technetium. Elsevier; 2003.

104. Dong W, Brooks SC. Determination of the formation constants of ternary complexes of uranyl   and carbonate with alkaline earth metals (Mg2+, 

Ca2+, Sr2+, and Ba2+)   using anion exchange method. Environmental Science & Technology. 2006 August 1;40(15):4689–4695.

105. Stewart BD, Mayes MA, Fendorf S. Impact of Uranyl-Calcium-Carbonato Complexes on Uranium(VI) Adsorption to Synthetic and Natural Sediments. 

Environmental Science & Technology. 2010 February 1;44(3):928–934.

106. Suess E, Planer-Friedrich B. Thioarsenate formation upon dissolution of orpiment and arsenopyrite. Chemosphere. 2012 

November;89(11):1390–1398.

107. Jeong HY, Han Y-S, Park SW, Hayes KF. Aerobic oxidation of mackinawite (FeS) and its environmental implication for arsenic mobilization. 

Geochimica Et Cosmochimica Acta. 2010 June 1;74(11):3182–3198.

108. Paikaray S. Environmental hazards of arsenic associated with black shales: a review on geochemistry, enrichment and leaching mechanism. Reviews 

in Environmental Science and Bio-Technology. 2012 September;11(3):289–303.

109. Hayes KF, Chen C, McAvoy DC. Quaternary Ammonium Surfactant Effects on Sorption of Trace Metals onto Quartz and Aluminosilicates. Soil 

Science Society of America Journal. 1995 4/01;59(2):380–387.

110. Patel A. Design and Development of Quaternary Amine Compounds: Shale Inhibition With Improved Environmental Profile. In: Society of Petroleum 

Engineers; 2009. Available from: www.onepetro.org/mslib/servlet/onepetropreview?id=SPE-121737-MS

111. Cooley H, Donnelly K. Hydraulic fracturing and water resources: separating the frack from the fiction. 2012.

112. Veil J, Clark C. Produced water volume estimates and management practices. SPE Production & Operations. 2011;26(3):234–239.

113. U.S. Environmental Protection Agency. Underground injection wells in region 5. [cited 2013 March 10]. Available from:  

www.epa.gov/r5water/uic/r5uicwells.htm#michigan

114. Hopey D. Quakes in Ohio tied to area shale operations. Pittsburgh Post-Gazette [Internet]. 2012 March 10 [cited 2013 June 1]. Available from:  

www.post-gazette.com/stories/local/marcellusshale/quakes-in-ohio-tied-to-area-shale-operations-221762/

115. Keranen KM, Savage HM, Abers GA, Cochran ES. Potentially induced earthquakes in Oklahoma, USA: Links between wastewater injection and the 

2011 Mw 5.7 earthquake sequence. Geology. 2013 March 26.

116. Lutz BD, Lewis AN, Doyle MW. Generation, transport, and disposal of wastewater associated with Marcellus Shale gas development. Water 

Resources Research. 2013;49:1–10.

117. Rozell DJ, Reaven SJ. Water Pollution Risk Associated with Natural Gas Extraction from the   Marcellus Shale. Risk Analysis. 2012 

August;32(8):1382–1393.

118. Chapman EC, Capo RC, Stewart BW, Kirby CS, Hammack RW, Schroeder KT, Edenborn HM. Geochemical and Strontium Isotope Characterization of 

Produced Waters   from Marcellus Shale Natural Gas Extraction. Environmental Science & Technology. 2012 March 20;46(6):3545–3553.



26

HYDRAULIC FRACTURING IN MICHIGAN INTEGRATED ASSESSMENT: GEOLOGY/HYDROGEOLOGY TECHNICAL REPORT, SEPTEMBER 2013

119. Maloney KO, Yoxtheimer DD. Production and Disposal of Waste Materials from Gas and Oil Extraction from the Marcellus Shale Play in 

Pennsylvania. Environmental Practice. 2012;14(4):278–287.

120. U.S. Geological Survey. Michigan Water Science Center: Water Quality Data. 2012 [cited 2013 June 1]. Available from:  

mi.water.usgs.gov/qwdata.php

121. Olmstead SM, Muehlenbachs LA, Shih J-S, Chu Z, Krupnick AJ. Shale gas development impacts on surface water quality in Pennsylvania. 

Proceedings of the National Academy of Sciences. 2013 March 26;110(13):4962–4967.

122. Brantley SL, Wilderman C, Abad J. Workshop discusses database for Marcellus water issues. Eos, Transactions American Geophysical Union. 

2012;93(34):328–328.

123. U.S. Environmental Protection Agency. Plan to study the potential impacts of hydraulic fracturing on drinking water resources.; 2011 p. 174.

124. Simon JA, Fleming ME. Editor’s perspective—Shale gas development: Environmental issues and opportunities. Remediation Journal. 

2011;21(4):1–10.

125. Barbot E, Vidic NS, Gregory KB, Vidic RD. Spatial and Temporal Correlation of Water Quality Parameters of Produced Waters from Devonian-Age 

Shale following Hydraulic Fracturing. Environmental Science & Technology. 2013 March 19;47(6):2562–2569.

126. Boyer EW, Swistock BR, Clark J, Madden M, Rizzo DE. The impact of Marcellus gas drilling on rural drinking water supplies. The Center for Rural 

Pensylvania; 2012 p. 26.

127. Hayes T. Sampling and analysis of water streams associated with the development of marcellus shale gas. Marcellus Shale Coalition; 2009 p. 249.

Acknowledgements

This publication is a result of work sponsored by the University of Michigan. BRE also acknowledges partial funding support from the Michigan Society of 
Fellows and from the National Science Foundation under Grant No. 1214416. 



© 2013 BY THE REGENTS OF THE UNIVERSITY OF MICHIGAN

MARK J. BERNSTEIN, ANN ARBOR

JULIA DONOVAN DARLOW, ANN ARBOR

LAURENCE B. DEITCH, BLOOMFIELD HILLS

SHAUNA RYDER DIGGS, GROSSE POINTE

DENISE ILITCH, BINGHAM FARMS

ANDREA FISCHER NEWMAN, ANN ARBOR

ANDREW C. RICHNER, GROSSE POINTE PARK

KATHERINE E. WHITE, ANN ARBOR

MARY SUE COLEMAN, EX OFFICIO

Please print sparingly and recycle


