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Executive summary 

The increase in coal seam gas (CSG) development in Australia has sparked significant community 

concern about the potential environmental, social and economic impacts that could result. It is 

commonly stated that the development of the industry is moving ahead of regulatory frameworks. 

There is significant disagreement between sections of the community and the representatives of 

energy companies as to the real risks of CSG production. 

A consortium of Catchment Management Authorities (CMAs) in New South Wales, Australia 

commissioned this report. CMAs invest in the maintenance and improvement of natural resources in 

NSW catchments.  

CMAs are bound by a practice standard that ensures they use the best available information in 

decision-making. This project is aimed at determining what evidence is available to identify and 

characterise potential impacts of CSG. To achieve this, a highly systematic search of available 

evidence was undertaken in the four key impact areas of: 

1. CSG wellbore construction and production   

2. CSG produced waters 

3. Hydraulic fracturing in coal seams 

4. Social and economic 

The search included: 

 desktop searches of scientific search engines 

 desktop searches for grey literature 

 direct requests to individual researchers and agency representatives, 

 checking of bibliographies within all evidence found.   

A transparent set of inclusion and exclusion criteria were applied to identified evidence. An initial 

assessment of study limitations was applied to included items. Key findings are provided in a short 

summary.  

A significant number of studied impacts were identified from the included evidence. It is important to 

note that the identification of a studied impact makes no assessment of the degree to which it was 

found to exist. The key impacts within each of the four areas are listed below. 

CSG wellbore construction and production 

 Impacts on terrestrial fauna 

 Impact on land condition 

 Gas leakage to the atmosphere 

 Migration of methane and other contaminants to the near-surface environment (aquifers and 

soils) 

 Groundwater drawdown 

CSG produced waters 

 Discharge to surface waters and impact on rivers and tributaries 

 Discharge to surface waters and impact on aquatic fauna 

 Land application and impact on soil 

 Plants and near-surface groundwater level 

 Infiltration from impoundments and impact on soil and groundwater 

 Increased water surface area and impact on mosquito habitat 

 



 
 
Hydraulic fracturing in coal seams 

 Impact on groundwater and air quality 

 Induced seismicity 

 Spills and other contamination from hydraulic fracturing chemicals 

Social and economic 

 Health risks from chemicals used in drilling and hydraulic fracturing of coal seams 

 Poor monitoring leading to difficulty in determining the causality of various physical symptoms 

 Increased disease from mosquitoes 

 Increase in employment, land degradation leading to property being devalued, a lack of scope 

in current compensation requirements 

 Linear developments such as roads and pipes reducing farming option 

An interesting finding from the evidence search is that the quantity of evidence available does not 

match the level of community concern about particular impacts. Impacts of high community concern, 

such as aquifer contamination from hydraulic fracturing have a very small amount of available 

evidence, while issues that appear to be of lower concern, such as the degradation of land and water 

quality caused by CSG produced waters, are more highly represented in the evidence base. 

However, it is important to remember that lack of evidence neither confirms nor disproves potential 

impacts. 

The identification and summary of existing case studies, sorted according to areas of impact, provides 

interested parties with a useful reference to familiarise themselves with the evidence base. Its 

potential applications are broad and include underpinning efforts to better inform stakeholders, 

ensuring that development assessments consider all possible impacts, and defining research gaps 

that need further investment. 
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1. Introduction 

Background 

The pace of coal seam gas (CSG) exploration and development in Australia is increasing. While this 

form of energy production has been used in other parts of the world for decades, primarily in the 

United States, to date it has not been pursued beyond a few small operations in Australia. 

People are unfamiliar with the extraction techniques used for CSG so the new wave of development 

in Australia has naturally raised significant community concerns about its potential impacts on existing 

land uses, the environment and health. Many community groups have formed to ensure CSG 

development is appropriately managed or excluded altogether. Government environmental and 

natural resource agencies are also being approached for their position and advice on the 

management of CSG developments. This includes Catchment Management Authorities (CMAs) in 

New South Wales (NSW).  

In 2012 Environmental Evidence Australia (EEA) conducted a scoping search for available evidence 

on the subject of CSG impacts for Border-Rivers Gwydir Catchment Management Authority 

(BRGCMA). This search confirmed the availability of a significant volume of relevant evidence that 

address questions about the potential impacts of CSG and hence the value of performing a more 

comprehensive search for the available evidence. 

Purpose of this project 

EEA was contracted by four NSW CMAs to undertake a comprehensive search of the available 

evidence and detail the potential biophysical and social impacts of coal seam gas (CSG) exploration 

and extraction. The CMAs have many stakeholders, including farmers that would like to fully 

understand the potential impacts from CSG installations. 

This first stage of the project was a search of the available literature (both scientific peer reviewed and 

unpublished literature), using the principles and approaches outlined in the Guidelines for Systematic 

Review as established by the Collaboration for Environmental Evidence (CEE) (insert reference and 

include in reference list). The specific methodology is documented in section 2 of this report. 

Once the search was completed, individual impacts and their potential causes were identified from the 

evidence and summary tables of cases studies constructed. These resources will enable the 

development of a variety of information products, including synthesis of the evidence in the future 

should funding become available.  

Purpose of this report 

The purpose of this document is to report on the findings of a systematic search for evidence related 

to the potential impacts of coal seam gas (CSG) development. A summary of key findings from 

evidence items found is presented along with an assessment of the potential limitations of the studies 

identified. 
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Scope of the review 

The scope of the review is outlined in the hierarchy of questions illustrated below. There is one 

primary question and four secondary questions. Each secondary question has a separate set of 

search phrases and inclusion/exclusion criteria that are detailed in the method section of this report.  

 

While there are other potential impacts resulting from the CSG exploration and extraction process, 

such as the development and maintenance of infrastructure such as roads and pipelines, and the 

relative contribution of CSG development to greenhouse gas emissions, this review of evidence has 

not aimed to include these. 
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2. Method 

2.1 Search phrases and inclusion/exclusion criteria 
This section documents the search phrases and inclusion/exclusion criteria that were used for each of 

the secondary questions in the review. The search phrases and inclusion / exclusion criteria 

documented in the following section represents the final iterations after testing of search terms and 

phrases, and peer-review. 

Q1. What are the potential impacts of CSG wellbore construction and production on natural 

systems? 
This search will identify evidence that has assessed the impacts of CSG wellbore construction, coal 

seam dewatering, and methane production (without the use of hydraulic fracturing) on natural 

systems. The search is designed to include water resource issues such as groundwater 

contamination and drawdown, and issues including gas leakages to the atmosphere and impacts of 

surface development.  The impacts of production waters once pumped from the sub-surface 

environment have not been included as part of this search strategy but it is the subject of a separate 

secondary question. 

Inclusion and exclusion criteria 

Inclusions: 

 CSG drilling  and wellbore construction impacts on aquifer integrity and cross-contamination,  

 Studies that assess environmental impacts relating to CSG well integrity during and after 

methane extraction, 

 Studies that assess CSG drilling and extraction-related contamination of groundwater and 

interacting systems, 

 Studies on groundwater drawdown quantities caused by coal seam dewatering, 

 Studies on gas leakage from CSG wellbores and immediate area into the atmosphere, and  

 Studies on the effect of surface development associated with CSG activities on terrestrial 

native and exotic fauna and flora, and soil condition. 

Exclusions: 

 Life cycle analysis of greenhouse gases from CSG industry, 

 Case studies that are from other energy sources including gas development and production 

from conventional gas extraction and unconventional gas extraction from formations other 

than coal seams (e.g. shale and sandstone), and 

 Impacts of hydraulic fracturing. 

Search terms 

1. ("coal seam gas" OR "coalseam gas" OR "coal seam methane" OR "coalseam methane" OR 

"coalbed methane" OR "coal bed methane" OR "coal bed gas" OR "coalbed gas") AND 

(groundwater OR aquifer OR "drinking water" OR "surface water") AND (contamin* OR 

drawdown OR extraction OR depletion OR methane OR pollut* OR "water quantity") 

 

2. ("coal seam gas" OR "coalseam gas" OR "coal seam methane" OR "coalseam methane" OR 

"coalbed methane" OR "coal bed methane" OR "coal bed gas" OR "coalbed gas") AND 

methane AND (leak* OR atmosph* OR emissio* OR seep*) 
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3. (wellbore OR casing OR wellhead OR pit) AND (integrity OR degradation OR waste OR 

acciden* OR fail* OR impact OR incident) AND ("unconventional gas" OR coalbed OR "coal 

bed" OR "coal seam") 

 

4. (aquifer OR "drinking water") AND drilling AND (cross-contamination OR "cross 

contamination" OR "cross-aquifer contamination") AND (coalbed OR "coal bed" OR "coal 

seam") 

Q2. What are the potential impacts of CSG produced waters on natural systems? 

This review question will identify studies that have assessed the impacts of produced waters from 

coal seam dewatering on the natural environment including surface and groundwater quality, soil 

properties (chemical and physical), and biodiversity (fauna and flora). The search will identify the 

processes that lead to the degradation of the aforementioned natural assets such as infiltration and 

leakages from impoundments, discharge into waterways, and land application. 

Inclusion and exclusion criteria 

Inclusions: 

 Studies that assess the impacts of produced water storage, disposal or re-use (i.e. surface or 

sub-surface storages, infiltration impoundments, discharge to waterways, re-injection, and 

land application including surface and sub-surface irrigation) on surface and groundwater 

quality, soil properties and vegetation, aquatic and terrestrial fauna.  

Exclusions 

 Studies that characterise CSG produced waters without assessing its impact on a natural 

systems, 

 Environmental Impact Studies (pre-methane extraction),  

 Studies that assess the effectiveness of water treatment technologies pre-disposal or re-use.  

 Studies on groundwater drawdown (see separate question), and 

 Studies on the impacts of produced waters sources other than coal seams. 

Search phrases 

1. ("coal seam gas" OR "coalseam gas" OR "coal seam methane" OR "coalseam methane" OR 

"coalbed methane" OR "coal bed methane" OR "coal bed gas" OR "coalbed gas") AND 

("produced water" OR "coproduced water" OR "co-produced water" OR "byproduct water" OR 

"by-product water" OR "formation water") AND (groundwater OR aquifer OR "water quality" 

OR infiltration OR seepage OR river OR creek OR stream OR discharge) 

 

2. ("coal seam gas" OR "coalseam gas" OR "coal seam methane" OR "coalseam methane" OR 

"coalbed methane" OR "coal bed methane" OR "coal bed gas" OR "coalbed gas") AND 

("produced water" OR "coproduced water" OR "co-produced water" OR "byproduct water" OR 

"by-product water" OR "formation water") AND (disposal OR soil OR sodic OR salin* OR 

vegetation OR plants OR biodiversity OR fauna OR habitat) 

 

3. ("coal bed natural gas" OR "coalbed natural gas") AND water 

 

4. (CSG OR CBM OR CBNG) AND (methane OR gas OR unconventional) AND water AND 

produc* 
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Q3. What are the potential impacts of hydraulic fracturing in coal seams on natural systems? 

This search will identify evidence that has assessed the impacts of hydraulic fracturing in coal seams 

on groundwater, including shallow aquifers, and interacting systems (e.g. surface water expression). 

Evidence on the impact of hydraulic fracturing fluid spills and earthquakes will also be identified. 

Inclusion and exclusion criteria 

Inclusions:  

 Studies that assess the impacts of the hydraulic fracturing on groundwater and interacting 

systems, specifically the contamination of water sources by fracturing chemicals and 

degradation products, and naturally occurring materials that have been mobilised, 

 Studies on the impact of hydraulic fracturing fluid spills at CSG sites, and 

 Studies that have assessed whether hydraulic fracturing in coal seams has induced seismic 

activity. 

Exclusions:  

 the impacts of wellbore construction (see previous review question). 

 Hydraulic fracturing in formations other than coal seams including shale and sandstones*. 

* Note that at the time of the evidence search being undertaken it was not confirmed whether 

evidence of hydraulic fracturing in formations other than coal seams would be excluded. 

Consequently evidence relating to hydraulic fracturing in other formations was initially included as 

evident in search terms and results but excluded prior to summarising case studies. 

Search phrases 

 

1. ("hydraulic fracturing" OR hydrofrac* OR fracc* OR frack*) AND (chemicals OR fluids) AND 

(contamina* OR spill* OR radio* OR toxi* OR pollution OR leak* OR migration) AND 

(groundwater OR "surface water" OR aquifer OR "drinking water" OR "water quality") 

 

2. ("hydraulic fracturing" OR hydrofrac* OR fracc* OR frack*)  AND (seism* OR earthq*) AND 

(coal OR coalbed OR shale) 

 

Q4. What are the potential social impacts of CSG activities on local communities? 

This review question will identify case studies that have assessed the social impacts that CSG-related 

activities have on the community including public health, social and emotional well-being, positive and 

negative impacts on the local economy, and land-use conflict. 

Inclusion / exclusion criteria 

Inclusions:  

 Case studies of community or regional level social impacts associated with any CSG related 

activity, 

 Case studies on the impacts of CSG activities on the local economy and land-use conflict, 

and 

 Case studies on the impacts on public health. 

Exclusions:  

 Studies on regulation and legislation that do not assess social impacts, 
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 Anecdotal evidence in which the relationship between CSG activity and social impact has not 

been investigated using scientific method,  

 Evidence from case studies that are from non-coal seam methane extraction activities, for 

example, conventional gas production or methane extraction from shale and sandstone 

formations, 

 Social impact assessments (pre-mining),  

 Studies on the economic viability of gas production, and 

 Studies in developing countries. 

Search terms 

1.  ("coal seam gas" OR "coalseam gas" OR "coal seam methane" OR "coalseam methane" OR 

"coalbed methane" OR "coal bed methane" OR "coal bed gas" OR "coalbed gas")  AND 

health AND (public OR human OR mental)  

 

2. ("coal seam gas" OR "coalseam gas" OR "coal seam methane" OR "coalseam methane" OR 

"coalbed methane" OR "coal bed methane" OR "coal bed gas" OR "coalbed gas") AND 

(social OR communit* OR conflict OR "land use" OR econom*) 

 

3. ("hydraulic fracturing" OR hydrofrac* OR fracc* OR frack*) AND "public health" 

 

4. "unconventional gas" AND (drilling OR development) AND (agricultu* OR residen* OR 

landholder OR social OR communit*) 

 

5. ("unconventional gas" OR "natural gas") AND (coal OR coalbed) AND (attitud* OR beliefs OR 

conflict OR perception) AND (landh* OR farmer OR agricult* OR communit* OR residen* OR 

citizen) 

2.2 Search strategies 

The search strategies we used are defined below. 

Strategy 1: Scientific databases and search engines 

A systematic search using the identified search terms was undertaken across the following eight 

scientific databases and search engines:  

1. ScienceDirect 

2. Wiley Online Library 

3. JSTOR 

4. Trove (National Library of Australia) 

5. Springerlink 

6. Directory of Open Access Journals 

7. AGRICOLA (USDA National Agriculture Library) 

8. Google Scholar 

For each search phrase the first 150 search returns will be assessed for relevancy using the inclusion 

/ exclusion criteria. Searching will be continued beyond the initial 150 search returns if the previous 50 

search returns (100-150) had two or more relevant evidence items. If so, then a further 50 search 

returns (150-200) will be assessed. This process continues until there is only one or no more relevant 

evidence items per 50 search returns.  
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The number of search returns and relevant evidence items that are identified will be documented for 

each search phrase and database used. Search phrases will be broken up into multiple searches if 

they are too long for a given database. Additionally, different databases and search engines use 

different characters to perform certain tasks (for example, the use of wildcards or truncation of words). 

The documented search phrases were altered for each specific search engine or database as 

required. 

Strategy 2: Direct sourcing of unpublished literature 

A list of organisations that have a role in the regulation or research of CSG will be developed from an 

internet search. An email will be sent to all organisations requesting any relevant unpublished 

evidence. The list will focus on organisations from Australia, The United States of America, and 

Canada. 

Strategy 3: Bibliography search 

The citations used in documents found from the first two strategies will be checked to identify any 

evidence not already found. 

2.3 Approach to summarising studies 

A separate table will be developed for each impact. For example in the area of Produced water 

discharge we would have a table for “Impact on surface water quality”. One or two paragraphs 

defining the impact would be followed by a table that identifies: 

 the location of the study 

 the reference 

 the purpose of the study 

 study methodology 

 potential study limitations, and 

 key findings. 

2.4 Assessment of study limitations 

In identifying potential study limitations the reviewer will consider the different aspects of evidence 

quality as outlined in Table 1.  

Table 1. Aspects of study quality to be considered when identifying study limitations. 

Category of 
quality assessed 

Aspect of category  Principles to guide assessment of the aspect 

The rigor of the 
experimental 
design used to 
collect data in the 
study 

Control: Comparing 
treatment and no 
treatment 

Comparing a treatment to a control minimises the 
chance that the results are influenced by extraneous 
variables.  

It is critical that control and treatment groups are 
similar in all aspects (other than the exposure or 
intervention under investigation) to be certain that 
differences between groups are due to the treatment.  
An exception would be when a multi-model inference 
approach is used. This approach recognises that 
observed patterns may be caused by other variables 
(e.g. land use, rainfall), not just the variable of 
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Category of 
quality assessed 

Aspect of category  Principles to guide assessment of the aspect 

interest. It allows evaluation of the relative 
importance of different explanatory variables, so 
even if the treatment and control differ in more ways 
than one you can still make valid inferences. 

Before and after 
measures 

A before and after study enables a comparison of a 
treatment and control group by collecting data before 
and after an exposure or intervention. A control 
group is important in before and after studies to 
ensure that observed results would have occurred 
irrespective of the treatment. Study groups and 
measurements need to be comparable to minimise 
potential bias. 

Replication: Measured 
at multiple spatial 
points 

Repetition of an experiment reduces variability and 
increases the reliability of results. It is important that 
it is genuine replication with the treatment being 
applied to more than one area. 

Measured in a time 
series 

Measurements taken over time are useful to 
determine trends in response to a treatment over 
time, which can be important in understanding 
ecological patterns such as seasonal effects. The 
length of time that is appropriate depends on the 
treatment and context.  

Randomisation Randomisation ensures that an individual within a 
target population has an equal chance of being 
selected which minimises the potential of selection 
bias and confounding. This ensures that sample 
groups are representative of the target population 
and observed differences between groups are due to 
the treatment or exposure. 

Is sample size 
adequate? 

An unrepresentative sample population that is 
significantly different to the population in which the 
sample population came from can introduce 
selection bias and as a consequence results may not 
be representative of the target population. 

Comparable and 
repeatable measures 
used for all 
observations (incl. 
baseline). Matched 
sample number of 
cases and control. 

Treatment and control groups need to be 
comparable meaning that they need to be as similar 
as possible except for the exposure (threatening 
process) or intervention (biophysical intervention) 
that is the subject of interest. This is important in 
measuring the extent of change.  

The 
appropriateness of 
the data analysis 
undertaken to 
derive conclusions 

Appropriateness of 
statistical analysis  

Ensure that appropriate statistical test has been 
selected for the situation (i.e. data type, number of 
groups). 

Are conclusions 
supported by  the 
experimental design 
and statistical analysis 

Ensure conclusion is derived from data gathered in 
the study i.e. is not an untested hypothesis 
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While this guide was used to document potential study limitations, no items were removed from the 

summary tables due to this assessment. Only those items not meeting the criteria for inclusion or 

based on exclusion criteria were excluded. 

3. CSG wellbore construction and production impact 

evidence 

The following key impacts were identified in the area of CSG wellbore construction and production 

which also includes surface development impacts: 

A. Impacts on terrestrial fauna 

B. Impact on land condition  

C. Gas leakage to the atmosphere  

D. Migration of methane and other contaminants to the near-surface environment (aquifers and 

soils) 

E. Groundwater drawdown 

These impacts are illustrated in the symbols diagram below. 

 

Figure 1. Symbols diagram of the impacts associated with CSG wellbore construction and production on 
natural systems [symbols used in diagram courtesy of the Integration and Application Network, University of 

Maryland Center for Environmental Science (ian.umces.edu/symbols/)]. 

CSG development impact on terrestrial fauna 

CSG development has the potential to impact terrestrial native fauna through direct habitat loss from 

well pad and road construction, and associated habitat fragmentation (Sawyer et al., 2006; Dunkin et 

al., 2009), and through the indirect loss of habitat with decreased habitat use in close proximity to well 

http://ian.umces.edu/symbols/
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pads and roads (Sawyer et al., 2006). Terrestrial fauna may also be impacted by increased surface 

water area associated with the management of produced waters from CSG activities (Walker et al., 

2007a, 2007b). Understanding how CSG development affects terrestrial fauna will assist in the 

development and evaluation of management strategies aimed at reducing the negative impacts of 

CSG development on native fauna species (Sawyer et al., 2009).  

The case studies included in the impact on terrestrial fauna section (Section 3.2) have assessed the 

impact of surface development associated with CSG activities on terrestrial fauna including birds. 

Other sections in this report that may be of relevance to this impact include the impact of surface 

discharges of CSG produced waters on aquatic fauna, which includes impacts to amphibians (Section 

4.3), and the impact of increased surface water area (from CSG produced waters) on mosquito 

habitat (Section 4.6).  

CSG development impact on land condition  

Native ecosystems may be more susceptible to weed invasion with increasing CSG development. 

There are multiple activities that may be associated with the degradation of landscape condition such 

as well pad construction and drilling activities, and produced water discharges to the surface 

environment (Bergquist et al., 2007). The degradation of land condition and increased abundance of 

weeds may negatively impact on native flora and fauna populations (Walston et al., 2009). 

Case studies in the impact on land condition section (Section 3.3) have assessed the impact of CSG 

development on native vegetation, weeds, and soil condition. It does not include the impact of 

irrigation of CSG produced waters on vegetation and soil (see Section 4.4), the impacts of CSG 

produced waters infiltrating from impoundments on soil (see Section 4.5), or bank erosion caused 

from increased flow and sodicity of surface waters (see Section 4.2).  

Gas leaks to the atmosphere 

During CSG production gases such as methane can be released into the atmosphere (Tait et al., 

2013) in addition to potentially volatile chemicals introduced during drilling and hydraulic fracturing, 

combustion by-products from equipment, and non-methane hydrocarbons that are a component of 

raw natural gas (Colborn et al., in press). Natural gas emissions can occur from point sources, for 

example, from well head leaks or venting, or from diffuse sources as may occur with the 

depressurisation of coal seams (Tait et al., 2013). The section on gas leaks (Section 3.4) summarises 

case studies that have measured potential gas leaks from natural gas operations that have targeted 

coal seams. Also see Section 6.2 on the impacts of CSG activities on human health. 

Migration of methane and other contaminants to the near-surface environment (aquifers and soils) 

CSG activities and the release of methane from coal seams creates potential pathways to near-

surface environments such as aquifers and the soil environment either through naturally occurring 

fractures through rock layers and voids or through pathways created by drilling and well installation 

(Stolp et al., 2006). There is also a risk of cross-contamination after the well has ceased production. 

For example, ineffective plugging and abandonment of wells may fail to isolate well fluids throughout 

the entire well (Mainguy et al., 2007). Well blow-outs may also lead to the contamination of aquifers 

and surface waters. For example, in Terracon Consulting Engineers and Consultants (2007) drilling 

into an over-pressurised shale formation in Wyoming caused methane, petroleum condensate, and 

drilling fluids to be released causing surface water and groundwater contamination.  

The migration of methane and other chemicals to the near-surface environment section (Section 3.5) 

contains case studies that investigate potential contamination of near-surface environments resulting 

from the creation of wells and methane extraction from coal seams.  
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Groundwater drawdown 

Coal seams are typically saturated with water and can be in communication with aquifers. CSG 

production generally requires a reduction of the gas partial pressure in the coal seam which can be 

achieved by dewatering the formation. Consequently, large quantities of water can be produced with 

the extraction of natural gas from coal seams (Jamshidi and Jessen, 2012). This results in a decline in 

groundwater levels in the proximity of producing wells or CSG fields (Queensland Water Commission, 

2012). This may cause water conflict issues with other industries and domestic water use (University 

of Southern Queensland, 2011), and could affect groundwater-dependent ecosystems by altering 

hydraulic conductivity (Myers, 2009). The groundwater drawdown section (Section 3.6) includes case 

studies of groundwater drawdown resulting from CSG production.  

3.2 Search statistics 

 Search phrases and sources 

The following table lists the search phrases and sources used to identify evidence for this review. The 

search results for each search are provided in the format X/Y (Z) of 1
st
 A where: 

X = the number of relevant evidence items found 

Y= the total number of search returns 

Z = the number of relevant returns that had already been found in a previous search  

A = the total number of papers that are searched until the relevance of evidence items 

becomes significantly reduced 
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Table 2. Numbers of relevant evidence items resulting from a stated search phrase and source (Drilling, production and surface development impact 
evidence). 

Search phrases used 
Sources: Relevant/Hits 

Science Direct Wiley SpringerLink JSTOR Trove DOAJ AGRICOLA Google Scholar 

("coal seam gas" OR 
"coalseam gas" OR 
"coal seam methane" 
OR "coalseam 
methane" OR "coalbed 
methane" OR "coal 
bed methane" OR 
"coal bed gas" OR 
"coalbed gas") AND 
(groundwater OR 
aquifer OR "drinking 
water" OR "surface 
water") AND 
(contamin* OR 
drawdown OR 
extraction OR 
depletion OR methane 
OR pollut* OR "water 
quantity") 

1 / 1,295 
of 1

st
 150 

0 / 214  
of 1

st
 150 

0 / 221  
of 1

st
 150 

5 / 174
 a 

4 / 252
 b 

 
0 / 488

 c
  

of 1
st
 150 

0 / 0 1 / 8 

0 / 3,460
 d 

of 1
st
 150

 

 
2 / 16,600

 e
  

of 1
st
 200 

("coal seam gas" OR 
"coalseam gas" OR 
"coal seam methane" 
OR "coalseam 
methane" OR "coalbed 
methane" OR "coal 
bed methane" OR 
"coal bed gas" OR 
"coalbed gas") AND 
methane AND (leak* 
OR atmosph* OR 
emissio* OR seep*) 

 

1 / 3,145 (1) 
of 1

st
 150 

1 / 313  
of 1

st
 150 

1 / 424 (1)  
of 1

st
 150 

1 / 95 (1) 

1 / 197
 b 

(1)
 

 
0 / 424

 c
  

of 1
st
 150 

0 / 3 0 / 6 
2 / 11,400 (2) 

of 1
st
 200 
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Search phrases used 
Sources: Relevant/Hits 

Science Direct Wiley SpringerLink JSTOR Trove DOAJ AGRICOLA Google Scholar 

(wellbore OR casing 
OR wellhead OR pit) 
AND (integrity OR 
degradation OR waste 
OR acciden* OR fail* 
OR impact OR 
incident) AND 
("unconventional gas" 
OR coalbed OR "coal 
bed" OR "coal seam") 

1 / 2,711 (1) 
of 1

st
 150 

0 / 1,677 
of 1

st
 150 

0 / 2,427 
of 1

st
 150 

0 / 276 
of 1

st
 150 

2 / 224
 f 

0 / 890
 g
  

of 1
st
 150 

0 / 719
 c
  

of 1
st
 150

 

 

0 / 2 0 / 0 
2 / 12,400 
of 1

st
 250 

(aquifer OR "drinking 
water") AND drilling 
AND (cross-
contamination OR 
"cross contamination" 
OR "cross-aquifer 
contamination") AND 
(coalbed OR "coal 
bed" OR "coal seam") 

1 / 197 
of 1

st
 150 

1 / 96
 h1

 2 / 104 
h1

 0 / 25 
h1

 

0 / 47 
h2 

0 / 283 
h3

  
of 1

st
 150 

0 / 317 
h4

  
of 1

st
 150 

0 / 632 
h5

  
of 1

st
 150 

0 / 0
 h1

 0 / 0
 h1

 
3 / 1,440 (2)

 h1
 

of 1
st
 150 

("gas exploration" OR 
"gas development" OR 
"gas extraction") AND 
(aquifer OR aquitard) 
AND (damage OR 
integrity OR fault OR 
leak*) AND (coal OR 
coalbed) 

2 / 380 (2) 

of 1
st
 150 

1 / 126 0 / 112 0 / 71 0 / 147 
b
 0 / 0 0 / 0 

2 / 2,370 (2) 

Of 1
st
 200 
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Search phrases used 
Sources: Relevant/Hits 

Science Direct Wiley SpringerLink JSTOR Trove DOAJ AGRICOLA Google Scholar 
a
 Results for combined search returns of 1

st
 and 3

rd
 groupings only, whereby the first group was split into two because character limitation exceeded.

 

b
 Results for combined search returns of conference papers, reports, books, journal articles, theses. 

c
 Results for archived websites only. 

d
 Results for first half of 1

st
 group (all csg) and third group. 

e
 Results for first half of 1

st
 group (all cbm) and third group. 

f
 Results for combined search returns for thesis, reviews, conference papers, and reports only. 

g
 Results for journal articles only. 

h1
 Last grouping (coalbed OR "coal bed" OR "coal seam") taken off search phrase due to very low number of search returns. 

h2
 As above; and results filtered to reports and thesis only. 

h3
 As above; and results filtered to books only. 

h4
 As above; and results filtered to journal articles only. 

h5
 As above; and results filtered to archived websites only. 
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3.2 Study summaries: CSG development impact on terrestrial fauna (including birds) 

Table 3. Summary of evidence items that have assessed the impact of CSG development on terrestrial fauna. 

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Raton Basin, 
south-central 
Colorado, USA. 

(Webb et al., 
2011b) 

Related evidence 
items: (Webb et 
al., 2011a) 

 

The effect of CSG 
development on elk 
(Cervus elaphus) 
and deer 
(Odocoileus spp.) 
was assessed at a 
landscape level to 
determine if it 
impacted the spatial 
distribution of elk and 
deer relative to roads 
and CSG well pads. 

 

Pellet group counts for deer 
and elk were used to assess 
spatial distribution relative to 
roads and well pads. The 
centre of the study area 
encompassed historical and 
current CSG development 
which contained 2,421 well 
pads (1.77 well pads km

2
) and 

2,933 wells (2.14 wells km
2
). 

Four study sites were selected 
from the study area and 
ranged in size between 2.57 
and 18.87 km

2
. Pellet group 

transects were established at 
each study site with 1km of 
transect for every 0.22km

2
. 

Transects were 134m apart 
and ran perpendicular to the 
topography. Pellet group 
collection occurred over two 
summers. Pellet groups were 
considered to be a grouping of 
more than 11 pellets and only 
current season pellet groups 
were counted. Generalised 
linear mixed models were used 
to assess the relative 
probability of elk and deer in 
relation to roads and well pads 

Low replication, four 
study sites within one 
study area. Only two 
sampling periods of 
the same season in 
each year.  

 

There was a positive association between relative 
probability of use and distance from roads, with use 
increasing with increasing distance from roads. Roads had 
a greater influence on elk usage patterns (p = 0.013) 
compared to deers (p = 0.223). Relative probability of use 
was greater near well pads with usage decreasing with 
increasing distance from well pads. The association 
between well pads and elk was significant (p < 0.001) but 
not for deers (p = 0.492).  

The increase in usage near well pads may have been 
because of differences in plant phenology and reseeding 
around well pads. The amount of mature forest in the 
study area may also have reduced the visibility of well 
pads. Other landscape features that influenced the spatial 
distribution of elk and deer were elevation, slope, and 
vegetative security. It is suggested that resource use is 
primarily influenced by seasonal forage availability and 
security cover to a greater extent than anthropogenic 
features at a landscape scale.  
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

in addition to other landscape 
features. 

 

Costilla, Las 
Animas and 
Huerfano counties 
in south-central 
Colorado, and 
Colfax and Taos 
counties in 
northern New 
Mexico, Raton 
Basin, USA. 

(Webb et al., 
2011a) 

Related evidence 
items: (Webb et 
al., 2011b) 

Annual space use 
and daily movement 
patterns of female 
elk (Cervus elaphus) 
was assessed 
relative to human 
activity associated 
with CSG 
development using 
fitted global 
positioning system 
(GPS) collars. 

CSG development in the basin 
consisted of 2,421 well pads 
(1.77 well pads km

2
) and 2,933 

wells (2.14 wells km
2
). The 

study area was divided into 
two categories representing 
inside the gas field (1,370 km

2
) 

and outside the gas field 
(2,712 km

2
), with each well 

having a two kilometre buffer 
in which delineated the inside 
and outside gas field 
categories. Yearling (one and 
half years) and adult (>2.5) 
female elk were captured and 
fitted with GPS collars annually 
over four years. Over the four 
years 165 elk were fitted with 
GPS collars (25, 40, 50, and 
50 in each respective year) of 
which 145 provided usable 
data. GPS recorded movement 
every three hours for 
approximately one year. Elk 
were partitioned among three 
treatment groups depending 
on landscape use relative to 
the CSG gas field with there 
being an industrial group (90 
percent of annual locations 
were inside the gas field), a 
non-industrial group (90 

None identified. There were differences in space use and movement 
patterns between elks inside and outside CSG fields with 
proximity to CSG field generally being associated with 
smaller home ranges, more complex movement paths, 
and longer distances moved over a three hour period. Elks 
in industrial areas reduced space use and moved greater 
distances between successive locations, and had 
movement pathways of greater complexity compared to 
elks in the non-industrial areas.  

There was a negative relationship between the complexity 
of movement paths (tortuosity) and home range size, with 
increasing tortuosity decreasing home range size (p < 
0.001, r

2 
= 0.49), suggesting that CSG development 

causes intensive use of small areas. The transition group 
travelled the greatest distances, had the most linear 
movement paths, and had larger home range sizes 
compared to the non-industrial and industrial groups.  

Home range size in the transition group was 1.4 and 2.7 
times larger than the non-industrial and industrial groups 
respectively. It is suggested that these movement patterns 
in the transition group may be caused by the variable use 
of both industrial and non-industrial areas. Differences in 
female elk movement patterns in industrial and non-
industrial areas were influenced by the timing of 
reproduction. Longer movement distances in the industrial 
group by five to 10 percent was primarily influenced by 
differences in rut and calving seasons but in winter and 
gestation elk in the industrial group moved less compared 
to elk in the non-industrial group.  
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

percent of annual locations 
were outside the gas field), 
and a transition group 
consisting of elk that were not 
in either of the other two 
treatment groups.  

Las Animas 
County, Colorado, 
USA. 

(Van Dyke et al., 
2012a) 

The behavioural 
responses of elk 
(Cervus elaphus) to 
habitat alteration 
near CSG wells were 
assessed. The study 
specifically examines 
how tree removal will 
affect plant 
community 
composition and 
nutritional quality in 
small forest 
openings, and 
whether elk will 
tolerate the presence 
of CSG wells if 
production or 
nutritional quality of 
herbaceous 
vegetation improves 
post-tree removal. 

A total of 10 one hectare 
openings were created in 
forest adjacent to 10 operating 
CSG wells. Ten one hectare 
control sites were also 
established adjacent to the 
same wells. All sites were on a 
single property (2892 ha) 
which had 3 wells km

2
, all of 

which were three or less years 
old. Within each site there 
were four 40m x 40m plots 
established. Elk use was 
estimated with the indexing of 
pellet density before and after 
forest clearing over three 
consecutive summers. Plant 
production and cover, 
nutritional quality, species 
composition and biomass 
removed by elk and other large 
herbivores were measured 
concurrently. Generalised 
linear mixed models were used 
to compare counts of elk pellet 
groups on treatment and 
control sites.  

No experimental 
paired sites remote 
from operating wells.  

Following tree removal there was an increase in plant 
species richness and diversity, graminoid and forb cover, 
and graminoid and forb biomass. Increases were greater 
in the second year after clearing compared to the first year 
after clearing, and both elk and deer removed more 
biomass in the second year compared to the first.  

Elk use of cut sites were 37 percent lower than control 
sites one year after clearing (p < 0.01) but 46 percent high 
in the following year (p = 0.02). The initial decrease in 
usage may be attributed to an avoidance of the gas well 
and associated activity or a lack of winter forage and 
surface disturbance caused by clearing. The subsequent 
increase in usage showed that elk had the behavioural 
capacity to exploit enhanced forage resources in the 
proximity to habitat modifications and human activity 
associated with the operation of CSG wells over time. It is 
also possible that the elk population in the study area had 
already acclimated to the presence of well pads prior to 
the studies initiation. 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Las Animas 
County, Colorado, 
USA. 

(Van Dyke et al., 
2012b) 

The behavioural 
responses of mule 
deer (Odocoileus 
hemionus) to habitat 
alteration near CSG 
wells were assessed. 
The study specifically 
examines how tree 
removal will affect 
plant community 
composition and 
nutritional quality in 
small forest 
openings, and 
whether mule deer 
will tolerate the 
presence of CSG 
wells if production or 
nutritional quality of 
herbaceous 
vegetation improves 
post-tree removal. 

As above, in Van Dyke et al. 
(2012a), except mule deer is 
the study population. 

As above.  Following tree removal there was an increase in plant 
species richness and diversity, graminoid and forb cover, 
and graminoid and forb biomass. Increases were greater 
in the second year after clearing compared to the first year 
after clearing, and both elk and deer removed more 
biomass in the second year compared to the first.  

Mule deer increased their use of both cut and control sites 
following tree removal. Pellet densities were similar 
between the treatment and control in the first summer after 
clearing with an average density of 35.4 pellet groups / ha 
(p = 0.98) which was 307 percent greater than at the start 
of the study. In the second summer after clearing the use 
of control sites was similar to the previous year (p = 0.34) 
but use of treatment sites increased by 144 percent (86.4 
pellet groups / ha) from the previous year to (p < 0.01). 
Overall, mule deer appeared to demonstrate behavioural 
capacity to utilise forest openings near operating CSG 
wells.  

 

Pinedale Anticline 
Project Area 
(PAPA), western 
Wyoming, USA. 

(Sawyer et al., 
2006) 

There is a concern 
that mule deer 
(Odocoileus 
hemionus) 
populations are 
impacted by the 
direct habitat loss 
that occurs with the 
development of 
CSG-related 
infrastructure and 
indirect habitat loss 

The project area has one of 
the largest and highest density 
(19 – 30 deer / km

2
) mule deer 

winter ranges in Wyoming with 
the contracted winter range 
being estimated to be 
approximately 260 km

2
. The 

vegetation of the study area is 
dominated by sagebrush-
grassland communities. Adult 
female mule deers (> one 
year) were captured in early 

Climatic variation 
between years, and 
the effect that this 
has on vegetation, 
may be a 
confounding factor. 

Mule deer were less likely to occupy areas in close 
proximity to well pads compared to distances furthest 
away with immediate changes in habitat selection and no 
evidence of well pad acclimation over the study duration. 
Lower probability of use within 2.7 – 3.7km of well pads 
suggests that indirect habitat losses (avoidance) are likely 
to have more influence than direct habitat losses. Some 
areas of high use became low use areas after CSG 
development. Of the habitat that was classified as being 
high use before CSG development, only 60 percent 
remained in high use after one year, 49 percent after two 
years, and 37 percent after three years. Similarly, habitat 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

associated with 
behavioural 
responses to CSG 
activity. In this study 
the effect of CSG-
related infrastructure 
and activity on mule 
deer populations was 
examined in winter 
before and during the 
first three years of 
CSG development in 
the area. 

winter prior to moving to their 
individual winter range. In the 
two winters prior to CSG 
development and three years 
thereafter captured deers were 
fitted with radio collars and 
tracked for one winter period 
only. Relative frequency or 
probability of use as a function 
of habitat variables was 
modelled.  

that was considered to be low use before CSG 
development became more used after CSG development. 
It was suggested that mule deer populations shifted 
distribution in response to CSG development and 
potentially occupied habitat that was less suitable. 

 

Pinedale Anticline 
Project Area 
(PAPA), western 
Wyoming, USA. 

(Sawyer et al., 
2009) 

The conversion of 
native winter range 
into CSG fields can 
affect habitat 
selection and 
distribution patterns 
of mule deer 
(Odocoileus 
hemionus). This 
study assesses how 
different levels of 
human activity in 
influence mule deer 
so that indirect 
habitat loss may be 
managed effectively. 

Three different types of well 
pads with varying levels of 
vehicle traffic and the effect it 
has on mule deer habitat 
selection was examined over 
two winters. Well pad types 
examined included producing 
wells without a liquids 
gathering system (LGS), 
producing wells with a LGS, 
and well pads with active 
directional drilling. From 31 
adult female mule deers (> 1.5 
years old) a total of 36,699 
GPS locations were used to 
model probability of use as a 
function of traffic level and 
other habitat covariates.  

Only two winter 
periods for two well 
pads types and one 
winter period for the 
other well pad type. 
Influence of 
vegetation between 
years not 
determined. 

Vehicle passes per day varied between well pad types 
with the mean number of passes per day for the two winter 
periods being 3.3 and 3.6 at LGS well pads, 7.3 and 8.4 at 
non LGS well pads, and 112.4 and 85.3 at active drill 
pads. Mule deer avoided all types of well pads and 
selected areas furthest away from the well pads with high 
levels of traffic.  

Predicted mule deer use varied between well pads with 
highest use across two winters at a distance of 2.61 km 
and 3.46 km from LGS well pads, 4.30 km and 4.35 km 
from non LGS well pads, and 7.49 km from active drill 
pads. The LGS well pads reduced indirect habitat loss of 
wintering mule deer during the production phase 
compared to the non LGS well pads, and the drilling phase 
represented a short-term increase in the indirect loss of 
mule deer habitat. It was suggested that indirect habitat 
loss could be reduced by approximately 38 to 63 percent 
when condensate and produced water are collected in 
LGS pipelines rather than stored at the well pad and 
trucked out. 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Randolph County, 
West Virginia, 
USA. 

(Campbell, 2003) 

Related evidence 
items: (Campbell 
et al., 2004) 

During a white-tailed 
deer (Odocoileus 
virginianus) 
movement ecology 
study unusual 
movements were 
observed in close 
proximity to a CSG 
well. Observations 
are described.  

Three of four CSG wells 
located within a reserve 
subject to intensive silvicultural 
management were monitored 
for deer activity over an 
approximate six and a half 
month period using infrared 
triggered video cameras during 
daylight hours. Core area 
home ranges were determined 
for radio-collared deers (from a 
concurrent study) observed at 
a high use well. Distances 
from the nearest portion of 
individual deer core area to the 
high-use well were examined. 
Water samples were collected 
and analysed from the high-
use well, three other gas wells, 
three streams, and two borrow 
pit ponds the study area. The 
presence of deer at the three 
wells was compared to water 
characteristics from the 
various sources. 

No replication but not 
likely to affect 
observations.  

There was as significant difference in deer visitation 
between the three wells that were monitored (p = 0.04). 
Average deer visitation of the high-use well was 1.50 deer 
visits per hour whilst the other two wells had 0.20 and 0.02 
visits per hour.  

During the study period a total of 30 out of 121 radio-
collared deer (25 percent) visited the high-use well, 
travelling a mean distance of 3.0 km outside core areas. 
Water consumption from a seep was observed in 85 
percent of deer visits (1551 of 1825 visits).  

Seepage water had significantly greater conductivity, 
chloride, nitrate, potassium, and sodium compared to all 
other water sources that were analysed (p < 0.05) with 
calcium, sulphate, and magnesium being significantly 
higher than at least one of the other water sources. 
Seepage water had a mean conductivity of 465.5 µmhos, 
and chloride and sodium concentrations of 133.6 ppm and 
41.8 ppm respectively. It was determined that saline 
seepages from CSG wells affected deer movement 
ecology. 

 

Wyoming, USA. 

(Harju et al., 
2010) 

The impact of oil and 
gas development on 
greater sage-grouse 
(Centrocercus 
urophasianus) 
populations is 
investigated, 
specifically changes 
caused by 

Seven study areas were 
selected, all of which 
comprised of sagebrush with 
mixed-grass prairie, with 
varying levels and types of 
energy development. One 
study site was selected as the 
reference area given its low 
level of energy development. 

Spatial configuration 
of wells not taken 
into account. 

Leks that were adjacent to gas wells were negatively 
associated with male lek attendance in five of the seven 
study areas, and in three of the four most developed study 
areas the occupancy of sage-grouse was 35 to 76 percent 
lower when infrastructure was within a radii < 1.6 – 2.0 km 
of leks compared to areas with no infrastructure within the 
same radii.  

A trend of decreasing male numbers with increasing well-
pad density in all but two developed areas suggested that 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

disturbances that 
result in emigration 
from a lek (an area 
where birds 
congregate during 
breeding season) 
and altered 
demographic rates of 
populations as a 
result of time away 
from leks in critical 
periods (for example, 
nesting, brood-
rearing, and 
wintering ranges). 

Response data consisted of 
annual counts of peak male lek 
attendance. A cross-sectional 
approach was used to quantify 
general patterns of lek 
attendance and energy 
development. The study used 
generalised linear models and 
generalised estimating 
equations to assess peak male 
attendance at 704 leks over a 
12 year period. 

impacts occur at well densities as low as 0.386 well-pads / 
km

2
. Lek attendance was 13 to 74 percent lower at 

densities of 1.54 well-pads/km
2
 compared to areas with no 

well pads (within 8.5 km).  

At higher well pad densities (3.09 well-pads / km
2
) lek 

attendance was 77 to 79 percent lower than that observed 
with no well pads. A time lag between energy 
development and a measurable reduction in lek 
attendance was estimated to be between two to 10 years. 

 

Bighorn County, 
Montana, and 
Campbell and 
Johnson County, 
Wyoming, USA. 

(Doherty et al., 
2008) 

CSG development 
has resulted in 
considerable 
changes to western 
shrub-steppe 
ecosystems. In this 
study the impact of 
CSG development 
on female greater 
sage-grouse 
(Centrocercus 
urophasianus) winter 
habitat use was 
assessed. 

Sage-grouse were monitored 
using rocket-netting and 
spotlighting on and around 
leks in the three study areas. 
Female sag-grouse were fitted 
with a radio-collar and tracked 
during three successive 
winters. Winter habitat 
selection was then modelled 
based on aerial locations 
(n=435) of 200 female sage 
grouse over two winters (2005 
and 2006). GIS was utilised to 
evaluate landscape predictors 
of winter habitat use. 

None identified.  The model that best described winter habitat selection by 
sage-grouse showed that there was a positive association 
with sagebrush cover (Artemisia spp.) at a four km

2
 scale, 

and gentle topography whilst sage-grouse avoided 
coniferous habitat at a 0.65 km

2
 scale, riparian areas at a 

four km
2
 scale, and CSG development (the number of 

wells within four km
2
).  

Sage-grouse avoided CSG development in areas that 
were otherwise suitable and were 1.3 times more likely to 
select sagebrush habitat without CSG wells within a four 
km

2
 area compared to areas that had the maximum 

allowable density of 12.3 wells per four km
2
. 

 

Fremont County, 
Wyoming, USA. 

(Blickley et al., 

The effect of chronic 
noise from CSG 
activities on greater 
sage-grouse 

Recorded continuous and 
intermittent sounds associated 
with natural gas drilling and 
roads were played back at leks 

None identified.  There was a 29 and 73 percent decrease in the 
abundance of male attendance at leks experimentally 
treated with noise from natural gas drilling and roads 
respectively relative to paired controls. Increases in male 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

2012) (Centrocercus 
urophasianus) at leks 
is studied using 
recorded sounds 
associated with 
natural gas drilling 
and roads. 

of greater sage-grouse over 
three breeding seasons. A 
total of 16 lek sites were 
identified in the study area that 
primarily consisted of big 
sagebrush (Artemisia 
tridentate wyomingensis) with 
a grass and forb understory. 
Sites were paired based on 
past male sage-grouse 
attendance and location with 
one site of each pair being 
exposed to a experimental 
noise treatment, either drilling 
or road noise, with the other 
being a control. Noises were 
recorded at gas drilling sites 
and access roads, and played 
back at treatment sites using 
large speakers of similar 
shape to rocks. Throughout 
the breeding season male and 
female sage-grouse were 
counted at leks.  

attendance at leks occurred throughout the breeding 
season but was similar between the treatment and control. 

There was no evidence that the effect of noise on male lek 
attendance changed over multiple seasons.  In the 
breeding season after the experiment attendance at leks 
experimentally exposed to noise was lower relative to 
paired controls which suggested an ongoing effect but this 
was not supported in the top models. The model including 
the treatment variable had moderate support relative to 
the null model with an effect size of -30 percent.  

Peak female attendance was also reduced at leks 
exposed to noise relative to control leks with the model 
including the noise treatment variable being highly 
supported (- 48 percent) but the null model was more 
strongly supported.  

Overall it was found that there were immediate and 
sustained decreases in lek attendance with exposure to 
noise with intermittent noise (roads) having a greater 
impact compared to continuous noise (drilling). 

 

North-east 
Wyoming and 
south-east 
Montana, USA. 

(Walker et al., 
2007) 

Related evidence 
items: (Walker, 
2008) 

The impact of CSG 
development may 
alter habitat use and 
vital rates of 
sensitive fauna 
species. This study 
investigated the 
impact of CSG 
development on the 
greater sage-grouse 

Natural vegetation of the semi-
arid study area primarily 
consisted of sagebrush steppe 
and mixed grass prairie with 
scattered conifer stands. The 
study analysed sage-grouse 
lek counts between 2001 and 
2005, and habitat and 
infrastructure data to assess 
how CSG development and 

None identified. The mean number of male sage-grouse at active leks was 
similar in the first year of observation (2001) within and 
outside of CSG fields but declines was observed inside 
CSG fields in the following years of the study. The number 
of male sage-grouse at leks in the CSG fields declined by 
82 percent from 2001 to 2005, at a rate of 35 percent per 
year.  

There was also a decline in the number of male sage-
grouse at leks outside of CSG fields but not as 
pronounced, declining by 12 percent at a rate of three 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

(Centrocercus 
urophasianus) in the 
Powder River Basin.  

other landscape features 
influenced male sage-grouse 
numbers and persistence at 
leks. Lek count data was from 
public databases and CSG 
development in proximity to 
leks estimated for each year. 
Trends in lek counts over time 
were assessed in relation to 
CSG development. 

percent per year. Of the leks that were active in 1997 or 
later, there were less that remained active by 2004 – 2005 
inside CSG fields (38 percent) compared to outside of 
CSG fields (84 percent).  

There were 12 leks that enabled the timing of lek 
disappearance to be assessed. The average time between 
CSG development and lek disappearance was 4.1 + 0.9 
years. Modelling of data from 110 leks showed that 
sagebrush habitat had a moderate to strong effect of lek 
persistence and CSG development had a strong negative 
effect measured as a proportion of development within 0.8 
km or 3.2 km, or number of years inside a CSG field.  
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3.3 Study summaries: CSG development impact on land condition (including vegetation) 

Table 4. Summary of evidence items that have assessed the impact of CSG development on land condition. 

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Fairbanks, 
Louisiana, USA. 

(McCoy, 2004) 

The impacts of 
drilling and operation 
of a CSG well on 
vegetation was 
assessed. 

 

Vegetation monitoring was 
undertaken on three occasions 
over a seven month period and 
observations of specific 
environmental effects of drilling 
operations and CSG 
development were noted. 
Thirty-two 1m

2
 plots were used 

to assess vegetation over an 
area of approximately 1.3 ha. 
Plots were placed at intervals 
of up to 55m on either side of 
the well site. Additional plots 
were used to characterise 
features of interest.

 

No replication. 
Potential observation 
and selection bias. 
Seasonal factors 
may confound 
results. 

The directly impacted area of the well operation was 
approximately 1,600m

2
. Vegetation that was adjacent to 

the well site differed from vegetation at greater distances 
from the well site. Changes to species composition were 
documented at the edges of the well site and along the 
pipeline with a high abundance of hogwort (Croton 
capitatus) and hairy crab grass (Digitaria sanguinalis). 
Additionally, the vegetation appeared stunted to the east 
of the well site and near produced water tanks.  

 

North-central 
Wyoming, USA. 

(Kniola and Gil, 
2005) 

The study reports on 
the compliance of 
several CSG 
operations, 
specifically on 
surface disturbances 
and the use of best 
management 
practices on CSG 
development sites. 

Over a three month period 
environmental compliance and 
monitoring inspections were 
undertaken on both oil and gas 
development sites. Plans of 
Development and Conditions 
of Approval for each site was 
reviewed prior to inspections 
and observations recorded. A 
total of 628 inspections were 
undertaken. 

None identified. Most wells and associated facilities in the study region 
were not in compliance (84 percent) with a lack of seeding 
and excessive weeds being the primary issue. Non-
compliance in relation to seeding requirements and weeds 
consisted of 40.2 and 31.6 percent of the environmental 
problems identified respectively. Weeds were common 
around water containment structures, road and pipeline 
corridors, and production facilities. Other concerns that 
were identified include erosion (2.1 percent), primarily 
caused by excessive bare soil, debris on well sites (10.4 
percent), and problems with surface re-contouring (10.0 
percent). 

Juniper Draw and 
Burger Draw, 

The expansion of 
CSG development in 

The study area was dominated 
by big sagebrush (Artemisia 

Potential differences 
between herbicide 

Native plant species cover ranged from 39.5 + 2.7 percent 
in the secondary disturbance subplots to 17.7 + 7.5 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Powder River 
Basin, Wyoming, 
USA. 

(Bergquist et al., 
2007) 

the Powder River 
Basin may increase 
the occurrence of 
non-native plant 
species and reduce 
native ecosystem 
values. This study 
examines the 
potential effects of 
CSG development 
on native plant 
distribution and 
patterns of non 
native plant invasion.  

 

tridentata), perennial grasses 
and forbs and is subject to 
cattle grazing. Sampling was 
conducted at the two study 
sites using a modified Forest 
Inventory and Analysis plots. 
Thirty-six study plots were 
established across the study 
area with each plot having 
three spatial scales for species 
composition analysis. General 
plot locations were randomly 
stratified into disturbance 
(CSG development) and 
control sites. There were three 
categories of disturbance 
types being surface 
disturbances (dams, roads, 
and pipelines), discharge 
areas, and well pad sites. In 
total there were 73 subplots 
(each 168 m

2
) on control sites, 

42 on secondary disturbances, 
14 on major surface 
disturbances, eight on well 
pads, and seven on discharge 
areas. 

sprayed and non-
sprayed sites at the 
commencement of 
study. 

Low sample number 
for some surface 
types (i.e. discharge 
and well pad areas). 

 

percent in the well pad subplots. The only significant 
differences in native plant species cover was between the 
control or secondary disturbance subplots and the well 
pad disturbance subplots. Well pad subplots also had 
significantly less total vegetation cover, and native 
richness compared to control and disturbance subplots. 

Non-native plant species cover ranged from 31.0 + 8.4 
percent in discharge areas to 14.7 + 8.9 percent in the well 
pad subplots with no significant difference between 
disturbance types or the control. However, control subplots 
had significantly less non-native species richness 
compared to the combined disturbance types with the 
latter having significantly greater soil salinity compared to 
the controls. There was also a significant difference in soil 
chemistry between disturbance types with the combined 
disturbance subplots having significantly greater soil 
salinity than control sites.  

Similar to at a local scale, species accumulation curves at 
a landscape scale showed greater native species richness 
at control and secondary disturbance sites compared to 
primary disturbance sites, and well pad sites had the 
lowest number of native species. Contrastingly to at a local 
scale, both the control and secondary disturbance sites 
had the least number of non-native species, and the well 
pad and discharge sites had the greatest number of non-
native species richness. The results suggest that CSG 
development and associated disturbances may result in 
an increase in non-native plants. 

Pinedale Anticline 
Project Area 
(PAPA), western 
Wyoming, USA. 

(Walston et al., 

CSG development 
represents a 
potential disturbance 
to native 
ecosystems. This 
study attempts to 

The spatiotemporal distribution 
of Wyoming big sagebrush, 
CSG development, and other 
landcover types were 
quantified using temporal 
remotely sensed data. Five 

None identified. CSG development increased exponentially at a rate of 20 
percent year

-1 
from 1985 to 2006. Over a 22 year period 

there was an inverse relationship between the amount of 
Wyoming big sagebrush habitat and CSG development 
with the former declining linearly at a rate of 0.2 percent 
year

-1
 with a total net loss of 4.5 percent, and the degree 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

2009) quantify changes to 
big sagebrush 
(Artemesia 
tridentata) in western 
Wyoming over a 22 
year period of which 
there has been 
increased CSG 
development in the 
latter ten years of the 
study period. 

 

Landsat_TM images covering 
a 22 year period were utilised 
to determine if there was an 
association between 
spatiotemporal patterns of 
Wyoming sagebrush and CSG 
development or other 
landcover types. A footprint 
model was developed to 
determine the direct and 
indirect impacts of CSG 
development on Wyoming big 
sagebrush habitats.  

of aggregation of patch types within the landscape 
decreased linearly at a rate of 0.1 percent year

-1
 with a net 

total reduction of 2.65 percent. CSG development was the 
best single predictor of sagebrush habitat area (adjusted r

2
 

value of 0.980). CSG development at the end of the study 
period had directly impacted 2.7 percent (1,750ha) of 
remnant Wyoming big sagebrush habitat. Indirect impacts 
representing a degradation of habitat quality affected 58.5 
percent of the remnant Wyoming big sagebrush 
distribution at buffer distances of 1000m. Whilst the areas 
directly impacted by CSG development were relatively 
small, the cumulative effects of indirect impacts are much 
greater. 

Juniper Draw, 
northwest of 
Gillette, Wyoming, 
USA. 

(Stearns et al., 
2005) 

Note that 
evidence item is 
also included in 
the land 
application of 
produced waters 
impact section. 

The study assessed 
the effect of CSG 
product waters on 
the soil physical and 
chemical properties 
and on native and 
introduced 
vegetation density 
and diversity. 
Specifically, the 
effect of CSG 
product water on soil 
sodicity and salinity 
were determined, 
and whether this 
affected the 
distribution patterns 
of vegetation. 

 

Soil, sediment and water 
samples were collected and 
vegetation sampling 
undertaken over a two week 
period. Study sites were 
categorised as being either a 
reference, consisting of 
riparian areas upstream from 
CSG product water discharge 
or as an exposure area 
consisting of riparian areas 
downstream of CSG product 
water discharge. Each area 
consisted of a gully and an 
upland site. Gullies were 
associated with perennial flow 
that contained CSG product 
water whereas the upland 
areas were affected by CSG 
construction development but 
not CSG discharge water. The 

Low replication. Sites directly exposed to CSG product water (riparian 
gullies) had elevated salinity and sodicity. Elevated sodium 
in the soils was correlated to consistent exposure to CSG 
product water. Sodium values differed significantly 
between affected sites (riparian gullies) and all other sites 
(p < 0.0001). There was a significant difference in the EC 
of soils (p = 0.0303) with statistical differences between 
affected gullies and reference sites. SAR was also 
significantly different between sites (p < 0.0001) with a 
statistical difference between affected gullies and all other 
sites. However, there was no significant relationship 
between increasing water SAR values and increasing 
sediment SAR values downstream although soils did 
range from moderate to severe SAR hazard index. 

Species density of native vegetation was highest at 
reference sites (gully and upland) and CSG development 
affected upland sites compared to the gully site affected 
by CSG product water (p = 0.0264) although there was no 
significant difference between the species composition of 
native species between the impacted and reference 
gullies. The affected gully (downstream of CSG discharge 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

water was sampled at the 
reservoirs and at various 
locations in stream channels. 

The vegetation survey used a 
modified Forest Inventory and 
Analysis in a total of 40 plots 
and determined species 
composition, microhabitat, and 
percent cover for each plant 
species. Twenty-eight plots (14 
each for reference and 
exposure areas) were used for 
soil sampling to correlate 
salinity and sodicity with 
vegetation patterns. Particle 
size, pH, EC and SAR were 
analysed. 

water) had the greatest percent composition of introduced 
vegetation species although was not statistically different 
to the reference gully. The greatest richness of salt-
tolerant species occurred in the affected gully. 

SAR and EC significantly influenced the percent 
composition of native (p = 0.0153 and 0.0152 respectively) 
and introduced species (p = 0.0152 and 0.0368 
respectively), and only EC influenced the percent 
composition of salt-tolerant species (p = 0.0004). However 
the r

-2
 value was low, ranging from nine to 16 percent. The 

removal of pH from the regression model (pH was not a 
significant factor) increased the r

-2
 value to between 20 

and 30 percent. 

 

Studies by Webb et al., (2011b) and Van Dyke et al., (2012a,b) that are in Section 3.2 (CSG development impact on terrestrial fauna) also contain some 
information on the impact of CSG development on native vegetation. 
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3.4 Study summaries: Gas leakage to the atmosphere from CSG wells and the immediate area.  

Table 5. Summary of evidence that has assessed the occurrence of gas leaks from CSG wells and immediate areas. 

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Between Tara 
and Chinchilla, 
Queensland, 
Australia. 

(DEEDI, 2010) 

An investigation into 
potential wellhead 
gas leaks from CSG 
activity was 
undertaken. 

A gas analysis and wellhead 
leakage investigation was 
undertaken. Fifty-eight 
individual gas wells were 
inspected and tested. Seven 
well were tested for leaks in 
March 2010, 18 in April 2010, 
and 46 in May 2010 (including 
previously tested wells). In the 
initial tests a GEM 2000 Gas 
Analyser was utilised with later 
tests utilising a GMI ppm gas 
detector. A Bacharach 
Leakator detector was also 
used where appropriate. All 
measurements taken in the 
immediate proximity of 
wellheads (within 2m of 
wellhead).  

None identified.  Out of the 58 individual wells, one was identified to be 
leaking above the lower explosive limit for methane 
(flammability range of methane is between 50,000 and 
150,000 ppm), four were leaking at a rate at or above 10 
percent of the lower explosive limit for methane, and 21 of 
the gas wells had minor gas leaks. Methane was only 
detected in the immediate vicinity of wellheads (less than 
0.5m distance from wellhead). 

 

Between Tara 
and Chinchilla, 
Queensland, 
Australia. 

(DEEDI, 2011) 

An investigation into 
potential wellhead 
gas leaks from CSG 
activity was 
undertaken. 

As part of a wellhead safety 
program of 2,719 wells 
(including exploration, 
production, and abandoned 
wells) were assessed for gas 
leakages relating to the well 
casing, wellhead and related 
wellhead equipment. Data was 
provided by companies 
operating within the CSG 
fields. All pressurised wells 

The methods 
undertaken by 
companies to test for 
gas leaks were not 
consistent including 
equipment used, 
personnel used, and 
distance of detection 
source. 

 

Leaks were tested in close proximity to the well equipment 
(less than 2m from potential source) although distances 
were variable. Five leaks were identified that exceeded the 
lower flammable limit (methane concentration > 50,000 
ppm). Three of the five leaks had a concentration of five 
percent, with the concentration of the other two gas leaks 
being 12 and 21 percent.   

Twenty-nine leaks that were below the lower flammable 
limit (between 10 and 100 percent of the lower flammable 
limit) were also identified. 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

were leak-tested at all joints, 
valves, threads and other 
potential leak points using a 
calibrated ppm gas detector. 
The Petroleum and Gas 
Inspectorate reviewed all 
submissions.  

Tara region, 
Queensland, 
Australia.  

(Tait et al., 2013) 

The study assessed 
fugitive emissions in 
CSG fields by testing 
whether atmospheric 
radon (

222
Rn) and 

CO
2
 concentrations 

were greater in a 
CSG field compared 
to outside the CSG 
field. 

Rn and CO
2
 were measured 

using 24 hr time-series 
stations at three locations 
within the Tara region gas 
fields (all within 500m of the 
closest gas well) and at two 
locations outside of the CSG 
field (between 1,500 and 
4,400m from the closest gas 
well). The gas intake was 
positioned 2m above the 
ground at each station. The 
numbers of wells in close 
proximity of stations varied 
although were considerably 
higher at sites within the CSG 
fields. For example, there were 
51, 63, and 27 wells within four 
kilometres of sites in the CSG 
fields and zero and seven 
wells within the same distance 
of non-CSG field sites. 
Differences between the 
averages of sites were 
compared using one-way 
ANOVA and regression 
analyses. 

Low replication.  No 
baseline data.  

Average CO2 concentrations ranged from approximately 
390 ppm at the control site to approximately 467 ppm near 
the centre of the CSG field. Rn concentrations were 
around three times greater inside the CSG field compared 
to outside the CSG field. There was a significant 
relationship between maximum and average Rn 
concentrations and the number of gas wells within a 3 km 
radius over a 24 hr period (r

2 
= 0.81 and 0.87 respectively, 

p = 0.04 and 0.02 respectively).  

There was no significant relationship between Rn 
concentrations and wells within a one kilometre radious (r

2 

= 0.74, p = 0.06). A positive trend was observed, although 
not significant, between CO2 concentrations and the 
number of CSG wells. It is speculated that greater Rn 
concentrations inside the CSG field was caused by 
enhanced emissions in the CSG field related to point (e.g. 
wellheads) and diffuse sources (CSG activity related 
depressurisation and diffusion from soil). 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Wyoming, USA. 

(Walker, 2005) 

The burning of 
natural gas from 
CSG wells, known as 
flaring, is sometimes 
undertaken when 
gas cannot be 
economically or 
commercially piped 
or for safety reasons, 
often during well 
completion. This may 
release pollutants 
such as nitrous oxide 
and volatile organic 
compounds (VOCs). 
In this study 
emissions caused by 
flaring are 
characterised. 

Flare emissions from CSG 
wells are characterised using a 
fibre optic spectrometer at the 
site of flaring during night-time. 
Measurements have been 
undertaken on completion 
flares and on flaring during 
drilling operations prior to 
completion  

 

Descriptive study 
design. Study 
methods not 
provided in detail 
(e.g. the number of 
samples).  

Sodium and potassium optical signatures were detected in 
well completion flares, elements that were not considered 
to commonly occur in natural gas although sodium 
dissolved in groundwater may be a contributing factor. It is 
speculated that the presence of sodium and potassium 
may be caused by fracturing fluids, which include 
potassium chloride in borate gels, and sodium persulphate 
and sodium tetraborate decahydrate used as breakers. 
The gel is returned to a liquid state with the breaker and is 
flushed to the surface and into the flare. Lithium optical 
signatures were also detected in flares.  
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3.5 Study summaries: Migration of methane and other contaminants to the near-surface environment 

(groundwater and soils) 

Table 6. Summary of evidence items that have assessed the impact of CSG wellbore construction and production on the contamination of near-surface 
environments including groundwater and soil. 

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Animas River 
valley, San Juan 
Basin, Colorado 
and New Mexico, 
USA. 

(Chafin, 1994) 

 

The sources and 
migration pathways 
of near-surface 
natural gas in 
shallow groundwater 
of the study area was 
assessed. 

 

The assessment of near-
surface natural gas sources 
and migration pathways was 
based on relations of dissolved 
methane concentrations to 
aquifer type and to other water 
quality constituents; soil gas 
methane concentrations 
measured at groundwater 
sites, gas seeps and gas wells; 
comparison of molecular and 
isotopic composition of gases 
in groundwater, soil, gas well 
surface casings, and cathodic-
protection wells to the 
composition of formation 
gases; and gas well 
construction and remediation 
records, a geologic 
conceptualisation of diffusion 
and fracture-formation 
processes, relation of 
dissolved methane 
concentrations to mapped 
geologic fractures, and a 
physical conceptualization of 
gas flow in the sub-surface 
environment.  

Conclusions drawn 
from data are 
speculative and the 
contribution of 
different migration 
pathways not 
quantified. 

 

Thirty-four percent of groundwater samples (70 of 205) 
collected over a four month period had methane 
concentrations that exceeded 0.005 mg/L (reporting limit), 
with a mean concentration of 1.3 mg/L and a maximum 
concentration of 39.0 mg/L.  

Mean methane concentration was greater in wells 
completed in bedrock compared to wells completed in 
alluvium, with methane being detectable in 57 and 23 
percent of bedrock and alluvium sites respectively. 
Dissolved methane concentrations were associated with 
hydrogen sulphide. Soil gas methane concentrations were 
equal or greater than the reporting limit (0.005 mg/L) in 40 
percent of soil-gas measurements adjacent to 352 gas 
well casings. There was no significant relationship 
between the age of wells and the soil gas methane 
concentrations. Methane concentrations of at least 100 
mg/L occurred at seven percent (n=25) of sites. 

It was speculated that the migration of gas to the near-
surface environment is primarily caused by man-made 
conduits rather than diffusion or natural fractures. The 
main migration pathways that were identified included 
leaking gas wells, and uncemented annuli of gas wells 
along coals in the Fruitland Formation. The cause of leaks 
is attributed to either the corroded or mechanically 
ruptured production casings or defective wellhead seals. 
Secondary migration pathways included gas well annuli, 
cathodic protection wells, seismic test holes, and bedrock 
water wells. 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Animas River 
Valley from 
Bondad, Colorado 
to Cedar Hill, New 
Mexico, USA. 

(Finch, 1994) 

 

The source of 
methane in shallow 
groundwater wells is 
examined. 

The potential cause of 
methane contamination of 
water wells is examined in a 
CSG producing area. Only an 
abstract was available and 
study methodologies are not 
described in the abstract. 

Abstract only, cannot 
assess potential 
study limitations. 

Potential pathways of shallow groundwater contamination 
that were examined included potential methane migration 
from CSG wells, poorly constricted deep-gas wells, or 
subsurface fracture systems. It was determined that the 
probable cause was fracture flow from gas producing 
zones to the Aminas River Valley but the geologic and 
hydrologic conditions are favourable for methane to occur 
naturally in shallow groundwater and as seeps to the 
surface. Methane in shallow groundwater and at the 
surface has been observed over long periods of time that 
pre-date CSG production.  

Pine River 
Ranches, near 
Bayfield, 
Colorado, USA. 

(Cox et al., 1995) 

Gas production from 
shallow water wells 
near CSG 
development was 
investigated. 
Previously the wells 
had produced water 
without a gas 
problem for 10 years 
previously and 
bubbling was 
observed along the 
Pine River.  

 

More than 1,000 CSG wells 
had been completed in the 
region in the previous eight 
years with 11 being completed 
within 3.2km of the affected 
subdivision in the previous six 
years. Gas samples from 
resident wells and from nearby 
CSG wells were collected and 
gas composition and carbon-
13 isotope ratios analysed. 
Three possible causes were 
investigated. Reservoir 
simulation was used to 
evaluate two of the potential 
causes, the first being that 
production from CSG wells 
downdip may have reduced 
hydrostatic pressure causing 
gas desorption, and the 
second being that bubbles 
formed by dewatering may 
have migrated updip to the 

None identified. Detailed reservoir simulations suggested that the 
depressurisation of shallow coals was the cause of gas 
seeps in the area which was facilitated by the high 
permeability (200 – 2,000 md) of the shallow coal which 
enabled the rapid movement of pressure transients from 
the basin to the outcrop. Other contributing factors 
included the low recharge of groundwater, water 
production from downdip CSG wells, and groundwater 
discharge into the alluvium. Water injection to repressure 
the shallow coals was recommended.  
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

outcrop area. The other 
possible cause investigated 
was that resident water wells 
may have produced enough 
water to lower pressure in 
coals thus releasing gases in a 
process similar to that of CSG 
production wells. Pressure 
build-up tests were performed 
in shallow monitoring wells and 
CSG wells, and long-term 
pressure monitoring 
undertaken to assess 
interference between 
producing wells and shallow 
monitoring wells.  

Condamine River, 
near Chinchilla, 
Queensland, 
Australia. 

(DNRM, 2012) 

The cause of 
bubbling in the 
Condamine River, an 
area of CSG 
development, was 
investigated. 

A two-phase multi-agency 
investigation was undertaken 
consisting of a preliminary 
environmental site inspection 
that included soil and water 
sampling at targeted seeps 
and background sites, and 
mapped the extent and 
occurrence of four seepage 
sites. Gas samples from 
selected and local 
groundwater boreholes were 
undertaken for compositional 
and isotopic analysis. 
Additionally, water sampling 
was undertaken at seep 
locations and in upstream 
location for comparison. 

Causality of gas 
seepage cannot be 
determined from 
analysis undertaken.  

Methane concentrations at one seep site on two occasions 
were below the lower explosive limit at the river surface. 
On the first sampling occasion the methane concentration 
was approximately 80 percent of the lower explosive limit 
at the river surface (approximately four percent methane 
gas in air or 40,000 ppm). Gas readings taken at 
approximately 50mm above the river surface, where 
bubbling was observable, were between 38 and 85 ppm. 
No methane was detectable at 100mm and 150mm above 
the gas seeps.  

Methane concentrations from river bank sediments (weep 
holes) were approximately 20 percent of the lower 
explosive limit and within 10m of the river channel over a 
lateral distance of 200m the maximum reading was 15 
ppm. Methane concentrations at the same site were 
similar at a second sampling date and minor traces of 
hydrogen sulphide (15 – 17 ppm) were also detected.  

Water sampling indicates that EC values were similar at 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

upstream, downstream and seep sites (283 - 645 µS/cm), 
DO was similar over three sampling occasions although 
decreased in a later sampling event and was more 
pronounced at a gas seep site (52.4 percent) compared to 
upstream and downstream sites (72 – 77 percent). 
Dissolved methane was elevated at the gas seep site (97 
– 558 µg/L) compared to background levels at upstream 
and downstream sites (<10 µg/L). Hydrocarbons were 
below limit of reporting.  

No environmental harm was detected based on a 
preliminary site assessment. 

Carbon and 
Emery Counties, 
Utah, USA. 

(Stolp et al., 
2006) 

The release of 
methane from coal 
seams can 
potentially lead to the 
migration of methane 
into near-surface 
environments, such 
as shallow 
groundwater or soils, 
via natural (existing 
fractures and voids) 
or man-made (e.g. 
wells) pathways. 
There was significant 
CSG production in 
the study region 
which started in 1985 
with production 
peaking in 2002 (772 
CSG wells in 2003) 
and as a result 
methane was 
monitored for 

Methane in groundwater in soil 
was monitored between 1995 
and 2003 with a focus on 
established production well 
sites and methane production 
fields near residential areas. 
Twenty sites were established 
and monitored annually with 
additional sites added over 
time as new wells came into 
production. There was a total 
of 420 shallow soil-gas and 
groundwater samples collected 
from 174 soil sites and 15 
groundwater sites. 

 

Descriptive statistics 
only. Low sampling 
frequency.   

Average methane concentrations over the study period 
was 2,740 ppmv (parts per million by volume) with a 
median concentration less than 10 ppmv. Twenty samples 
(five percent) had a methane concentration greater than 
10,000 ppmv. None of the production areas had average 
concentrations that were considered to be dangerous (> 
5,000 ppmv).  

Seventy-five of the sites had soil-gas samples collected 
multiple times over the monitoring period and in general 
there was a decrease in methane concentrations over 
time. High methane concentrations at some sites may 
have been associated with disturbances that occur with 
CSG well drilling or from wellhead maintenance although 
this was not specifically assessed.  

Average methane concentration of groundwater was 
20ppmv although sampling was limited with minimal 
repeat sampling events occurring at one site only. Over 
the monitoring period there did not appear to be a 
discernible migration of methane gas to the near-surface 
environment.   
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

community safety 
and to determine the 
potential effects of 
CSG production on 
soil and groundwater 
methane levels. 

Price, Utah, USA. 

(Naftz et al., 
1998) 

 

The potential for 
methane migration to 
near-surface 
environments, via 
natural or man-made 
pathways, after the 
dewatering of coal 
seams is assessed.   

 

Water and soil samples (n= 
14, 121 respectively) were 
collected as part of an ongoing 
monitoring program. Samples 
were collected in areas of 
current and proposed CSG 
development.  

Full study details not 
provided. Summary 
of results only. 

 

A total of 14 groundwater samples were collected from 
drains, springs and wells. Only one sample had a 
detectable methane concentration (0.061 mg/L) with the 
sample being taken from a pond downstream of a spring 
discharge and methane was speculated to be a result of 
organic matter decomposition.  

A total of 121 soil-gas samples, at a depth of 
approximately 90cm, at 96 sites over an 18 month period 
were analysed with concentrations ranging from the 
detectable limit (0.005 mg/L) to 1,400 mg/L, with the latter 
being recorded at a CSG well site. Seventy-nine percent of 
samples had methane concentrations lower than the 
detectable limit. The remainder of samples had more than 
the detectable limit of methane, all of which were in areas 
of either CSG development or conventional natural gas 
development.  

Two sites that had been drilled at least three years earlier 
were chosen to assess whether soil-gas methane 
concentrations changed with distance from gas well 
casings. The highest methane concentrations were within 
9.2 metres of gas well casings (between 100 and 450 
mg/L), and decreased to non-detectable concentrations at 
distances greater than 15.3 metres. Sampling of the two 
sites in subsequent years showed a decrease in methane 
concentration. It is possible that methane was released to 
the soil environment during well construction activities 
although the cause was not known.  
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3.6 Study summaries: CSG production impact on groundwater drawdown 

Table 7. Summary of evidence items that have assessed the impact of coal seam dewatering to enable methane extraction on groundwater drawdown.  

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

East-central Utah, 
USA. 

(Anna, 2003) 

Large quantities of 
groundwater are 
withdrawn with the 
production of CSG 
which can affect 
groundwater flux, 
flow patterns and 
water quality. The 
study investigates 
the impacts of water 
production 
associated with CSG 
and models 
groundwater flow.  

The flow and distribution of 
water associated with CSG 
production in the Ferron 
Sandstone of east-central Utah 
was characterised with the use 
of a discrete fracture network 
model and a porous media 
model. 

 

Some limitations 
based on model 
assumptions. 

Simulated water production from 185 wells between 1993 
and 1998 indicated that the maximum head drawdown in 
one CSG field (Drunkards Wash) was more than 365 
metres and a cone of depression extending to within a 
short distance of the Ferron outcrop. At two other CSG 
fields the maximum drawdown was estimated to be 120 
metres (Helper field) and 60 metres (Buzzards Bench). 
Water budget simulations indicated that stream flows 
would not be impacted by water production associated 
with CSG development.  

 

Powder River 
Basin, Montana, 
USA. 

(Meredith and 
Kuzara, 2013) 

The study reports on 
CSG regional 
groundwater 
monitoring data over 
approximately ten 
years collected up to 
September 2012 with 
an emphasis on the 
2012 water year 
(October – 
September). 
Groundwater levels 
and chemistry are 

CSG production in the area 
started in 1999 and in 2012 
there were 575 wells that 
produced methane, water or 
both which was a reduction in 
wells from the previous year by 
175 wells. Average annual 
precipitation in the study area 
is approximately 305mm. 
Hydrogeologic data for the 
2012 water year was collected 
from 209 wells, 14 springs, 
and two streams. 

None identified.  Hydrostatic heads in the Dietz coal within CSG production 
areas were lowered by around 60 metres and in the 
Canyon coal the potentiometric surface has been reduced 
by around 180 metres. Six metre drawdown contours in 
both coals extend past the production boundary area by 
approximately 1.6 to 2.4km after 13 years of production. 
Drawdown has not been observed to migrate across fault 
planes.  

It is expected that aquifers will recover post-CSG 
production although baseline levels may not be achieved 
for several decades although there are numerous factors 
that will influence recovery such as the rate, intensity and 
continuity of CSG production, aquifer characteristics, and 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

analysed.   extractions from other industries.  

Groundwater level recovery after the cessation or 
reduction in CSG production was observed in one area in 
which drawdown was between 5.8 and 46 metres. Based 
on current recovery rates it was estimated that baseline 
groundwater levels will be restored in around 30 years with 
low levels of CSG production still occurring.  

Powder River 
Basin, Montana, 
USA. 

(Wheaton and 
Metesh, 2002) 

CSG production in 
the Powder River 
Basin of Montana is 
potentially in conflict 
with groundwater use 
for agriculture. 
Potential 
groundwater 
drawdown and 
recovery associated 
with CSG production 
is investigated. 

Hydrogeologic data and 
information on CSG activities 
of the Powder River Basin 
were attained from various 
departmental monitoring 
programs and reports. Flow 
modelling was undertaken to 
determine potential drawdown, 
discharge rates and recovery 
of the Hanging Woman Creek 
area. The model can be used 
to estimate typical field 
conditions and demonstrate 
various responses to 
producing waters with CSG 
development across the 
Powder River Basin area. Well 
duration life was assumed to 
be 20 years. 

Some limitations 
based on model 
assumptions (e.g. 
coal seams assumed 
to be homogenous). 

For the duration of CSG production there will be a 
reduction in water levels of aquifers in CSG fields and 
water availability at some springs and wells will be 
reduced. Additionally the base flow of perennial streams 
may be reduced during CSG production and recovery.  

Drawdown related to CSG production is rapid compared to 
nearby strip-mining related drawdown in the West Decker 
Mine area. In the first 18 months drawdown of 
approximately three metres occurred to distances of up to 
1.6 – 3.2km. Modelling indicated that water production 
ranged from three to 20 gpm per well and approximately 
9,990 and 31,440 ML of water produced per year from 576 
wells and 1,082 wells respectively.  

Cumulative water production after 20 years of pumping 
from all wells was estimated to be 493,200 ML. During the 
period of greatest well interference drawdown at the 
Canyon and Wall coal seams was estimated to be 137 to 
183 metres.  

Once pumping ceases water level recovery in the 
Anderson Coal fields to 70 percent of pre-development 
water levels was estimated to take around 10 – 12 years. 
Available head at a distance of 3.2km outside CSG fields 
recovers to 90 percent of pre-development levels within 
two to three years and within five years at the Canyon and 
Wall coals. 

Powder River The study A groundwater model Re-injection CSG development in the Montana region of the Powder 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Basin, Montana, 
USA. 

(Myers, 2009) 

investigates 
observed and 
modelled 
groundwater 
drawdown caused by 
CSG production and 
the potential impacts 
on springs and 
stream flow which 
are important for the 
agricultural industry 
in the area. The 
mitigation benefits of 
recharging up to 50 
percent of produced 
waters into depleted 
coal seams or 
sandstone layers 
between coal seams 
is also considered. 

numerically simulating the 
conceptual flow model of the 
basin was developed to 
investigate the impacts of CSG 
production at varying distances 
from CSG fields and to 
consider water re-injection 
scenarios.  

 

modelling was 
limited, for example, 
only fields that had 
ceased pumping 
could receive 
production water. 

River Basin will result in excess of 124,000 ha-m of 
groundwater being pumped from coal seams and 
sandstone aquifers which is equivalent to more than 40 
percent recharge. Groundwater flow modelling indicated 
that drawdown will exceed 90 metres at the centre of CSG 
fields with six metre drawdown extending to distances of 
up to 29km from CSG fields.   

Additionally, river flux will be reduced by up to 40 percent 
with recovery time estimated to be up to 45 years and not 
complete for 200 years. Re-injection of produced water 
into depleted coal seams or the use of rapid infiltration 
basins near rivers may mitigate impacts. Artificial recharge 
was modelled and could replace up to 4,000 ha-m of the 
deficit in coal seams saving around ten percent of lost flux 
and reducing the area of drawdown by approximately 
twenty percent.  

Powder River 
Basin, Wyoming, 
USA. 

(Gribb, 2010) 

Groundwater 
drawdown from CSG 
production were 
analysed in the 
Powder River Basin 
in Wyoming. 

 

The Bureau of Land 
Management monitored 111 
wells in the Powder River 
Basin of which groundwater 
levels and gas pressures in 
CSG developed coal seams 
and adjacent horizons. Well 
data from 1993 to 2006 were 
analysed and groundwater 
drawdown determined. 

Abstract only.  Analysis of groundwater levels from 1993 to 2006 
demonstrated drawdown in most coal horizons, for 
example average drawdown in Wyodak was 86 metres, 
with the exception of some local recharge events. 
Drawdown in the overlaying Wasatch Formation was also 
identified (82 metres) which suggests an unconfined 
aquifer. 

 

Northern San 
Juan Basin, 
Colorado, USA.  

The study is in 
response to 
concerns that the 
dewatering of coal 

A stream depletion analysis 
using the Glover method was 
undertaken for approximately 
1,650 CSG wells of the 

The Glover analysis 
incorporates several 
assumptions that 
simplify aquifer 

The Fruitland Formation and the underlying Pictured Cliffs 
Sandstone extend to an area that is traversed by several 
streams. Unit transmissivity is low but groundwater flow 
does occur through coal cleats and fractures with there 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

(S.S. 
Papadopulos & 
Associates Inc. 
and Colorado 
Geological 
Survey, 2006) 

seams may result in 
stream depletions 
and reductions in 
spring flows or 
formation outflows 
that would affect 
water supplies in the 
Raton Basin. 

Fruitland Formation in the San 
Juan Basin to quantify current 
and future depletion of surface 
waters caused by dewatering 
coal seams to enable CSG 
production. Optimised values 
of transmissivity and storativity 
obtained from the parameter 
estimation analysis, the Glover 
analysis was applied to CSG 
wells to identify where stream 
depletions exceed 0.1 percent 
of pumping within 100 years, 
and to quantify current and 
future depletions at the 
outcrop.   

conditions. Identified 
assumptions include 
the aquifer being 
homogenous, 
uniform in all 
orientations, and of 
semi-infinite extent; 
calculations of 
stream depletions at 
boundaries assume 
a linear stream that 
fully penetrates the 
aquifer where the 
streambed is in 
hydraulic connection 
with the aquifer; flow 
within the aquifer is 
horizontal; and flow 
is dominated by one 
phase. 

being no significant barriers between CSG wells and the 
outcrop, and as a result it is assumed that there is 
hydraulic connectivity between the CSG wells to streams. 

Using the Glover analysis the area of stream depletion that 
was calculated to exceed 0.1 percent of the rate of water 
withdrawal from a well within 100 years (the rate in which 
groundwater was considered to be non-tributary to surface 
water) was generally within 16 km basin-ward of the 
Fruitland – Pictured Cliffs aquifer outcrop.  

Depletion from streams traversing the Fruitland-Pictured 
Cliffs aquifer outcrop at the time of the study was 
estimated to be approximately 0.192 GL yr

-1
 with the 

depletion rate of current wells (n=1,516) estimated to peak 
at 0.223 GL yr

-1
 in 2020. Under the scenario of no wells 

being within a 2.41 km buffer along the outcrop (n= 1,155) 
the estimated peak is 0.211 GL yr

-1
 in 2035. For the two 

scenarios, stream depletions were estimated to be below 
0.123 GL yr

-1
 by 2070 and 2150, respectively. 

Piceance Basin, 
Colorado, USA.  

(S.S. 
Papadopulos & 
Associates Inc. 
and Colorado 
Geological 
Survey, 2007a) 

The study is in 
response to 
concerns that the 
dewatering of coal 
seams may result in 
stream depletions 
and reductions in 
spring flows or 
formation outflows 
that would affect 
water supplies in the 
Piceance Basin. 

As above but for the Piceance 
Basin. 

As above. The statutory non-tributary area, in which groundwater 
withdrawal from a well would not within 100 years deplete 
stream flow at an annual rate greater than 0.1 percent of 
the annual withdrawal rate, was approximately 14.2 km 
basin-ward from the Cameo-Fairfield hydrostratigraphic 
unit outcrop or from the intersection of the outcrop and the 
stream within the basin.  

CSG wells in the Piceance Basin produce considerably 
less water compared to other CSG producing basins in 
Colorado. At the time of the study water production 
peaked several years beforehand in 2004 at 0.231 GL yr

-1
. 

Cumulative water production from CSG wells was 1.480 
GL which was less than the amount produced in the Raton 
and San Juan Basins in a single year (2005). The majority 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

of CSG water production has occurred in an area that was 
not believed to be hydraulically connected to the outcrop 
as they were at distances greater than 14.2 km from the 
outcrop. Depletion in the Piceance Basin was calculated to 
be less than 0.001 GL yr

-1
. 

Raton Basin, 
Colorado, USA. 

(S.S. 
Papadopulos & 
Associates Inc. 
and Colorado 
Geological 
Survey, 2007b) 

The study is in 
response to 
concerns that the 
dewatering of coal 
seams may result in 
stream depletions 
and reductions in 
spring flows or 
formation outflows 
that would affect 
water supplies in the 
Northern San Juan 
Basin. 

As above but for the San Juan 
Basin. 

As above. CSG production in the Raton Basin has been ongoing 
since the mid-1980s from approximately 2,000 wells. 
Annual water production from CSG wells in 2006, based 
on data from the first six months of the year, may reach 
19.736 GL. 

Stream depletion analysis based on approximately 2,000 
CSG wells in the Vermejo and Raton Formations was 
undertaken using Glover analysis to determine current and 
future surface water depletion caused by coal seam 
dewatering. Stream depletion caused by CSG producing 
wells in the Raton Basin at the time of the study was 
calculated to be approximately 3.084 GL yr

-1
.  

The stream depletion analysis was considered in relation 
to the statutory non-tributary area, in which groundwater 
withdrawal from a well would not within 100 years deplete 
stream flow at an annual rate greater than 0.1 percent of 
the annual withdrawal rate. It was determined that all 
areas of current CSG production in the Raton Basin were 
considered tributary using various alternate parameter 
assumptions.  

Surat Basin, 
southern 
Queensland, 
Australia. 

(University of 
Southern 
Queensland, 
2011) 

The target coal 
seams in the region, 
the Walloon Coal 
Measures, are thin 
seams and have low 
permeability and are 
over and underlain 
by low permeability 

The effect of CSG 
development on groundwater 
was modelled by each of the 
four developing companies in 
the basin. Two of the 
assessments attempted to 
assess cumulative impacts by 
including other project areas in 

There are 
considerable 
differences between 
the four modelling 
assessments that 
were undertaken 
which were used to 
determine cumulative 

Cumulative drawdown for the main hard rock aquifer units 
was determined at year 2060. The timing of peak impacts 
differs between layers and occurs first in overlying and 
underlying layers. Cumulative impacts were determined for 
low and high impact cases, and in the low impact case the 
drawdown does not exceed five metres in any location in 
the Precipice Sandstone but using the high end of the 
predicted range drawdown occurred that was greater than 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

aquitards that limit 
vertical movement of 
groundwater 
between coal seams 
and aquifers. 
However, lowered 
water pressures in 
coal seams may 
induce some vertical 
leakage into coal 
seams and impact 
sandstone aquifers 
which are utilised by 
regional towns and 
the agricultural 
industry. The study 
determines the 
groundwater areas 
that will be impacted 
by depressurisation 
in the study region 
and cumulative 
impacts. 

assessments. Different model 
domains, model layer 
configurations, and model 
parameter values exist 
between each of the projects. 
Two of the modelling 
assessments utilised 
MODFLOW and the other two 
used FEFLOW. The current 
project did not attempt to 
remodel the impacts rather the 
output data files of predicted 
drawdown for each of the 
models was converted into 
common grid format and 
individual impacts summed to 
determine cumulative 
drawdown. The time period 
selected for cumulative impact 
assessment is between 2050 
and 2060 for when peak 
drawdown is predicted to 
occur.  

impacts in the region. 
Different model 
domains, model layer 
configurations, and 
model parameter 
values exist between 
each of the projects. 

 

five metres over a larger area. Across all cases drawdown 
greater than five metres is limited to areas near the CSG 
developments and is more extensive in downdip 
directions.  

 

 

 

Surat Basin, 
southern 
Queensland, 
Australia. 

(Queensland 
Water 
Commission, 
2012) 

The impacts of 
groundwater 
extraction by both 
petroleum and gas 
activities was 
predicted for the 
region. 

A regional groundwater flow 
model was developed using 
MODFLOW to predict the 
impacts of groundwater 
extraction by both petroleum 
and gas activities. The model 
was developed using existing 
data from water and gas wells, 
and information on planned 
CSG development was 
attained from tenure holders. 

None identified. In 2011 there were 1,160 CSG wells extracting water in 
the region, predicted to have increased to 1,400 wells by 
mid-2012, with total extraction approximately 18,000 ML 
per year. The Walloon Coal Measures and the Bandanna 
Formation are the only formations predicted to experience 
significant impacts within the three years because of 
significant CSG expansion. There are small IAAs in the 
Springbrook, Precipice, and Hutton sandstones caused by 
conventional petroleum and gas activities. LLAs are 
significant for the Walloon Coal Measures, the Bandanna 
Formation, the Springbok Formation, and the Hutton 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

The Immediately Affected Area 
(IAA) and the Long-term 
Affected Area (LAA) are 
identified for aquifers in which 
water level or water pressure 
impacts are predicted to 
exceed trigger thresholds. The 
IAA area is the area that water 
level impacts are predicted to 
exceed the trigger threshold 
(five and two metres for 
consolidated and 
unconsolidated aquifers 
respectively) within three 
years. The LAA is an aquifer 
area in which impacts are 
predicted to exceed the trigger 
threshold at any time in the 
future. 

Sandstone. There are small LAAs for the Precipice and 
Clematis Sandstones.  

The Walloon Coal Measures is the target coal seam in the 
Surat Basin and over most of the area the long-term 
impact is estimated to be less than 150 metres but up to 
700 metres in the western area where the coal formation is 
relatively deep. There are approximately 400 private bores 
in the affected area with less than half expected to be 
impacted by less than 21 metres.  

In the target formation of the Bowen Basin, the Bandanna 
Formation, most of the long-term impact is expected to be 
less than 200 metres but in relatively deep areas impacts 
will be up to 1,000 metres. Where there are private bores 
in this region impacts are expected to be less than five 
metres. Impacts in other formations are considerably 
lower.  

The total induced flow from over and underlying formations 
of the Walloon Coal Measures is expected to be 
approximately 50 percent of the total water extracted for 
CSG production from coal seams.  Recovery in 
significantly affected aquifers to a 50 percent level is 
estimated to be 30 to 80 years after maximum impact.  
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3.7 Excluded studies for the CSG wellbore construction and production impacts section 

Table 8. Excluded evidence items and rationale for exclusion from the CSG wellbore construction and production section. 

Case study location (and reference) Reason for exclusion 

Alberta, Canada. (Carpenter et al., 2010) Study of energy development and sage-grouse conservation, whether the study was undertaken in a coal bed 
region could not be determined.  

Alberta, Canada. (Cheung et al., 2009) Study characterises produced water from coal seams and that of groundwater but does not assess the impact of 
CSG extraction on groundwater. 

Alberta, Canada. (Cheung et al., 2010) Study characterises produced water from coal seams and that of groundwater but does not assess the impact of 
CSG extraction on groundwater. 

Bainbridge, Ohio, USA. (Mordick, 2011) Study of groundwater contamination potentially caused by gas extraction from shale rather than a coal seam. 

Campo de Cartagena Region, Spain. 
(Jiménez-Martínez et al., 2011) 

Study on aquifer contamination from leaky boreholes but not related to coal seam gas production. 

China. (Zhang and Peng 2006) Study on water inrush in mining, not in relation to the extraction of methane from the coal seams. 

Garfield County, Colorado, USA. (Colborn 
et al., in press) 

Air quality study in an area of methane extraction from tight sands. 

Garfield County, Colorado, USA. (Levi, 
2012) 

Not a case study, reply to Colborn et al., (in press), in a tight sand play. 

Garfield County, Colorado, USA. (Thyne, 
2008) 

Hydrogeologic study in an area of tight sand and shale development, not coal seams.  

New Mexico, USA. (Wells et al., 2012) Study on carbon dioxide injection in a coal seam for sequestration purposes.   

Not identified from abstract. (Avci, 1992) Study on flow occurrence between confined aquifers through improperly plugged boreholes but not from coal 
seam gas production. 

Not identified from abstract. (Avci, 1994) Study on flow leakage through abandoned wells and boreholes but not from coal seam gas production. 

Not identified from abstract. (Rana, 2008) A review of environmental risks associated with oil and gas extraction, not a case study. 

Not identified from abstract. (Santi et al., 
2006) 

Study on cross-contamination between aquifers but not specific to coal seams gas production.  

Ohio, USA. (Ohio DNR, 2008) Study on gas invasion of aquifers and house explosion related to shale development. 
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Case study location (and reference) Reason for exclusion 

Oklahoma, USA. (Dunkin et al., 2009) Study of northern bobwhite movement is in an oil field. 

Pavillion, Wyoming, USA. (DiGiulio et al., 
2011) 

Investigation of groundwater contamination resulting from methane extraction from shale. 

Pavillion, Wyoming, USA.(Wright et al., 
2012) 

Data report only. Likely shale area also. 

Pennsylvania, USA. (Boyer et al., 2012) Impact of drilling for gas extraction within shale. 

Pennsylvania, USA. (Révész et al., 2010) Study on gas migration not from coal seam development. 

Powder River Basin, USA. (Duncan, 2010) Study of CSG development and sage-grouse conservation is excluded as it is a review of evidence not a case 
study. Relevant evidence items within review have been followed up. 

San Juan Basin, Colorado and New 
Mexico, USA. (Finch, 1997) 

Not a case study. Referenced case studies within document followed up. 

United States of America. (Gorody, 2012) Review of case studies, not coal seam gas specific, relevant case studies within review followed up.  

United States of America. (Hetrick, 2011) Study of well integrity of typical well in shale formation.  

United States of America (Jackson et al., 
2013) 

Paper reviews several case studies from both conventional and unconventional oil and gas activities to outline 
how stray or fugitive gas from deep gas-rich formations can migrate to shallow aquifers in some circumstances. 
Case studies in which natural gas was extracted from coal seams were identified and the primary evidence 
sources checked for relevance.  

United States of America. (Naugle et al., 
2011) 

Study of CSG development and sage-grouse conservation is excluded as it is a review of evidence not a case 
study. Relevant evidence items within review have been followed up. 

Various locations. (Evangelista et al., 2011) A review of invasive plant responses to energy development. Relevant case studies within document have been 
followed up. 

Weld County, Colorado, USA. (Petron et 
al., 2012) 

Hydrocarbon emissions study in a region of gas extraction from shale and tight sands. 

Western Wyoming, USA. (Holloran, 2005) Assessed population level responses of sage-grouse to gas development in an area of conventional natural gas 
development. 

Western Wyoming, USA. (Lyon and 
Anderson, 2003) 

Assessed the impact of gas development on sage-grouse nest initiation and movement in an area of conventional 
natural gas development. 
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4. CSG produced water impacts on natural systems 

The following key impacts were identified in the area of the disposal and re-use of CSG produced 

waters on natural systems: 

A. Discharge to surface waters and impact on rivers and tributaries 

B. Discharge to surface waters and impact on aquatic fauna  

C. Land application and impact on soil, plants, and near-surface groundwater level 

D. Infiltration from impoundments and impact on soil and groundwater  

E. Increased water surface area and impact on mosquito habitat  

These impacts are illustrated in the symbols diagram below. 

 

Figure 2. Symbols diagram of the impacts on natural systems of CSG produced water disposal and re-
use [symbols used in diagram courtesy of the Integration and Application Network, University of Maryland Center 

for Environmental Science (ian.umces.edu/symbols/)]. 

Large quantities of water are pumped from coal seams and brought to the surface to depressurise 

coal seams enabling methane extraction (Jamshidi and Jessen, 2012). The large quantities of water 

brought to the surface needs to be appropriately managed otherwise it represents a potential risk to 

the environment given the large quantities involved and its composition. The composition and quality 

of CSG produced waters varies considerably depending on a range of factors including the type and 

rank of coal deposits, proximity of wells to freshwater recharges, and differences in geology, 

hydrogeology, and methane generation pathways (Dahm et al., 2011).  

Despite differences in the composition and quality of CSG produced water between and within CSG 

producing basins, they are commonly dominated by sodium bicarbonate and sodium chloride type 

waters often with high total dissolved solids, sodium absorption ratio, electrical conductivity, pH, and 

alkalinity (McBeth et al., 2003a; Taulis and Milke, 2007; Cheung et al., 2010; Dahm et al., 2011). 

Consequently, management options to dispose or re-use produced waters have to consider the 

http://ian.umces.edu/symbols/


 

Page | 46  
 

quality of the waters and its compatibility with its intended use. The composition of CSG produced 

waters have also been documented to change over time. For example, McBeth et al. (2003b) found 

that CSG produced waters changed after discharge into holding ponds with increases in pH, 

dissolved aluminium, iron, arsenic, selenium, and fluorine likely resulting from evapoconcentration 

and other chemical reactions. 

CSG produced water management approaches are varied but the main methods include discharge to 

surface waters either treated or untreated, underground injection, impoundment for evaporation of 

infiltration, and land application including surface and sub-surface irrigation (Ganjegunte et al., 2005; 

Averina et al., 2008).  There are also various technologies that have been used to treat CSG 

produced waters before it is disposed or re-used although in many instances they are not commonly 

used because of the costs involved (Ganjegunte et al., 2005). The following sections identify case 

studies that have assessed the impacts of the various CSG produced water management methods. 

Impact of CSG produced water discharge on rivers and tributaries 

 

The disposal of CSG produced waters to rivers and tributaries may be detrimental to water quality 

because they are often high in sodium and low in calcium and magnesium, resulting in a high sodium 

absorption ratio (SAR) (Cannon et al., 2007; Smith et al., 2009). This can then impact bank and 

channel stability, and agricultural and horticultural industries that use the river water for irrigation 

(Bauder, 2009). The case studies in this section (Section 4.2) have assessed the impact of CSG 

produced water discharges, either treated or untreated, on rivers and tributaries.  

 

Impact of CSG produced water discharge on aquatic fauna 

 

Changes to water quality as a result of CSG produced water discharges to rivers and tributaries may 

impact aquatic fauna (Davis et al., 2009). For example, sodium bicarbonate (NaCO3), which is a major 

constituent of CSG produced waters, has been demonstrated to negatively impact some aquatic 

species at high concentrations (Farag and Harper, 2012). This section (Section 4.3) consists of case 

studies that have assessed the impact of CSG produced waters on aquatic fauna such as fish, 

mussels, and macro-invertebrates.  

Impact of land application of CSG produced water on soils, plants, and groundwater level 

One of the primary concerns with using CSG produced waters for irrigation is that it is often has a 

high sodium absorption ratio (SAR) (Cannon et al., 2007; Smith et al., 2009). High sodium 

concentrations in irrigation water can cause clays to disperse degrading soil structure and reducing 

infiltration, nutrient supply, and aeration, and may cause osmotic stress in plants (Browning et al., 

2006; Wang et al., 2007; Morris, 2008). The section on the impact of land application of CSG 

produced waters (Section 4.4) provides a summary of case studies that have assessed the impacts of 

applying CSG produced waters, either treated or untreated, to the soil via surface or sub-surface 

irrigation systems. 

Impact of CSG produced water infiltration from impoundments on soil and groundwater 

The use of unlined surface impoundments, both in-channel and off-channel, to store and over time 

dispose of CSG produced waters to the sub-surface via infiltration is common in many CSG fields 

(Healy et al., 2011). The impacts that this can have on the sub-surface environment including soils 

and groundwater, in addition to surface waters where there is the surface expression of groundwater, 

are varied and may depend on a range of variables that include the composition of CSG produced 

waters, changes that occur to CSG produced waters whilst stored through evapoconcentration, native 

groundwater composition, groundwater flow path, soil type, and the accumulation of salts in the soil 
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environment amongst others (Bobst, 2004; Lipinski et al., 2008; Sowder et al., 2010; Healy et al., 

2011). The case studies in this section (Section 4.5) document the impacts that have occurred with 

the use of infiltration impoundments for the disposal of CSG produced waters.  

Increased water surface area impact on mosquito habitat  

Surface water area can increase substantially within CSG fields because of the large amounts of 

produced waters that are withdrawn from coal seams and stored in impoundments.  Consequently, 

there may be an increase in the area of mosquito habitat and an increase in temporal availability, 

which in turn may increase mosquito populations and the transmission of viruses and parasites that 

cause disease (Doherty, 2007; Miller, 2008). 

4.1 Search statistics 

Search phrases and sources 

The following table lists the search phrases and sources used to identify evidence for this review. The 

search results for each search are provided in the format X/Y (Z) of 1
st
 A where: 

X = the number of relevant evidence items found 

Y= the total number of search returns 

Z = the number of relevant returns that had already been found in a previous search  

A = the total number of papers that are searched until the relevance of evidence items 

becomes significantly reduced 
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Table 9. Numbers of relevant evidence items resulting from a stated search phrase and source (CSG produced waters impact evidence). 

Search phrases used 

Sources: Relevant/Hits 

Science 
Direct 

Wiley SpringerLink JSTOR Trove DOAJ AGRICOLA Google Scholar 

("coal seam gas" OR 
"coalseam gas" OR 
"coal seam methane" 
OR "coalseam 
methane" OR "coalbed 
methane" OR "coal 
bed methane" OR 
"coal bed gas" OR 
"coalbed gas") AND 
("produced water" OR 
"coproduced water" 
OR "co-produced 
water" OR "byproduct 
water" OR "by-product 
water" OR "formation 
water") AND 
(groundwater OR 
aquifer OR "water 
quality" OR infiltration 
OR seepage OR river 
OR creek OR stream 
OR discharge) 

8 / 410 
of 1

st
 150 

9 / 78 7 / 66  0 / 9
 A

 

8 / 120 (3)
 B1

  
 

1 / 130
 B2

 

0 / 0 4 / 4 (2) 

8 / 294 (4)
 C1 

of 1
st
 150 

 

39 / 2,810 (12)
 

C2
 of 1

st
 450  

("coal seam gas" OR 
"coalseam gas" OR 
"coal seam methane" 
OR "coalseam 
methane" OR "coalbed 
methane" OR "coal 
bed methane" OR 
"coal bed gas" OR 
"coalbed gas") AND 
("produced water" OR 
"coproduced water" 

8 / 412 (8) 

of 1
st
 150 

9 / 75 (9) 6 / 64 (6) n/a n/a 0 / 0 4 / 4 (4) n/a 
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OR "co-produced 
water" OR "byproduct 
water" OR "by-product 
water" OR "formation 
water") AND (disposal 
OR soil OR sodic OR 
salin* OR vegetation 
OR plants OR 
biodiversity OR fauna 
OR habitat) 
 

("coal bed natural gas" 
OR "coalbed natural 
gas") AND water 

7 / 99 (7) 7 / 24 (6) 1 / 8 (1) 2 / 12 12 / 38 (9) 
D
 0 / 0 7 / 9 (3) 

75 / 654 (31) 
of 1

st
 350 

(CSG OR CBM OR 
CBNG) AND (methane 
OR gas OR 
unconventional) AND 
water AND produc* 

6 / 2,570 (4) 
of 1

st
 200 

9 / 1,180 (8) 
of 1

st
 150 

5 / 871 (4) 
of 1

st
 150 

0 / 91 

3 / 117 (3) 
E 

8 / 115 (8) 
F 

3 / 699 (3) 
G 

of 1
st
 200

 

2 / 523 (1) 
H 

of 1
st
 150 

0 / 4 11 / 12 (11) 
38 / 16,600 

(30) 
of 1

st
 550 

A
  Search split and altered due to search phrase being too long. Results represent the combined returns for the 1

st
 and 2

nd
 groups. 

B1
 Only 1

st
 and 2

nd
 groups used due to database limitations. Search restricted to books, conference papers, journal and magazine articles, and reports. 

B2
 As above; Search restricted to archived websites. 

C1
 As above; Additionally 1

st
 group split with this search containing: ("coal seam gas" OR "coalseam gas" OR "coal seam methane" OR "coalseam methane")  

C2
 As above; Additionally 1

st
 group split with this search containing: ("coalbed methane" OR "coal bed methane" OR "coal bed gas" OR "coalbed gas") 

D
 Search restricted to books, conference papers, journal and magazine articles, reports, and archived websites. 

E
 Search restricted to books, thesis, and conference papers. 

F
 Search restricted reports only. 

G
 Search restricted journals only. 

H
 Search restricted archived websites only. 

Note that only the third group in the second search string differs from the first search string. Given that only the first and second groups of the first search string were used in 
JSTOR, Trove and Google Scholar the additional search in these databases were not required.  
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4.2 Study summaries: CSG produced water discharge to surface waters and impact on rivers and tributaries 

Table 10. Summary of evidence items that have assessed the impact of CSG produced water discharges on rivers and tributaries. 

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Burger Draw, 
Powder River 
Basin, Wyoming, 
USA.  

(Patz et al., 2004) 

Related evidence 
items: (Patz et al., 
2003, 2006) 

The chemistry of 
CSG discharge 
waters were 
analysed at 
discharge points and 
in downstream 
channels to 
determine whether 
changes occur due 
to interactions with 
channel sediment. 

 

CSG discharge water 
monitoring (pH, major 
elements, salinity, sodium 
absorption ratio) was 
undertaken at three discharge 
wells and seven sampling sites 
along the stream channel. 
Water sampling was 
undertaken over a seven 
month period, with all samples 
collected within three 
consecutive days for each 
sampling period. 

 

Study was short-term 
(less than one year) 
and was not 
undertaken in all 
seasons. 

 

There were significant changes in pH, calcium, sulphate 
and true sodium absorption ratio (SAR) of CSG product 
water between sample locations along the stream channel. 

 There was no significant change in electrical conductivity 
(EC), total dissolved solids (TDS), alkalinity, magnesium, 
sodium, potassium, chlorine concentrations or the 
potential SAR of product water along the stream channel. 

The pH of CSG product water in the downstream channel 
significantly increased from 7.1 to 8.84 prior to entering the 
mainstem river.  The pH also increased significantly after 
storage in a reservoir. The decrease in product water pH 
may have been caused by carbon dioxide (CO2) 
degassing.  

Dissolved calcium concentration significantly decreased 
throughout the stream channel and after storage in the 
reservoir which altered the SAR through sediment 
interactions. The true sodium absorption ratio of product 
water increased significantly from 32.93 to 45.5. There 
was likely to be a strong dilution factor when the channel 
reached the mainstem river as only pH significantly 
increased above and below the confluence (Patz et al., 
2004). 

Trace elements from the same study were also reported in 
Patz et al. (2006) where it was found that along the stream 
channel there was a significant decrease in dissolved iron 
and manganese, and a significant increase in arsenic and 
selenium (Patz et al., 2006). 

Burger Draw, The transport and Production water geochemistry Short-term study Dissolved ammonium from the CSG discharge points 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Powder River 
Basin, Wyoming, 
USA. 

(Smith et al., 
2009) 

fate of ammonium in 
CSG produced water 
(measured to be as 
high as to 527 µM) 
once it is released 
into natural 
ephemeral drainage 
channels was 
assessed. 

 

was characterised in addition 
to synoptic and diel studies in 
channels receiving CSG 
produced water from one or 
more discharge points. 
Dissolved ammonium levels in 
produced water were collected 
from 19 discharge points, in 
addition to temperature, pH, 
dissolved oxygen, and specific 
conductance.  

which was limited to 
warmer months and 
restricted to a 
singular year. Other 
factors not assessed 
may also contribute 
to ammonium and 
DIN uptake.  

 

ranged from 95 to 527 µM. Dissolved ammonium levels 
decreased with distance along the stream channels with 
subsequent increases in nitrite and nitrate. Total dissolved 
inorganic nitrogen (DIN) varied between channels with DIN 
uptake being greater in low-gradient, vegetated channels 
compared to incised, high-gradient channels with sparse 
vegetation.  

DIN was highly correlated with incident light and dissolved 
oxygen. In the main channel, which received produced 
water from 13 discharge points, DIN concentrations were 
>300 µM with pH > 8.5 after five kilometres of transport. 
Over one month the average DIN input from the main 
channel into the mainstem river was measured to be 23 kg 
N day 

-1
 which coincided with an increase in total DIN load 

in the mainstem river after the channel confluence.  

Overall, it was determined that in the study region CSG 
produced water represented an important source of DIN 
which was influenced by the extent of contact with 
sediment, and biomass, type of drainage channel, and 
time of day. 

Burger Draw, 
Beaver Creek, 
and Prairie Dog 
Creek, Powder 
River, Wyoming, 
USA. 

(Kempema et al., 
2011) 

The impact of 
discharging CSG 
product water of high 
temperature relative 
to the receiving 
waters and its effect 
on geomorphologic 
processes was 
assessed. 

The study evaluated winter 
flow and ice processes in 
streams and the Powder River 
receiving CSG product water. 
The study was conducted over 
consecutive two consecutive 
winter periods characterised 
by the initiation of ice formation 
and the process of ice cover 
melting. There were three 
tributaries that were assessed, 
one which received no CSG 
product water, one that 
received small discharges, and 

Short-term study, 
only over two 
consecutive winters. 
Low replication. 

Heat transported by CSG product water had a visible 
impact on the thermal balance of the Powder River during 
winter. Ice cover above confluences that import CSG 
product water was uniform averaging 40cm in winter. The 
most readily observed impact of CSG produced waters 
discharged into waterways was the formation of lengthy 
open water leads downstream of confluences that 
extended along channel banks, typically for several 
kilometres.  

Cross sections indicated that ice thickness increased 
sharply with distance away from each lead and average 
ice thickness was attained at approximately two metres 
from the leads edge indicating minimal lateral flow within 



 

Page | 52  
 

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

one that received substantial 
discharges. Surveys were 
undertaken at sites where 
CSG product water is 
discharged and water level 
and temperature loggers 
installed. At three to four 
weekly intervals ice conditions 
were observed and ice 
samples collected. Channel 
cross-sections of waterways 
were measured to determine if 
observed open leads affected 
channel morphology.  

each lead. The leads which persisted throughout the 
winter were three to seven metres in width. 

CSG product water in the channel of the mainstem river 
affected ice cover which increased flow during winter. The 
effect this had on large-scale channel processes was not 
quantified although there was some evidence that channel 
thalweg was altered although to a lesser extent than 
occurs during ice break-up during spring. Channel 
bathymetry cross sections indicate that the thalweg shifted 
towards the open water lead when it was not entrenched 
along a channel bend, and it deepened by approximately 
25 cm, and deepened flow along the open water lead, and 
in conjunction with weakening of bank stability, bank 
erosion was increased. 

Powder River, 
Wyoming and 
Montana, USA. 

(Carter and Frost, 
2008) 

The impact of 
discharging 
produced water from 
CSG development 
on Powder River 
water quality was 
examined. 

 

The presence of CSG 
produced water in the Powder 
River was analysed using 
carbon isotopes. Full study 
details not provided. 

 

Abstract only. Elevated carbon isotopic values indicated the presence of 
produced water in the mainstem river, and up to 20 
percent of dissolved inorganic carbon may have been of 
CSG origin. All samples during high flow periods (spring) 
met the standards for EC and SAR (with some exceptions 
for the latter unrelated to CSG discharge) in the state of 
Montana but the majority of samples taken during low 
flows exceeded the acceptable EC standards in both 
Wyoming and Montana. Most samples also exceeded 
SAR standards in autumn although this included samples 
from tributaries with no CSG development.  

Powder River 
Basin, Wyoming 
and Montana, 
USA. 

(Wang et al., 
2007) 

The study assessed 
the effect that CSG 
development had on 
water quality in the 
Powder River Basin, 
particularly sodicity 
and salinity given 
that the river is an 

A retrospective analysis of 
water quality trends and 
patterns was undertaken for 
the years between 1946 and 
2002 at four gauging stations 
along the Powder River 
(Sussex, Arvada, Moorhead, 
Locate). Trend analysis was 

Retrospective 
analysis, risk of 
confounding 
variables.  

There was an increase in sodium and a lowering of pH 
associated with CSG development. The increase in 
sodium resulted in a significant increase in SAR 
associated with CSG development (p < 0.10). The impact 
of CSG development on the salinity of the Powder River, 
as indicated by EC, was minor with there being either no 
trend or a marginally significant positive trend (p < 0.10). 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

important source for 
irrigation and soils of 
the region have a 
high clay content 
susceptible to 
dispersion. 

undertaken using linear 
regression and Seasonal 
Kendall tests, and Tukey’s test 
was used to detect changes in 
spatial pattern.  

Upper Tongue 
River, Wyoming 
and Montana, 
USA. 

(Dawson, 2007) 

The study assessed 
whether there had 
been a statistically 
significant increase 
in specific 
conductance (SC) or 
sodium absorption 
ratio (SAR) at 
selected monitoring 
stations in the Upper 
Tongue River 
catchment since 
CSG development 
started in 1999 
through to 2005.  

The study reviewed discrete 
sample water quality data from 
the Upper Tongue Watershed 
published by the United States 
Geological Survey. Four of 
seven sites that had sufficient 
data for statistical analysis 
were selected for the water 
years from 1967 through to 
2005. CSG production started 
in 1999 and water production 
data from CSG wells through 
to 2006 was used. One of the 
four selected sites was 
upstream of CSG development 
and was unaffected. Surface 
water quality data was 
separated into two groups 
representing before and after 
CSG development in the area. 
Data was analysed using 
graphical and statistical 
methods which included basic 
parametric statistics, 
regression analysis, and non-
parametric rank-sum test to 
determine significant 
differences between pre and 

None identified. Mean stream discharge rates were generally lower for the 
period post-CSG development compared to pre-CSG 
development which can affect water chemistry with higher 
concentrations generally being observed in low flows. 
However, there was a consistent inverse relationship 
between discharge and SC for both pre- and post-CSG 
development at three of the four sites, and on average SC 
was lower post-CSG development compared to pre-CSG 
development. 

Time series plots of SC and SAR were similar or lower 
post-CSG development compared to pre-CSG 
development at three of the four sites, of which one of the 
three sites was upstream of CSG development. At a fourth 
site there was an increase in SAR by an average factor of 
two compared to the pre-CSG development time period. 
There was no discernible change in SC at this fourth site 
pre- and post-CSG development.  

Changes in water quality before and after CSG water 
production was assessed by comparing water quality 
between the one site upstream of CSG development and 
the three downstream sites after July 2001 when CSG 
production became substantial. At the upstream site the 
SC decreased significantly after July 2001 by 
approximately 10 percent in the irrigation season. Similarly 
there was a significant decrease in SAR after July 2001 
compared to pre-July 2001 by approximately 25 percent in 
both the irrigation and non-irrigation periods. At two of the 
three downstream sites there were also significant 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

post-CSG development 
surface water quality. 

decreases in SC and SAR post-July 2001. SC at these two 
sites had decreased by six and 12 percent, and SAR had 
decreased by 15 percent.  

At the fourth site near the Wyoming – Montana state line 
there was no significant difference in SC pre- and post- 
July 2001 but SAR increased significantly by 
approximately 75 percent compared to the pre-July 2001 
period and by 95 percent in the irrigation season. There 
was insufficient monitoring information to determine if 
significant SAR increases were caused by CSG 
development and produced waters or were characteristic 
of low flow conditions.  

Upper Tongue 
River between 
Monarch, 
Wyoming and 
Tongue River 
Reservoir, USA. 

(Kinsey and 
Nimick, 2011) 

To determine 
downstream changes 
in water quality and 
to estimate the 
influence of 
produced water from 
a total of 15 
discharge points.  

 

Two synoptic sampling trips 
were undertaken to determine 
the location of inflows to the 
Tongue River upstream of the 
lowest sampling point and to 
spatially delineate and quantify 
downstream changes in 
specific conductance. 
Sampling along the Tongue 
River was undertaken 
periodically over two years 
whilst CSG discharge points 
were sampled during the two 
synoptic sampling trips. 
Stream flow and specific 
conductance (SR) was 
measured throughout the 
study reach and upstream and 
downstream from inflows. 
Inflows were also sampled for 
dissolved calcium, magnesium 
and sodium. The potential 

Low number of 
sampling trips which 
was not 
representative of all 
flow conditions. 
Study assumes that 
water quality and 
quantity flowing into 
the study reach was 
the same pre and 
post CSG 
development. 

 

Specific conductance throughout the study reach 
increased downstream from 425 µS/cm to 625 µS/cm in 
autumn 2005 and from 373 µS/cm to 543 µS/cm in spring 
2006. The SC of CSG product water discharges in autumn 
(n=12) ranged from 1,750 to 2,440 µS/cm and combined, 
increased river SC by an estimated 4.5 percent. The SC of 
CSG product water discharges in spring (n=8) ranged from 
1,750 to 2,070 µS/cm with the largest of the discharges 
increasing the SC of the river by an estimated 5.8 percent.  

The two largest inflows accounted for 80 percent of the SC 
with CSG discharge points accounting for only seven 
percent. In contrast, CSG discharges accounted for 68 
percent of the SAR. The potential effects of CSG produced 
water on SC and SAR were greater at low flows compared 
to high flows, and increases in SAR were greater relative 
to SC. 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

effects of CSG discharge of 
produced water was estimated 
using historical information on 
the SC and SAR of the river 
pre-CSG development across 
various stream flows. 

Tongue River and 
tributaries, 
Wyoming and 
Montana, USA. 

(Bobst, 2006) 

Water quality of the 
Tongue River and its 
tributaries was 
examined, 
specifically SC and 
SAR, to examine its 
suitability for 
irrigation and the 
impact of CSG 
product water 
discharged into the 
river. 

Specific conductance and SAR 
estimation in the Tongue River 
catchment was monitored by 
the U.S. Geological Survey. 
This study utilised the mean 
daily SC and estimated SAR 
values over a one year period, 
in addition to flow, to 
determine water quality. 

No statistical 
analysis of changes 
to water quality 
relative to historical 
data. 

 

Water flow over the one year study period was near to 
long term averages. SC and SAR values in the mainstem 
river did not exceed the irrigation standards at six of seven 
sites, with the mean monthly value for SC exceeding the 
irrigation standards at one site only (Miles City; SC = 
1,070 µS/cm).  

The irrigation standards for SC and EC were exceeded at 
three of the five tributary sites. For the three sites that 
exceeded irrigation standards, all of which were in 
Montana, the respective mean SAR and SC values were 
4.5 and 2,131 µS/cm (Hanging Woman Creek near 
Birney), 9.2 and 736 µS/cm (Pumpkin Creek near Miles 
City), and 6.0 and 2,623 µS/cm (Otter Creek near 
Ashland). No CSG discharges occur upstream of the latter 
two sites indicating that natural conditions or other 
developments have caused high SC and SAR values. 

Tongue, Powder, 
Cheyenne, and 
Belle Fourche 
River drainage 
basins, Wyoming 
and Montana, 
USA. 

(Clark, 2012) 

CSG produced 
waters in the study 
area are managed 
through various 
methods, including 
surface 
impoundments and 
discharges into 
stream drainages, 
and water chemistry 
can be affected 

Water-quality data for 40 
sampling sites in the Tongue, 
Powder, Cheyenne, and Belle 
Fourche River drainage basins 
were compiled from 2001 until 
2010 although some sites 
were added in 2004 in smaller 
tributaries that receive CSG 
produced waters. Sampling 
frequency generally was on a 
monthly basis, however, 

Low number of pre-
CSG development 
sites. 

Water quality trends between 2001 and 2010 were 
analysed using 17 sites that were along mainstem streams 
and primary tributaries. There were no consistent trends in 
flow-adjusted SC and SAR from 2001 to 2010. Overall, for 
the water years between 2001 and 2010 there were 
significant upward trends (p < 0.05) at three sites, a 
downward trend at one site and no significant trend at 13 
sites.  

For water years 2005 to 2010 trends were evaluated for 26 
sites to increase the spatial coverage of sites. There were 
significant upward trends in flow-adjusted SC at nine sites, 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

through various 
processes. SAR and 
SC are of particular 
concern given the 
widespread use of 
irrigation water 
sourced from 
waterways. This 
study assesses 
water quality from 
2001 to 2010 in a 
major CSG 
producing area and 
examines trends in 
SC, SAR, and 
primary constituents 
that contribute to SC 
and SAR over time.  

sampling frequency was 
substantially less at sites that 
did not have perennial flow. 
Stream flow, pH and SC were 
reported for all sites, and a 
range of other water quality 
parameters which varied 
between sites. 

 

downward trends for four sites and no significant trends for 
13 sites. Significant upward trends for SAR occurred at 
four sites, downward trends at five sites and no significant 
trends at 17 sites. 

Trends were evaluated for water years 1991 to 2010 at 
eight sites that included water quality data collected prior 
to CSG development. There were no significant trends in 
flow-adjusted SC for 1991 to 2010 at eight sites. There 
was an upward trend in flow-adjusted SAR values at one 
site in addition to an upward trend in flow-adjusted 
alkalinity concentrations at the same site between 2001 
and 2010. 

Overall, CSG development may have contributed to some 
trends that are consistent with changes that can occur 
from the addition of sodium and bicarbonate associated 
with CSG product waters in the Powder River. At other 
sites upward trends may be the result of declining CSG 
development indicating that produced waters had a 
dilution effect on some streams.  

Burger Draw, 
Powder River 
Basin, Wyoming, 
USA. 

(Harris and Smith, 
2009) 

CSG produced water 
typically contains 
dissolved inorganic 
nitrogen (DIN) 
primarily as 
ammonium. 
Nitrification and 
nitrate reduction 
were examined in an 
ephemeral drainage 
channel that receives 
CSG product water 
and the effect that 
these reactions have 
on water chemistry 

Changes to DIN speciation 
were assessed in the 
ephemeral drainage channel 
both spatially and temporally, 
and nitrification and nitrate 
reduction were measured in-
situ using incubation 
chambers. Water samples 
were collected from channel 
and discharge points and 
temperature, pH, DO, and SC 
analysed in the field. Anions 
and cations were also 
analysed. Incubation tests 
(short-term 2-6hrs) were 

Short-term study. Within the first 24m from the CSG product water discharge 
point, ammonium concentrations (initially between 230 and 
350 µM) had decreased to around 60 percent of its initial 
value. After travelling 450m downstream (about six hours 
travel time) ammonium was at non-detectable levels with 
nitrate being the dominant form of DIN.  

Speciation was influenced by diel fluctuations in DO. The 
highest ambient DIN removal rate occurred when 
ammonium concentrations were greater than 350 µM, 
which was associated with light incubations whereby 
oxygen concentrations were highest. Nitrification was 
occurring although net accumulation of nitrate and nitrite 
accounted for less than 12 percent of ammonium 
consumed. Nitrate and nitrate consumption were the 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

assessed. undertaken in a single tributary 
24 and 450m downstream of a 
CSG produced water 
discharge point to measure 
microbially-catalysed nitrogen 
transformation. Acrylic 
cylinders were inserted into 
streambed sediment to a depth 
of approximately 5cm, with 
replicates placed in close 
proximity. Dark incubations, 
covered with foil, were also 
utilised. Water samples were 
periodically taken from the 
chambers for the analysis of 
nitrite, nitrate, ammonium, and 
bromide concentrations.  

dominant processes in dark incubations with ammonium 
being produced.  

At the downstream location nitrification was not a factor 
and DIN removal rates were controlled by nitrate 
reduction, diel fluctuations in oxygen concentration, and 
availability of electron donor.  

 

Powder River, 
Wyoming and 
Montana, USA. 

(Mailloux et al., in 
press) 

Related evidence 
items: (Frost et 
al., 2008; Frost et 
al., 2010; Mailloux 
et al., 2010) 

CSG produced 
waters in the Powder 
River Basin are high 
in sodium relative to 
calcium and 
magnesium 
compared to surface 
waters in which 
product water is 
discharged in large 
volumes. This study 
estimates the relative 
contribution of CSG 
produced water to 
the river via 
tributaries. 

Water samples were collected 
at 30 locations along the 
Powder River and tributaries, 
of which seven locations are 
upstream from CSG 
development with the following 
12 sites downstream being 
within the CSG production 
zone. River water samples 
were collected at each site in 
autumn, spring, and the 
following autumn, and cations, 
anions and DIC analysed. A 
mass-balanced-based mixing 
was developed and 
implemented in a Bayesian 
framework to estimate the 

The model likely 
overestimates the 
contribution of CSG 
produced water, 
providing an upper 
estimate. It is stated 
that the model is 
oversimplified for 
various reasons, for 
example, processes 
such as evaporation, 
agricultural run-off or 
biological factors that 
affect water 
chemistry are not 
considered. 

 

Both tributaries associated with high CSG activity are 
primarily composed of CSG produced water estimated to 
be between 70 and 100 percent depending on flow 
conditions. The mainstem river is estimated to be 
composed of approximately 50 percent CSG product water 
downstream of tributaries that deliver the product water.  

The proportion of CSG product water in the mainstem river 
is reduced with distance because of dilution by tributaries 
not impacted by CSG development. This reduces the 
proportion of CSG product water to around 10 to 20 
percent by the time it reaches Montana, an irrigation area, 
and therefore would only have a minimal effect on SAR or 
EC values of the Powder River at the Montana border. For 
example, at 20 percent CSG product water SAR would 
increase by 1.3 and 2.0 units for low and high flows 
respectively.  
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

relative contributions of four 
sources (CSG produced water 
and three surface water 
sources) in a mixing model. 

  

Powder River 
Basin, Wyoming, 
USA. 

Laboratory 
experiment. 

(Sessoms et al., 
2002) 

It is hypothesised 
that when CSG 
produced waters 
characterised by high 
sodium bicarbonate 
levels are discharged 
into surface waters 
then SAR will 
increase because the 
soluble sodium 
bicarbonate initiates 
precipitation of 
calcium carbonate. 
Additionally, EC 
values are expected 
to remain stable or 
decrease slightly 
because of the small 
amounts of ion (Ca) 
precipitation, and 
dissolution of sodium 
bicarbonate will 
increase pH. 

Two short-term experiments 
were undertaken to assess the 
chemical changes to CSG 
product water. The first 
experiment assessed changes 
in five water qualities, 
simulating CSG product water 
and river water qualities, when 
exposed to air. Each of the five 
water qualities had three 
replicates and slowing 
circulated to simulate mixing 
over a 12 day period. Samples 
were collected twice a day and 
analysed for pH, EC and SAR. 
The second experiment 
evaluated the effect of CSG 
product water exposure to air 
and evapoconcentration on 
water chemistry. Three water 
qualities, without lids on 
containers, were subjected to 
the same conditions as the first 
experiment for a nine day 
period and water chemistry 
analysed.  

None identified. In the first experiment, at the end of 12 days, there was an 
average 51 percent increase in SAR, and a four percent 
decrease in EC. In the second experiment, at the end of 
nine days, there was an average 42 percent increase in 
SAR, and 22 percent increase in EC. The pH of all water 
qualities increased in both experiments. The experiments 
highlight the potential change in water chemistry between 
outfall points and dispersal to land surfaces caused by 
evaporation, concentration, and precipitation.   

 

Tributaries of the 
Powder River 
(Barber Creek, 
Dead Horse 

The study 
investigated whether 
the discharge of 
CSG product water 

Critical shear stress of channel 
bed materials and erodibility 
were assessed in-situ using a 
submerged jet device and a 

CSG product water 
chemistry that is 
different to that used 
in the study may 

Most of the study soils were either a lean clay or fat clay 
(Unified Soil Classification). The study sites were 
comprised of erodible to moderately resistant clays with 
critical shear stress ranging from 0.11 to 15.35 Pa, with a 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Creek, 
Fortification 
Creek, Spotted 
Horse Creek, and 
Van Houten 
Draw), Wyoming, 
USA. 

(Thoman and 
Niezgoda, 2008) 

 

into ephemeral, 
cohesive channels 
resulted in erosion. 

 

relationship between cohesive 
soil characteristics and critical 
shear stress developed. 
Twenty-five test locations were 
established across 16 study 
reaches and soil 
characterisation of each site 
determined. Water from the 
jets was directed towards the 
soil with hydraulic shear stress 
controlled and erosion depth 
measured. 

affect soil erodibility. 

 

mean of 5.13 Pa and a standard deviation of 4.76 Pa. 
Erodibility ranged from 0.27 to 2.38 cm

3
/N-s.  The 

presence of vegetation in the channel reduces the 
magnitude of the effective shear stress. The maximum 
allowable vegetal stress to ensure that vegetation is not 
removed by hydraulic stress was 209 Pa.  

 

Powder River 
Basin, Wyoming 
and Montana, 
USA. 

(Wang and Yang, 
2008) 

A model was 
developed to 
examine potential 
changes to stream 
water quality caused 
by CSG development 
in the Powder River 
Basin.  

 

Data on stream flow, water 
and air temperature, and 
alkalinity and TDS 
concentrations within the 
Powder River Basin were 
obtained from a USGS 
database. Inorganic carbon 
was also calculated. The 
geographic location, start date 
of production, and maximum 
water yield for each well was 
used as inputs into a CSG 
produced water routing model 
developed and run for a 16 
year period. The transport of 
CSG produced water 
constituents (e.g. TDS and 
alkalinity) from outfall to its 
sub-catchment outlet was 
examined. 

None identified. The model indicates that produced water discharges from 
CSG developments have had a negative impact on stream 
water quality and compared to baseline conditions, stream 
flows and temperature have increased, and become more 
saline. The temperature of stream discharges may have 
increased by 0.8 to 10.2°C, and SAR values may have 
increased by 1.0 to 5.0 units as a result of CSG produced 
water discharges.  

 

Beaver Creek, 
Powder River 

The changes in CSG 
product water 

CSG produced water samples 
were taken from discharge 

Study design is not 
sufficiently detailed 

CSG produced waters at the wellhead were high in sodium 
and bicarbonate concentrations (370 and 900 mg/L 
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location (and 
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Purpose of study Study methods Potential study 
limitations 

Key findings 

Basin, Wyoming, 
USA. 

(Stednick and 
Sanford, 2005) 

chemistry is 
examined as it 
moves downstream 
in an ephemeral 
stream channel in 
addition to surface-
groundwater 
interactions.  

points and downstream 
surface waters and shallow 
groundwater and analysed for 
pH, major element 
concentrations, and SAR 
values. 

to determine 
limitations. Statistical 
analysis details not 
provided. 

respectively) and SAR (17.4) with minimal change over 
time. The mean pH in the stream increased from 7.4 to 8.8 
from calcite precipitation. Groundwater sampled at around 
60 and 120 cm near the stream channel had significantly 
greater concentration of salts.  

 

Miles City 
(Tongue River), 
Montana, USA. 

(Bauder, 2009) 

To investigate 
whether irrigation 
water, sourced from 
a river that receives 
CSG PW, was 
responsible for crop 
loss. 

Inspection of USGS-reported 
water quality data for the 
Tongue River.  

No presentation of 
descriptive data over 
time – refers to other 
concurrent studies 
for further 
information. 

Tongue River data, especially in Miles City region, 
provided no evidence of increased salinity, conductivity or 
sodicity (expressed as SAR) at the time of crop loss. In 
2006 EC and SAR at the irrigation diversion point reflected 
in-stream increases between the Tongue River reservoir 
and the diversion for irrigation due to various factors 
including in-stream evapoconcentration, baseflow 
contributions to flow between the Tongue River and 
irrigation diversion, and likely contributions of irrigation 
return flows. 

Tongue River, 
Montana, USA.  

(Quillinan et al., 
2010) 

To determine the 
cause of an 
observed spike in 
TDS over two 
months in a river that 
receives CSG 
produced water. 

Water samples were collected 
from the Tongue River 
drainage, CSG wells, outfalls 
and reservoirs, and a spring in 
two seasons (autumn and 
spring). Samples were 
analysed using stable isotopes 
of carbon, oxygen and 
hydrogen, in addition to 
standard water chemistry 
analysis, to characterise 
geochemical properties and 
determine the cause of an 
observed spike in TDS and the 
effect of CSG produced water 

Abstract only. Waters from montane headwaters had low TDS (< 580 
mg/L) whereas intrabasinal sourced water had high TDS 
(1,698 – 3,205 mg/L). The TDS for produced water was 
between 595 and 2,584 mg/L and dissolved inorganic 
carbon was enriched relative to other sources. It was 
concluded that the CSG produced water had no 
measurable impact on the water quality of the Tongue 
River, rather increases in TDS during high flow months 
represented natural geochemical processes in intrabasinal 
drainages.  
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on the Tongue River. 

Note that the majority of evidence items in Section 4.3 (CSG produced water discharge and impact on aquatic fauna) also have information on water quality 
changes associated with CSG produced waters. 
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4.3 Study summaries: Discharge to surface waters and impact on aquatic fauna 

Table 11. Summary of evidence items that have assessed the impact of CSG produced water discharges on aquatic fauna. 

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Tributaries of the 
Powder River, 
Little Powder 
River and Tongue 
River, Montana 
and Wyoming, 
USA. 

(Davis et al., 
2010) 

Related evidence 
items: (Davis et 
al., 2006; Davis, 
2008; Davis et al., 
2009) 

 

 

CSG produced water 
is often discharged in 
large quantities into 
streams of the study 
region, many of 
which are intermittent 
or ephemeral. The 
composition of CSG 
product water has 
the potential to 
negatively impact 
aquatic fauna. This 
study evaluated the 
effects of discharged 
CSG product water 
on fish assemblages 
in tributary streams 
of mainstem rivers in 
the Powder River 
Basin. 

 

To determine the effect of 
CSG product water on fish 
assemblages the study used 
treatment and control, impact 
versus reference sites 
comparisons, surveys of CSG 
product water streams and in-
situ fish survival approaches. 
Six stream networks with CSG 
development and seven 
stream networks without CSG 
development were chosen as 
the reference and control sites 
for sampling respectively. 
Sampling sites along streams 
was selected randomly with 
control and treatment sampling 
being alternated to reduce 
temporal variation. The 
sampling was undertaken in 
summer in two consecutive 
years and fish species 
richness, index of biotic 
integrity (IBI) scores, water 
quality and habitat were 
compared between treatment 
and control streams. The 
impact versus reference site 
comparisons compared data 
collected prior to CSG 
development to current data 

Identified limitations 
include the potential 
confounding effect of 
catchments with 
treatment and control 
streams being in 
separate 
catchments. Drought 
may also have 
reduced detectability 
of differences 
between treatments 
and controls. There 
could have been 
variation in the 
quantity and quality 
of CSG product 
water throughout 
study but data was 
not available. 

Species richness and IBI scores were similar in streams 
with and without CSG development and overall biotic 
integrity was not related to the number or density of CSG 
wells. In treatment streams there were 12 species 
sampled, eight of which were native, and 15 species in 
control streams of which 12 were native.  

Fish were present in one stream that was primarily 
composed of CSG product water and fish survived in 
cages at treatment sites in which fish were absent or in 
low abundance. It is probable that other factors such as 
connectivity are responsible for low fish abundance in 
some streams rather than water quality. Fish species 
richness was not significantly different between CSG 
developed and undeveloped streams, and declines had 
occurred possibly due to drought.   

There were some indications that CSG development had 
impacted water quality with specific conductance being on 
average higher in treatment streams (4,363 µScm

-1
) 

compared to control streams (3,289 µScm
-1

) although 
there was no significant difference (p = 0.12), and specific 
conductance was negatively related to biotic integrity.TDS, 
alkalinity, magnesium and sulphate were significantly 
higher in developed streams.  

Four IBI species richness metrics were negatively 
correlated with the number or density of CSG wells and 
bicarbonate was significantly higher in treatment streams 
which may have limited the abundance of longnose dace 
(Rhinichthys cataractae), a species found more frequently 
in control streams compared to treatment streams. 
However, 30 day survival of this species in sentinel cages 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

using 15 impact sites and five 
reference sites. To determine if 
fish could persist in streams 
primarily composed of CSG 
product water, two tributaries 
that were formerly ephemeral 
but have been perennialised 
by CSG product water 
discharge were sampled. Fish 
were also placed in cages 
where surveys indicated 
absences to assess survival. 

was similar between streams with very low abundance and 
streams whereby they were abundant (76.6 percent and 
73.3 percent respectively).  

 

Powder River, 
Montana, USA. 

(Stagliano, 2012) 

The purpose of the 
study was to assess 
changes to the 
aquatic community 
over time, perform 
habitat targeted 
surveys for the rare 
sand-dwelling mayfly 
community, and 
determine whether 
any changes were 
resultant of CSG 
development in the 
catchment. 

 

Five sampling sites that had 
previously been sampled in 
2006 were re-sampled in 2011 
with one additional site being 
added. All sampling on both 
occasions was undertaken 
during summer (July). Wetted 
width, three channel depth 
measurements, percent large 
woody debris and riparian 
shading measured for each 
transect. Habitat was 
assessed using a rapid 
assessment protocol and 
water quality parameters 
including SC, pH, DO and 
water temperature were 
analysed on-site. Fish 
communities were sampled 
using 300m seining protocols 
with fish identified and 
analysed using IBI and derived 

None identified. Fish numbers and diversity were significantly lower in 
2011 (375 individuals and eight species) than in 2005 
(1,299 individuals and 13 species) despite the same 
sampling effort and similar flows. Four species that were 
present in 2005 were absent in 2011. These species 
included two exotic species (exotic carp and plains killifish) 
and three native species (shorthead redhorse, river 
carpsucker, sturgeon chub). Fish communities at all sites 
scored lower IBI and O/E in 2011 compared to 2005 
although the differences were not statically significant. 

Total macroinvertebrate taxa was similar between 2005 
(n=59) and 2011 (n=64) but average macroinvertebrate 
taxa richness per site was significantly greater (p < 0.03) 
in 2011 (28) compared to 2005 (23.4). There were no 
significant differences between multimetric 
macroinvertebrate indices scores between sampling 
periods although some mayfly species that are sensitive / 
species of concern had significantly decreased from 2005 
to 2011.  

There are some indications that biological integrity along 
the river reach had declined since CSG development 
commenced although the relative contribution of CSG 
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reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

observed / expected (O/E) fish 
models. Macroinvertebrate 
communities were sampled 
and identified to a genus / 
species level, counted and 
analysed using multimetric 
macroinvertebrate scores and 
observed / expected models.  

development was not determined. 

 

 

 

Tongue River and 
Powder River, 
Wyoming and 
Montana, USA. 

Laboratory 
experiment.  

(USGS, 2006) 

A major constituent 
of CSG product 
water is sodium 
bicarbonate. Product 
water is discharged 
into surface waters 
and excessive 
sodium bicarbonate 
may affect the ability 
of fish to regulate 
their ion uptake. This 
study evaluates the 
sensitivity of aquatic 
life in the Powder 
and Tongue Rivers 
of Montana and 
Wyoming to sodium 
bicarbonate. 

Acute toxicity experiments 
were designed to determine 
the median lethal 
concentration of sodium 
bicarbonate to the early life 
stages of three native fish 
species; fathead minnow, 
white sucker, and pallid 
sturgeon. The experiment was 
conducted over a 96 hour 
period with fish exposed to 
various levels of sodium 
bicarbonate in simulated river 
water. 

Flow-through experiments that 
provided continuous water 
supply over long periods were 
undertaken to determine long-
term or delayed toxic effects 
(chronic toxicity) of sodium 
bicarbonate on fish. Three 
studies were undertaken, two 
on the fathead minnow and 
one on white sucker, with 
various concentrations of 
sodium bicarbonate in 

None identified. Acute toxicity tests showed that within 96 hours sodium 
bicarbonate concentrations of 1,100 to 1,600 mg/L will 
cause 50 percent mortality in early fish life-stages in 
conditions representing the Tongue and Powder Rivers. 
Sodium bicarbonate concentrations are reduced to 780 
mg/L for fathead minnows exposed to sodium bicarbonate 
shortly after fertilisation rather than at four days old. 
Significant mortalities of greater than 30 percent will occur 
if fish are exposed to 400 mg/L of sodium bicarbonate for 
30 days.  
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Case study 
location (and 
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Purpose of study Study methods Potential study 
limitations 

Key findings 

treatments waters that were 
compared to a control 
(simulated Tongue River 
water). Fish were exposed 
from fertilisation until 43 or 60 
days post-hatch. 

Powder River 
tributaries, 
Wyoming, USA. 

Laboratory 
experiment. 

(Wyoming 
Department of 
Environmental 
Quality, 2003) 

The study assessed 
the potential toxicity 
of CSG produced 
water to aquatic 
fauna. 

The study utilised Whole 
Effluent Toxicity (WET) tests to 
determine the impacts of CSG 
produced waters on biological 
organisms. CSG produced 
waters were collected from ten 
sites of major drainages in the 
Powder River Basin to perform 
acute and chronic toxicity 
tests. The methodology was 
undertaken according to US 
EPA guidelines on chronic and 
acute toxicity. Three species 
were used for the acute toxicity 
tests which included one fish, 
the fathead minnow 
(Pimephales promelas), and 
two aquatic invertebrates 
(Ceriodaphnia dubia and 
Daphnia magna) with the fish 
and the former aquatic 
invertebrate also being used 
for the chronic toxicity tests. 
The acute toxicity of D. magna 
was conducted at 100 percent 
effluent with a control. Mortality 
was measured. Chronic 
toxicity tests were conducted 

None identified 
although further 
testing is required to 
determine the cause 
of mortality.  

In acute toxicity tests no mortality occurred at seven of the 
ten CSG produced water sites. Fathead minnow survival 
was reduced to 75 percent at 100 percent dilution at two of 
the three sites in which mortality was documented. The 
cause of mortality could not be determined although at one 
produced water site elevated pH (9.07) and alkalinity 
concentrations (1,200 mg/l) may explain the decline but 
more research is required.  

At one site acute toxicity occurred, measured as 50 
percent mortality of test species, in all species at various 
dilutions. Acute toxicity for fathead minnow was observed 
at 12.5 percent dilution and at 50 percent dilution for 
Ceriodaphnia dubia. Water quality had elevated pH (8.62) 
and alkalinity concentrations (2,150 mg/l) which may have 
caused mortality but further research is required.  

In the chronic toxicity tests, six of the ten sites had high 
survival in both species (> 90 percent) and there was no 
significant change in mean reproduction and growth 
between control and treatments. There was high survival 
at a further three sites (> 80 percent) for both test species. 

 The mean reproduction rate of Ceridaphnia dubia was 
significantly reduced in the undiluted treatment. There was 
no effect on reproduction rate at dilutions less than 50 
percent. At one site there was a measurable effect on 
aquatic species, the same site in which acute toxicity was 
documented. At this site both species had high survival (> 
83 percent) but mean growth and reproduction were 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

over seven days with mortality 
and sub-lethal effects 
measured. 

reduced with a trend of reduced reproduction with each 
level of dilution and growth was significantly reduced with 
undiluted product water. This may have been caused by 
high alkalinity (2,150 mg/L). 

Beaver Creek, 
Powder River 
Basin, Wyoming, 
USA. 

(Heath and 
Meyer, 2008) 

Related evidence 
items: (Johnson, 
2007) 

In-stream 
biogeochemical 
changes in CSG 
produced waters 
may alter its toxicity 
to aquatic organisms 
downstream of 
discharge points. 
Therefore in-stream 
toxicity tests at 
varying distances 
downstream from 
CSG produced water 
discharge points 
were undertaken. 
Concurrent 
laboratory toxicity 
test were also 
undertaken. 

 

Beaver Creek is a historically 
ephemeral creek 
(approximately 65km long) that 
flows into the Powder River. 
Around 150 to 180 CSG wells 
piped produced water into a 
surface discharge point before 
flowing into retention ponds 
and discharging into the creek. 
Six sites were established 
starting from a distance of 
24.8km from the confluence 
with the river and near the 
discharge point, and 
downstream distances to 
14.1km. In-stream toxicity tests 
on caged fathead minnow 
(Pimephales promelas) larvae 
was undertaken at the six sites 
and water collected for 
chemical analyses and 
laboratory toxicity tests. 
Laboratory toxicity tests 
assessed survival over 96 
hours.  

No replication and 
limited sampling 
events.  

During all three field visits pH, conductivity, sodium and 
magnesium increased downstream to a distance of 
14.1km with alkalinity, bicarbonate, fluorine, chlorine, 
potassium and dissolved organic carbon being similar 
amongst sites. Barium concentration decreased 
downstream in warmer months prior to freezing at lower 
sites. Total nitrogen varied seasonally ranging from 3.2 to 
3.6 mg N/L at the upstream site and was 1.2 N/L at the 
downstream site (measured once only in autumn). The 
sum of ammonia and ammonium ranged from 1.4 to 1.5 
mg/L at the upstream site and from < 0.1 to 0.2 mg/L at 
the downstream site. 

There were significant fish losses at the first three sites to 
a distance of 0.4 km downstream of the discharge point 
during summer sampling (p < 0.05), and at sites at 10.0 
and 14.1km downstream in the autumn sampling  (p < 
0.05), and at a distance of 3.7km downstream in winter (p 
< 0.05). However, mortality was not related to water 
chemistry and appears to be related to other factors, 
potentially low in-stream water temperature. In laboratory 
experiments no significant mortality occurred in ambient 
pH and CO2 pH controlled toxicity tests over 96 hours. 

Powder River 
Basin, Wyoming, 
USA. 

Laboratory 

Acute and chronic 
toxicity of CSG 
produced waters and 
stream waters from 
Powder River Basin 

Acute toxicity tests were 
undertaken on an aquatic 
invertebrate (Daphnia magna) 
and fathead minnow fish 
(Pimephales promelas) over 

Full study details not 
provided although 
are available in 
Forbes (2003), of 
which no full text is 

No significant mortality related to CSG product water 
occurred in the initial experiment on an aquatic 
invertebrate and on fathead minnow. Chronic toxicity tests 
on C. dubia, an aquatic invertebrate, over 192 hours 
resulted in significant mortality in two CSG product water 
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Purpose of study Study methods Potential study 
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experiment. 

(Forbes et al., 
2005) 

Related evidence 
items: (Forbes, 
2003) 

 

on aquatic 
invertebrates and 
fish were assessed. 

 

48 and 96 hours respectively 
and exposed to full strength 
sample water and control 
water. At a later date the 48 
hour experiment on 
Pimephales promelas was 
repeated and chronic toxicity 
tests of 192 hour performed on 
another aquatic invertebrate 
(Ceriodaphnia dubia) exposed 
to full strength sample water 
and 50, 25,12.5 and 6.25 
percent dilutions in addition to 
controls. 

electronically 
available.  

samples (LC50s = 90 and 39 percent of full strength 
water) and one downstream water sample (LC50s = 70 
percent of full strength water). Reproduction of C. dubia 
also decreased with increasing concentration of CSG 
product waters. 

Powder River and 
tributaries, 
Wyoming and 
Montana, USA. 

(Peterson et al., 
2010) 

The report assessed 
the ecological 
conditions for the 
Powder River and 
tributaries, an area of 
significant CSG 
development and 
discharge of 
produced waters, 
and described the 
potential effect of 
natural and 
anthropogenic 
variables on 
biological 
communities.  

Macroinvertebrate, algal and 
fish communities were 
sampled at 47 sites between 
2005 and 2008. The sites were 
chosen on the basis of 
prioritisation with respect to 
existing and potential CSG 
development. Sampling and 
measurement techniques used 
are adapted from the USGS 
National Water Quality 
Assessment Program 
(NAWQA) protocols for algae 
and macroinvertebrates, and 
the USEPA Environmental 
Monitoring and Assessment 
Program (EMAP) protocols for 
habitat and fish communities. 

None identified 
although the study 
was not designed to 
assess the impact of 
specific CSG 
discharges. Further 
assessment is 
required to establish 
the cause of 
anomalies in 
ecological metrics, 
specifically paired 
sampling locations, 
upstream and 
downstream of CSG 
discharge points is 
proposed (see below 
study; Peterson et 
al., 2011). 

The community composition of macroinvertebrates, algae 
and fish varied between basins, sites within basins, and 
years. There were some differences in macroinvertebrate 
communities along the mainstem Powder River, 
particularly in the middle reach, which could be attributed 
to natural influences, CSG development, or other 
developments in the catchment.  

Environmental variables that were best correlated with 
macroinvertebrates included physical variables such as 
turbidity, embeddedness, and streamflow, and chemical 
variables including alkalinity and specific conductance. 
Alkalinity was the best indicator of CSG development 
because of the sodium bicarbonate signature of production 
water. There were similar differences in the algal 
community with the middle reach of the Powder River 
being characterised by the dominance of a single species 
and low biovolume compared to other reaches. This may 
be attributable to the high volume of discharged CSG 
product water throughout the reach.  

However, fish species richness was greatest in the middle 
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reach and differences in fish metrics did not correspond 
with that of macroinvertebrate or algal communities. In 
general the water quality data did not exceed defined 
acute or chronic criteria for the protection of aquatic life.  

Powder River and 
Tongue River, 
Wyoming and 
Montana, USA. 

(Peterson et al., 
2011) 

Macroinvertebrate 
and algal 
communities were 
assessed upstream 
and downstream of 
CSG discharges in 
the Powder River 
Basin to determine 
the potential effect of 
CSG produced 
waters. 

Macroinvertebrate and algal 
communities were sampled at 
18 sites on the mainstem of 
the Powder River in Wyoming 
and at six sites on the 
mainstem of the Tongue River 
in Wyoming and Montana. 
Sampling sites were generally 
located in pairs upstream and 
downstream of direct 
discharges or tributaries 
contributing CSG product 
water to mainstem rivers. 
Streamflow discharge, water 
quality, pebble counts, and 
microhabitat associated with 
sample locations were also 
analysed. Differences in 
biological condition among 
paired sites upstream and 
downstream of CSG product 
water discharges were 
evaluated using various 
community metrics such as 
species richness, relative 
abundance, functional feeding 
groups, and tolerance, and 
output from observed / 
expected macroinvertebrate 
models. 

Study represents 
only one year of 
monitoring of paired 
sites.  

There was a decline in the biological condition of the 
middle reaches of the Powder River which is indicative of 
cumulative effects of CSG product water discharges in 
several areas. This coincided with the maximum alkalinity 
concentrations in the Powder River, but not all site pairs 
with declines in biological condition had high alkalinity 
concentrations.  

In the upper reaches of the Powder River there were 
significant differences (p < 0.05) between site pairs that 
bracketed CSG discharges into the river. In the middle 
reaches changes to functional feeding groups, community 
composition, tolerance, and diversity or dominant species 
indicated declines at several site pairs from upstream to 
downstream sites.  

There was a substantial decline in biological condition 
across five sites in a downstream direction in the middle 
reach which suggests that macroinvertebrate communities 
were subjected to cumulative effects of environmental 
stressors with distance downstream. Biological condition in 
the lower reaches of the Powder River was variable, 
indicating declines at some site pairs and no significant 
differences or increases at others.   
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Clear Creek, 
Piney Creek, and 
the Powder River, 
Wyoming, USA. 

(Confluence 
Consulting, 2004) 

The report presents 
baseline information 
for a range of 
parameters and 
evaluates the effect 
of CSG development 
on three streams in 
Wyoming. 

 

The assessment of surface 
waters in an area of CSG 
production monitored various 
parameters including fish 
populations, algal 
assemblages, aquatic 
invertebrate communities, 
habitat condition measures, 
and chemical water quality. 
Full text is required to provide 
further detail. 

 

Only the executive 
summary was 
available which does 
not provide sufficient 
information on study 
methods and 
analysis. However, 
the study provides 
baseline conditions 
at current levels of 
CSG development 
only and impacts of 
CSG development 
have been inferred in 
some instances. 
Based on the limited 
information available 
in the executive 
summary it appears 
that there is no 
monitoring pre-CSG 
development, limited 
monitoring over time, 
it is not clear whether 
a control has been 
used. 

Water chemistry results suggest that CSG development 
may have had a negative impact on water quality. In 
particular the SAR was elevated above typical levels in the 
river at an area below considerable CSG development. 
Several sampling sites also had high levels of salt and 
TDS compared to typical levels in the river.  

The two tributary creeks, Clear Creek and Piney Creek, 
and the Powder River had high levels of biological, 
chemical, and physical integrity. Biological communities in 
the Powder River were adapted to high turbidity, flow 
variability, and moderate salinity but of concern was the 
low capture numbers of sturgeon chub (Macrhybopsis 
gelida), a species that was found at considerably more 
sites in previous studies. It was also observed that there 
was a high prevalence of salt cedar (Tamarix sp.), and 
introduced shrub, along the Powder River which may have 
a competitive advantage over other important flora species 
because of its tolerance for relatively high salt loads. 

 

Tongue River, 
Powder River, 
and Yellowstone 
River, Wyoming 
and Montana, 
USA. 

Laboratory 

Sodium bicarbonate 
(NaHCO3) is a major 
constituent of CSG 
produced waters in 
the study region 
which can contribute 
significantly to 
stream flow 

Acute toxicity experiments 
were performed using 
reconstituted waters simulating 
the Powder and Tongue Rivers 
or the Yellowstone River for 
select species. A series of 
increasing amounts of sodium 
bicarbonate were added to the 

None identified. The freshwater mussel, Ceriodaphnia dubiai, pallid 
sturgeon, shovelnose sturgeon, and fathead minnow were 
the most sensitive organisms exposed to sodium 
bicarbonate, alkalinity, and bicarbonate. The median 50 
percent lethal concentrations of NaHCO3 for the 
aforementioned species were between 1,120 mg/L for the 
freshwater mussel and 1,914 mg/L for fathead minnow. 
The median 50 percent lethal concentrations of alkalinity 



 

Page | 70  
 

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

experiment. 

(Harper et al., 
2012) 

Related evidence 
items: (Farag et 
al., 2007; Farag 
and Harper, 
2012a, 2012b) 

especially in small 
ephemeral tributary 
streams, and during 
late summer or 
drought periods. The 
acute toxicity of 
sodium bicarbonate 

to aquatic organisms 
is investigated.  

reconstituted waters to obtain 
multiple exposure 
concentrations for all 
experiments to determine 
LC50s and EC50s. All acute 
experiments lasted 96-h, 
except for Ceriodaphnia dubiai 
and Chironomid exposures, 
which were 48-h. 

Species used in the study that 
were native to the region were 
the white sucker (Catostomus 
commersoni), pallid sturgeon 
(Scaphirhynchus albus), 
shovelnose sturgeon 
(Scaphirhynchus 
platorynchus), fathead 
minnows (Pimephales 
promelas), chironomids 
(Chironomus dilutus), tubifex 
worms (Tubifex tubifex), 
amphipods (Hyalella azteca), 
freshwater mussels 
(fatmucket, Lampsilis 
siliquoidea), and Ceriodaphnia 
dubiai. A non-native surrogate 
species, the African Clawed 
frog (Xenopus laevis), was 
used in place of the northern 
leopard frog (Rana pipiens). 
Non-native sports fish were 
also used including walleye 
(Sander vitreus), northern pike  
(Esox lucius), and rainbow 

for the aforementioned species were between 608 mg/ L 
for the pallid sturgeon and 1,139 mg/ L for fathead 
minnow, and for bicarbonate between 699 mg/L for 
Ceriodaphnia dubiai and 1,418 mg/ L for fathead minnow. 
Sodium bicarbonate is acutely toxic to freshwater aquatic 
organisms but at concentrations that are lower than has 
been recorded for untreated CSG product water in the 
study region. 
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trout (Oncorhynchus mykiss) . 

Tongue River and 
Powder River, 
Wyoming and 
Montana, USA. 

Laboratory 
experiment. 

(Farag and 
Harper, 2012b) 

Related evidence 
items: (Farag et 
al., 2007; Farag 
and Harper, 
2012a; Harper et 
al., 2012) 

 

Sodium bicarbonate 
(NaHCO3) is a major 
constituent of CSG 
produced waters in 
the study region 
which can contribute 
significantly to 
stream flow 
especially in small 
ephemeral tributary 
streams, and during 
late summer or 
drought periods. In 
some periods 
ephemeral streams 
may be made up of 
100 percent CSG 
product water. As a 
result, aquatic 
organisms that 
inhabit newly 
perennial habitats 
may be continuously 
exposed to undiluted 
CSG product water. 
The chronic toxicity 
of sodium 
bicarbonate to 
aquatic organisms is 
investigated. 

Chronic toxicity experiments 
were undertaken on four 
species which included the 
fathead minnow (Pimephales 
promelas), white suckers 
(Catostomus commersoni), 
Ceriodaphnia dubia, and 
fatmuckets (a freshwater 
mussel, Lampsilis siliquoidea). 
All of the experiments could be 
paired with the acute toxicity 
experiments completed in 
Harper et al. (2012), see 
above, for comparison of effect 
concentrations and to derive 
acute/chronic ratios. The 
fathead minnow and white 
suckers were exposed to 
sodium bicarbonate in a flow-
through diluter system which 
contained 12, 4-L glass 
exposure chambers that were 
replicated 3–4 times and 
supplied with 250 mL of 
reconstituted Tongue River 
water every 15 minutes to 
obtain the desired exposure 
concentrations. Complete 
water replacement in each 
chamber occurred 
approximately every 4 hours. 

None identified. Survival of fathead minnow during flow-through chronic 
toxicity experiments was significantly less than the control 
in all concentrations greater or equal to 500 mg/L sodium 
bicarbonate. Survival or growth was not affected in the 300 
and 400 mg/L treatments. The severity of microscopic and 
gill lesions was related to sodium bicarbonate 
concentrations and duration of exposure. The incidence of 
kidney damage in fish exposed to 500 mg/L of sodium 
bicarbonate was greater compared to the control after 60 
days.  

No effect on the survival of white suckers was observed at 
sodium bicarbonate concentrations less than or equal to 
1,400 mg/L, however, length and weight was reduced in 
exposures greater than 450 mg/L which may have been 
related to progressive liver lesions which were related to 
sodium bicarbonate concentrations and duration of 
exposure.  

The estimated seven day LC50 for Ceriodaphnia dubia 
was 1,192 mg/L of sodium bicarbonate with the lowest 
number of neonates in the 1,500 mg/L of sodium 
bicarbonate, and greatest in control water.  

The effect endpoint for the freshwater mussel was a lack 
of foot movement for a five minute period. Mussels 
exposed to sodium bicarbonate concentrations of 1,000 
and 1,500 mg/L for four days had a survival rate of 16 and 
two percent respectively. The 10 day EC50 for newly 
transformed juvenile freshwater mussels was 1,061 mg/L, 
and based on foot movement was 952 mg/L. 

Overall, sodium bicarbonate concentrations of 500 – 1000 
mg/L affected all organisms in chronic exposure 
conditions. Sodium bicarbonate concentrations in the 
Tongue and Powder Rivers during low-flows are 
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approximately 250 and 350 mg/L respectively. Sodium 
bicarbonate concentrations that were determined to affect 
aquatic organisms have been detected in tributaries of the 
main rivers. 

Clear Creek, S.A. 
Creek, Burger 
Draw, and upper 
and lower Beaver 
Creek, Powder 
River Basin, 
Wyoming, USA. 

(Farag et al., 
2012) 

Related evidence 
items: (Farag et 
al., 2007; Farag 
and Harper, 
2012a) 

The survival of fish in 
the field at sites 
where sodium 
bicarbonate 
concentrations 
exceeded threshold 
concentrations 
defined in laboratory 
experiments were 
assessed (see 
(Farag and Harper, 
2012b; Harper et al., 
2012). 

 

In-situ experiments were 
conducted over a 96 hour 
period with fish being held 
within mesh containers that 
contained 10 fish with four 
replicate containers being 
used at each site. Experiments 
were started with two and six 
day post-hatch fathead 
minnows (Pimephales 
promelas). Two reference sites 
and four experimental sites 
were established and the 96 
hour experiment undertaken 
on two day post-hatch fish 
followed by six day post-hatch 
fish. Survival was monitored 
throughout the study and water 
samples taken daily. Static 
renewal experiments were also 
conducted simultaneously and 
with site water.  

None identified. The results from in-situ and laboratory experiments 
showed that CSG product water reduced the survival of 
fathead minnow and pallid sturgeon (Scaphirhynchus 
albus). The two day post-hatch fathead minnows were 
more sensitive compared to the six day post-hatch fathead 
minnows but pallid sturgeon survival was adversely 
effected at both four and six days post-hatch. It is likely 
that ammonia, in addition to sodium bicarbonate, 
contributed to toxicity at one study site.  

The survival of two day post-hatch fathead minnows 
during the 96 hour in-situ experiment ranged from 11 to 49 
percent in all treatment sites which were significantly less 
(p < 0.05) than the pooled reference (78 percent). A 
similar trend occurred for six-day post-hatch fathead 
minnows although results were not significant with survival 
being 90 percent in the reference site and between 73 and 
75 percent at treatment sites.  

The survival of four and six pallid sturgeon over 96 hours 
in-situ and in static renewal tests was significantly higher 
(p < 0.05) at the reference site (80 – 95 percent across 
experiments) compared to treatment sites (zero to 15 
percent across experiments). These results confirmed the 
laboratory experiments of previous related studies with 
sodium bicarbonate concentrations above 1,500 mg/L 
reducing survival significantly in early life-stages. 

Powder River, 
Wyoming, USA. 

(Senecal, 2009) 

Altered hydrologic 
dynamics and native 
fish habitat 
conditions caused by 

Sampling and modelling 
analyses were undertaken to 
make predictions of how fish 
habitat and species 

Abstract only, cannot 
assess potential 
study limitations. 

Modelled incremental flows increases in summer 
suggested potential habitat effects such as the instability 
of shallow water habitats that are critical for native fish 
spawning and rearing. Both habitat and fish assemblages 
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the discharge of 
CSG produced 
waters to waterways, 
and the effect that 
this has on fish 
assemblage 
structure is 
examined.  

occurrences could change with 
alterations to summer flows. 
Only the abstract was 
available and study 
methodologies not detailed in 
abstract.  

 

may be affected by alterations to summer flow caused by 
CSG produced water discharges. 

 

Colorado River 
Basin, Wyoming, 
USA. 

(Dauwalter, in 
press.) 

 

 

Fish assemblage 
associations and 
thresholds with oil 
and gas 
development, current 
and forecasted, were 
examined. Whether 
the gas development 
is associated with 
coal seams is not 
stated although the 
study is undertaken 
in a region with CSG 
development.  

Fish assemblage data was 
utilised from a fish survey from 
2002 to 2006 in lower 
elevation streams undertaken 
by the Wyoming Game and 
Fish Department. Streams and 
rivers were surveyed using a 
variety of gear types, 
depending on conditions and 
habitat, at 354 sites located 8 
to 16 km apart and extending 
upstream until the fish 
assemblage was dominated by 
salmonids or cottids. The 
densities of oil and gas wells 
were derived using landscape 
scale spatial data. Fish 
assemblage relations with well 
densities and thresholds were 
evaluated using canonical 
correspondence analysis 
(CCA) and threshold indicator 
taxa analysis (TITAN). 

Study does not 
differentiate between 
oil and gas wells, 
and is not designed 
to establish the 
cause of fish 
assemblage change 
in relation to wells, 
for example, whether 
changes are caused 
by produced water, 
particular 
constituents or other 
variables related to 
oil and gas 
development. 

There was a significant association between oil and gas 
well densities and fish assemblage. Sand shiner (Notropis 
stramineus), fathead minnow (Pimephales promelas), 
common carp (Cyprinus carpio), and roundtail chub (Gila 
robusta) were significantly more abundant in areas with 
high well densities (p < 0.001).  

However, oil and gas well densities only explained 6.4 
percent of fish assemblage structure when compared to 
other factors with covariates including natural landscape 
and anthropogenic variables explaining 86.3 percent of the 
variance. There was a significant negative threshold 
response of some species to small levels of development 
(< 0.15 wells km

-2
).  

 

Cutler Draw, 
Campbell County, 

The impact of 
increased surface 
water, as a result of 

Anuran surveys (frogs and 
toads) were undertaken at 
seven wetlands within a 

Baseline data limited. 
Low replication and 
study short-term with 

Water availability was higher in the second year at all sites 
except the historic impoundment sites. The target species, 
the northern leopard frog (Rana pipiens), was observed at 
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Wyoming, USA. 

(Vetter and 
Brown, 2007) 

CSG product water 
discharges, on 
amphibian in a semi-
arid region is 
investigated.  

12.7km CSG development 
area over two years, and an 
additional site for one year. 
Sampling was undertaken in 
spring and summer, and was 
initiated when construction 
was underway with several 
wells in production in the first 
year of monitoring. Of the eight 
survey sites, three were 
impoundments that contained 
CSG product water, three were 
historic impoundments that 
contained water that was not 
from CSG discharge, and two 
were located along a flowing 
creek supplemented by CSG 
product water discharge. Two 
nocturnal surveys were 
completed in each study 
period and a call index used to 
measure the relative 
abundance of male anurans. 
Visual surveys were also 
undertaken with standardised 
search effort.  

rainfall potentially a 
confounding factor. 
No water quality data 
to determine 
differences between 
study sites. 

 

a single historic impoundment site prior to monitoring, in 
addition to a second impoundment consisting of rainfall 
run-off and in a newly constructed CSG product water 
reservoir in the first year of monitoring.  

During year one of monitoring 18 leopard frogs were heard 
in total, of which 14 individuals were at the historic 
impoundment site where they were observed pre-
monitoring. The relative abundance of northern leopard 
frogs increased between the first and second year by 472 
percent.  

Nearly half of northern leopard frogs (41 of 85) recorded in 
the second year were at a CSG reservoir of which 33 were 
young of the year indicating increased utilisation of 
available water sources.  

The creation of new wetland areas, CSG product water 
impoundments, near historic water sources likely 
influenced the movement of local frog populations. Six 
other amphibians were recorded in the study area during 
surveys. Species richness at all sites except a historic 
impoundment either increased or were at similar levels in 
the second year of monitoring compared to the first year.  

 

Cedar Cove field, 
Tuscaloosa 
County, Alabama, 
USA. 

(O’Neil et al., 
1992) 

Related evidence 
items: (O’Neil et 

The paper 
summarises a series 
of biomonitoring 
studies in the Cedar 
Cove CSG fields to 
determine the effect 
that CSG produced 
water discharges has 

The series of biomonitoring 
investigations was undertaken 
between 1983 and 1989 in 
which time there were between 
nine and 18 producing wells 
that discharged into local 
creeks. Other land-uses 
include surface mining, 

Study methods and 
detailed results are 
within earlier reports 
in which full text is 
not available digitally.  

Two of the receiving creeks were impacted by surface 
mine run-off (low pH, and elevated concentrations of TDS, 
sulphate and manganese) but one was also impacted by 
two produced water spills resulting from a broken pipeline 
(instream chloride > 150 mg/L). Produced waters 
discharged into one of the affected streams also resulted 
in elevated chloride concentrations ranging from 1.6 to 
73.0 mg/L with an average of 12.4 mg/L.  
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al., 1989; O’Neill, 
1991) 

on water quality and 
biological 
communities.   

silviculture, and agriculture. 
Sampling stations were 
established at eight locations 
on three creeks, one which 
was not affected by CSG 
development, and one had 
produced waters diverted to a 
controlled experimental facility 
for concentration-response 
testing. Benthic invertebrates 
were sampled every six weeks 
at each station. Approximately 
two years after the 
investigations were completed 
there were 349 producing 
wells. 

Benthic invertebrate sampling indicated that community 
structure was directly related to ambient water quality 
conditions and was lowest at sites with the highest degree 
of surface mining impact. There were no significant 
differences in benthic invertebrate diversity and density (p 
> 0.05) between sampling stations upstream and 
downstream of the point of CSG produced water 
discharges with negative effects being attributed to surface 
mining.  

Instream tests to define the limiting chloride concentration 
of produced waters on benthic invertebrate communities 
were undertaken using seven concentration-response 
tests (chloride concentrations ranging from 268 – 944 
mg/L). An instream chronic value of 565 mg/L chloride was 
calculated by determining the mean of the lowest 
observable effect concentration (615 mg/L) and the no 
observable effect concentration (519 mg/L). Chloride 
concentrations greater than 650 mg/L were predicted to 
reduce the number of invertebrate taxa by 62 to 88 
percent and to reduce log-density by 23 to 40 percent. 

Tennessee River 
basin and 
Cumberland River 
basin, Tennessee 
and Virginia, 
USA. 

(Wang et al., 
2013) 

The potential effects 
of contaminants from 
coal mining or 
natural gas 
extraction activities 
on unionid mussels 
and benthic 
invertebrates were 
investigated using 
sediment toxicity 
tests. 

Sediment samples were 
collected and analysed from 
seven sites with mussel 
affected communities and in 
proximity to coal mining or 
natural gas activities and five 
samples were collected from 
unaffected reference sites in 
areas of minimal or no coal 
mining or gas extraction 
activities. Study species 
included two unioid mussels 
(rainbow mussel, Villosa iris, 
and wavy-rayed lampmussel, 

None identified. In one or more of the test species there was a reduction in 
mean survival, length, or biomass in 10 of 14 test samples 
from impacted areas relative to the five reference samples. 
A higher percentage of test samples (n=8) were classified 
as toxic to mussels (63 percent for rainbow mussels, 50 
percent for wavy-rayed lampmussels) compared to 
amphipod and midge (both 38 percent).  

Total recoverable metals and total PAHs in sediments 
were below effects-based probable effect concentrations 
(PECs) although survival, length, and biomass of mussels 
were significantly reduced with increasing PEC amounts 
for metal and total polycyclic aromatic hydrocarbons. 

 Rainbow mussel growth significantly decreased with 
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Lampsilis fasciola), an 
amphipod (Hyalella azteca) 
and a midge (Chironomus 
dilutus). Sediment toxicity tests 
were undertaken for each 
sediment sample. Mussels 
were approximately 90 and 80 
days old (rainbow and wavy-
rayed lampmussel 
respectively) at the start of 
tests, and the amphipod and 
midge were seven days old. 
Ten amphipods or midge and 
ten mussels were transferred 
into each of four replicate 
beakers per sediment sample 
at the start of exposure tests 
for each sediment sample. 
Amphipod and mussel tests 
were conducted for 28 days 
and the midge test was 
conducted for 10 days. A 
subset of the amphipods, 
midge, and rainbow mussels 
used in sediment toxicity tests 
was also evaluated. 

increasing chloride, calcium, and magnesium 
concentrations in sediment pore water. 
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4.4 Study summaries: Land application and impact on soils, plants, and near-surface groundwater level 

Table 12. Summary of evidence items that have assessed the impact of CSG produced water land application on soil, plants and near-surface groundwater 
level. 

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Johnson and 
Sheridan 
counties, 
Wyoming, USA. 

(Ganjegunte et 
al., 2005a, 2008; 
Vance et al., 
2008) 

Related evidence 
items: 
(Ganjegunte et 
al., 2004; King et 
al., 2004; 
Ganjegunte et al., 
2005b, 2005c; 
King et al., 2005a, 
2005b, 2005c, 
2006) 

 

  

The impact of 
irrigating with CSG 
product water on soil 
properties was 
examined in an area 
with high clay 
content and 
characterised by 
poor drainage. 

 

Soil properties were examined 
at five sites that had irrigated 
with CSG product water for 
two to three years. Control 
sites were selected in close 
proximity to each of the 
treatment sites. At each site 
five replicate soil samples 
were collected from six depths 
(0-5, 5-15, 15-30, 30-60, 60-90 
and 90-120cm). Samples of 
the CSG product water was 
collected from holding ponds 
over two periods, four months 
apart, and EC, pH, sodium, 
magnesium and calcium 
values analysed.  

An additional year of sampling 
results is provided in 
Ganjegunte et al. (2008), in 
addition to an extra site. 

None identified. CSG product water had EC and SAR values higher than 
recommended for irrigation on the soils in the study area. 
The EC of CSG product water used for irrigation ranged 
from 2.0 to 2.9 dSm

-1
, and SAR from 17.2 to 32.8 mmol

1/2 

L
-1/2

. 

The EC and SAR values for soil irrigated with CSG 
product water were significantly higher than controls in the 
upper 30cm of the soil profile in all but one site, whereby 
SAR was not significantly different to the control possibly 
because the site had a higher sand content compared to 
other sites (p < 0.05). Three of the five sites also had 
significantly greater EC in the 30-60cm depth compared to 
control sites, and two of the five sites had a significantly 
greater SAR value compared to control sites at 30-60cm 
depth.  

Mass balance calculations indicated that there was a 
significant accumulation of sodium in irrigated soils caused 
by the application of CSG product water in addition to the 
mobilisation of sodium within the soil profiles. 
Accumulation of sodium was more pronounced in fine 
textured soils compared to loamy soils and there was a 
trend of increasing sodicity with extended periods of 
irrigation with CSG product water. Various water 
treatments and soil amendments were used at the study 
sites although ineffectively (Ganjegunte et al., 2005a). 

The following paragraph summarises results in 
Ganjegunte et al. (2008) which included an extra one year 
of results and one extra site. 
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At the end of the study period the pH values of irrigated 
soils had been significantly lowered at five of six study 
sites for at least four sampling depths but there was no 
significant difference between irrigated and non-irrigated 
sites.  

Soil EC concentrations on irrigated sites to a depth of 
120cm were significantly greater at four of six sites at the 
end of study compared to respective non-irrigated areas, 
and at one site was 21 times greater compared to the non-
irrigated soil (15 – 30cm).  

At the end of the study period SAR values were 
significantly greater in irrigated sites compared to non-
irrigated sites at four study sites to a depth of 120cm, and 
by up to a factor of 74 near the soil surface (5 – 15cm).  

Exchangeable sodium percentage values had also 
increased significantly with irrigation water when 
comparing baseline and end of study values at five of six 
study sites to a depth of 120cm, indicating accumulations 
of exchangeable sodium, and were significantly higher at 
most depths on all irrigated sites compared to the non-
irrigated areas (Ganjegunte et al., 2008).  

Additionally, water infiltration rates and Darcy flux rates to 
120cm were significantly reduced in irrigated areas 
compared to non-irrigated areas (p < 0.10 and p < 0.05 
respectively). Water infiltration was significantly lower at all 
six sites at the end of the study period with irrigation 
compared to non-irrigation. Darcy flux rate (cm h

-1
) at all 

sampled soil depths (15, 30, 60, 90, and 120cm) of six 
sites was significantly lower in irrigated areas compared to 
non-irrigated areas, except at 15cm at one site, and at 90 
and 120cm at a separate site (Vance et al., 2008).  

Ucross, Wyoming, 
USA. 

CSG product water, 
treated to various 

The effect of five water and 
three soil treatments applied to 

None identified. Sodium concentrations in the soil profile increased 
significantly after being irrigated with CSG product water 
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(Johnston et al., 
2008) 

Related evidence 
items: (Johnston 
et al., 2006; 
Johnston, 2007; 
Johnston et al., 
2007, in press) 

extents, is often used 
for irrigation in the 
Powder River Basin, 
a semi-arid region. 
The study evaluated 
changes to soil 
chemical properties 
caused by irrigation 
with CSG product 
water with varying 
salinity and sodicity 
levels. The soil of the 
mixed hay production 
was representative of 
semi-arid soils in the 
Powder River Basin.   

a mixed hay cropland on soil 
chemical properties were 
assessed. Water treatments 
were creek water (control), 
direct irrigation with CSG 
product water (EC of 1.38 dS 
m

-1
 and SAR of 24.3mmol

1/2 
L

-

1/2
) with no amendments, 

mixed with solution grade 
gypsum, acidified with a 
sulphur burner and gypsum, 
and mixed with creek water. 
Soil treatments were gypsum, 
elemental sulphur, a 
combination of both, and no 
treatment. The top three 
horizons were sampled (A, Bt1 
and Bt2), collected to a depth 
of 60cm before and after 
treatment. Soil pH, EC, SAR, 
and sulphate were analysed. 

with no amendments (p < 0.05). Plots that were treated 
with a combination of the sulphur burner and gypsum, or 
gypsum and sulphate were the most effective at 
maintaining a low SAR at the surface soil layer. In all 
treatment combinations both EC and SAR increased 
significantly in the top two sampling depths. 

 

Ucross, Wyoming, 
USA. 

(Johnston et al., 
in press) 

Related evidence 

items: (Johnston 

et al., 2006; 

Johnston, 2007; 

Johnston et al., 

2007, 2008) 

The study assessed 
the effects of two 
years of natural 
precipitation on soil 
properties of a hay 
field after the 
cessation of 
managed irrigation 
with CSG product 
water. A study on the 
initial effects of 
irrigation with CSG 
product water with 

The effect of two years of 
precipitation on soil properties, 
after the cessation of CSG 
product water irrigation (see 
above study), was assessed 
on a 15 ha mixed hay field. 
Various product water and soil 
amendment treatments were 
applied with the irrigation of 
CSG product water (see 
above). Since the cessation of 
CSG product water irrigation 
there was rainfall of 233 and 

None identified. Infiltration rates were lowest on field irrigated with the 
untreated CSG product water with no soil amendments, 
followed by the gypsum-amended CSG product water, and 
untreated CSG product water with a gypsum soil 
amendment. Infiltration rates were 12.2, 13.2, and 13.5 cm 
h

-1 
respectively. The highest infiltration rate was observed 

in the CSG product water treated using gypsum and a 
sulphur burner in addition to gypsum and sulphate soil 
amendments (33.5 cm h

-1
).  

By the second year salinity and sodicity of treated soils 
had decreased in most A-horizon plots that had been 
irrigated with CSG product water but in the B horizon only 
salinity decreased with sodicity increasing. Plots that had 
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and without 
amendments had 
previously been 
undertaken 
(Johnston et al., 
2008). 

409mm in the subsequent two 
years and 760 and 786mm of 
snowfall. The same soil 
properties were analysed as in 
the previous study and 
infiltration rates were also 
assessed. 

sulphate or gypsum and sulphate soil amendments had 
the higher profile salinity compared to gypsum only or no 
soil amendment treatments.  

Sodium leaching was observed in all treatment plots but 
sodicity was lowest in A and Bt1 horizons in the gypsum 
plus sulphur burner treated CSG product water with 
sulphate and gypsum soil amendments.  

Headgate Draw, 
Johnson County, 
Wyoming, USA. 

(Engle et al., 
2011) 

Related evidence 
items: (Engle et 
al., 2009; Sams et 
al., 2010) 

Subsurface drip 
irrigation of crops 
using CSG produced 
water can prevent 
the accumulation of 
detrimental salts 
near the soil surface. 
The purpose of this 
study is to assess 
short and long term 
effects of subsurface 
irrigation with CSG 
produced water on 
soil and water 
quality.  

The subsurface drip irrigation 
(SDI) sites are approximately 
3m above the adjacent river 
and 15m above the water 
table. The soils primarily 
consist of moderately well-
sorted silt and fine sand. The 
SDI laterals were spaced 1.4m 
apart with emitters every 0.9m 
and were laid at a depth of 
0.9m. CSG produced water is 
discharged into a settling pond 
before being filtered, 
chlorinated and acidified to a 
pH of around 5. The water is 
then distributed throughout the 
SDI system. Samples of 
surface and groundwater were 
collected twice before SDI 
operation and quarterly 
thereafter in addition to soil 
sampling. There were nine 
observation wells prior to SDI 
operation with a further five 
being added at the 
commencement of the SDI 
operation. Sampling and 

Short-term study 
(one year).  

Thirty-six cm of water was applied through the SDI in one 
year with 27cm precipitation. In the one year after the 
commencement of the SDI there was a significant 
increase in soil moisture in areas in which SDI was 
applied.  However, water levels in wells only increased 
slightly with there being no significant difference between 
water levels in wells of SDI and non-SDI areas (p = 0.058). 
This indicates that water was stored in the vadose zone or 
was lost via evapotranspiration. The treated product water 
had lower concentrations of most inorganic constituents 
relative to ambient groundwater although SAR was high. 
Changes in groundwater chemistry in the first year of 
operation were minimal with an increase in specific 
conductance relative to pre-SDI operation occurring in one 
well only. 

 



 

Page | 81  
 

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

analysis was undertaken for a 
one year period after the initial 
operation of the SDI system. 

Powder River 
Basin, Wyoming 
and Montana, 
USA. 

Laboratory 
experiment. 

(Ganjegunte and 
Vance, 2005) 

Soil chemical 
changes caused by 
leaching of CSG 
produced water is 
investigated.  

 

A laboratory experiment using 
columns was established to 
examine soil chemical 
changes caused by the 
leaching of CSG product 
water. Surface soil samples (0-
15cm) that had not been 
subject to CSG produced 
waters were collected and 
packed uniformly into columns 
to simulate field bulk densities. 
Representative CSG produced 
waters were collected and 
analysed, and based on 
sodium and bicarbonate 
contents, gypsum and sulphur 
amendments were applied to 
soil columns. The columns 
were leached with CSG 
product water and three 
replications of each treatment 
(gypsum only, sulphur only, 
gypsum and sulphur, and a 
control).  

Abstract only, 
insufficient detail. 

Chemical properties were significantly different (p < 0.05) 
between amended and control soils. The combined 
gypsum and sulphur amendment was the most effective at 
replacing sodium on soil exchange sites, and then the 
gypsum only treatment. The exchangeable sodium 
percentage and SAR values were not significantly different 
between sulphur amended soils and control soils.  

 

South-eastern 
Montana, USA. 

(Robinson et al., 
2003) 

The effect of 
irrigating soils with 
saline-sodic water, 
characteristic of CSG 
product water, on soil 
physical and 
chemical properties 

Soil samples were collected 
from sites in Montana 
representing four soil textures 
(fine sandy loam, silt loam, 
silty clay loam, silty clay). 
Water representing CSG 
product water and that of the 

None identified. A single wet-dry regime with synthesised CSG product 
water (EC of 3.12 and SAR of 13.09) increased the salinity 
of soils with the least baseline EC by 1.5 dS/m to 2.0 
dS/m. After five cycles there was a significant increase in 
EC of 4-6 dS/m above the baseline (p < 0.05). A simulated 
single rainfall event decreased the EC of 41 of 49 samples 
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was assessed.  Powder River was synthesised 
and applied to soil samples. In 
all there were 54 soil materials 
from 16 different sites that 
were exposed to various 
combinations of two water 
qualities and three wetting / 
irrigation schemes. Wetting 
and irrigation regimes 
consisted of: 1) a single 
wetting event simulating flood 
irrigation, 2) a cycle of wetting 
and drying, completed 5 times 
in succession, simulating 
sprinkler or repeated flood 
irrigation, and 3) a cycle of 
wetting and drying, completed 
5 times in succession, followed 
by a single flood (flushing) 
event with distilled water, 
simulating repeated irrigation 
followed by rainfall.  The pH, 
EC, extractable base cations, 
and exchangeable cations 
were analysed. 

(average 2 dS/m).  

Single wetting events with synthesised CSG product water 
or Powder River water increased SAR and exchangeable 
sodium percentage (ESP) in all soils except for soils with a 
baseline SAR greater than three, in which a single wetting 
had minimal effect on SAR. For other soils, SAR increased 
by two to five SAR units with a single wetting. SAR and 
ESP did not exceed reported thresholds of seven units or 
eight percent respectively.  

The five wetting-drying cycle treatments resulted in SAR 
values similar to that of the treatment water SAR 
(approximately 10 – 12 units). Repeated additions of CSG 
product water resulted in 40 percent of ESP values 
exceeding 15 percent and corresponding SAR values 
exceeding 12. Subsequent leaching with simulated rainfall 
reduced the ESP to approximately three percent. 

 

Juniper Draw, 
northwest of 
Gillette, Wyoming, 
USA. 

(Stearns et al., 
2005) 

The study assessed 
the effect of CSG 
product waters on 
the soil physical and 
chemical properties 
and on native and 
introduced 
vegetation density 
and diversity. 

Soil, sediment and water 
samples were collected and 
vegetation sampling 
undertaken over a two week 
period. Study sites were 
categorised as being either a 
reference, consisting of 
riparian areas upstream from 
CSG product water discharge 

Low replication. Sites directly exposed to CSG product water (riparian 
gullies) had elevated salinity and sodicity. Elevated sodium 
in the soils was correlated to consistent exposure to CSG 
product water. Sodium values differed significantly 
between affected sites (riparian gullies) and all other sites 
(p < 0.0001). There was a significant difference in the EC 
of soils (p = 0.0303) with statistical differences between 
affected gullies and reference sites. SAR was also 
significantly different between sites (p < 0.0001) with a 
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Specifically, the 
effect of CSG 
product water on soil 
sodicity and salinity 
were determined, 
and whether this 
affected the 
distribution patterns 
of vegetation. 

 

or as an exposure area 
consisting of riparian areas 
downstream of CSG product 
water discharge. Each area 
consisted of a gully and an 
upland site. Gullies were 
associated with perennial flow 
that contained CSG product 
water whereas the upland 
areas were affected by CSG 
construction development but 
not CSG discharge water. The 
water was sampled at the 
reservoirs and at various 
locations in stream channels. 

The vegetation survey used a 
modified Forest Inventory and 
Analysis in a total of 40 plots 
and determined species 
composition, microhabitat, and 
percent cover for each plant 
species. Twenty-eight plots (14 
each for reference and 
exposure areas) were used for 
soil sampling to correlate 
salinity and sodicity with 
vegetation patterns. Particle 
size, pH, EC and SAR were 
analysed. 

statistical difference between affected gullies and all other 
sites. However, there was no significant relationship 
between increasing water SAR values and increasing 
sediment SAR values downstream although soils did 
range from moderate to severe SAR hazard index. 

Species density of native vegetation was highest at 
reference sites (gully and upland) and CSG development 
affected upland sites compared to the gully site affected 
by CSG product water (p = 0.0264) although there was no 
significant difference between the species composition of 
native species between the impacted and reference 
gullies. The affected gully (downstream of CSG discharge 
water) had the greatest percent composition of introduced 
vegetation species although was not statistically different 
to the reference gully. The greatest richness of salt-
tolerant species occurred in the affected gully. 

SAR and EC significantly influenced the percent 
composition of native (p = 0.0153 and 0.0152 respectively) 
and introduced species (p = 0.0152 and 0.0368 
respectively), and only EC influenced the percent 
composition of salt-tolerant species (p = 0.0004). However 
the r

-2
 value was low, ranging from nine to 16 percent. The 

removal of pH from the regression model (pH was not a 
significant factor) increased the r

-2
 value to between 20 

and 30 percent. 

 

Spotted Horse 
Creek, Powder 
River Basin, 
Wyoming, USA. 

(Micale and 

The study examined 
the impact of applied 
CSG produced 
waters on soils and 
vegetation using 

A 10 km stretch of Spotted 
Horse Creek where CSG 
produced waters had been 
used for irrigation / reinjection 
and other surface discharges 

Low spatial 
replication. 

Tasseled Cap greenness values declined over time in non-
affected areas, and on the forested slope and upland 
rangeland, whilst in areas affected by CSG product water 
discharges there was an initial decrease before increasing 
in later study years when CSG production was greatest. 
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Marrs, 2006) remote sensing. 

 

were selected for detailed 
analysis. CSG produced 
waters in the area are 
reinjected into a sandstone 
formation at a depth of 
approximately 1830 metres 
during winter and used for 
irrigation throughout non-
winter periods. Six regions of 
interest within the study area 
to determine whether changes 
to plant biomass were related 
to CSG product water 
discharges. Two of the six 
areas were within a known 
CSG product water discharge 
area (treatment) and another 
two were located outside 
known CSG product water 
discharge areas (control). 
There was a control and 
treatment that primarily 
consisted of smooth 
bromegrass (Bromus inermis), 
and a control and treatment 
that primarily consisted of 
fescue grass (Festuca sp.). 
Two more sites were selected 
to represent the forested slope 
(predominantly ponderosa 
pine, Pinus ponderosa) and an 
upland rangeland 
(predominantly bluebunch 
wheatgrass, Elymus 
spicatum). Three Landsat ETM 

This suggests that plant biomass was increased in 
response to discharges of CSG produced waters whereas 
other sites were impacted by low rainfall and drought 
conditions.  

In an area where CSG product waters are discharged to a 
surface drainage (area dominated by fescue grass) the 
average soil moisture and vegetation index was 3.36 and 
2.98 respectively. In comparison, the fescue grass area 
not affected by CSG product water discharges had an 
average soil moisture and vegetation index of -34.1 and -
19.2 respectively. However, the average pH, EC, and SAR 
values were higher in soils affected by CSG product water 
(pH 8.7, EC 821 µmho/cm, SAR 19) compared to 
unaffected soils (pH 7.3, EC 499 µmho/cm, SAR 0.25).  
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images were used (1999, 
2001, 2002; all in summer) and 
classified according to soil 
moisture and plant biomass 
using Tasseled Cap, and 
change maps produced. Water 
and soil samples were 
collected from CSG product 
water affected and non-
affected areas and analysed 
for major cations, pH, and EC, 
and SAR calculated.  

Sheridan, 
Sheridan County, 
Wyoming, USA. 

(Adams, 2011) 

Soil and vegetation 
properties of plots 
irrigated with CSG 
product water with 
and without soil 
amendments 
(gypsum, sulphur, 
Salt Extractor 
product) were 
assessed to 
determine the effect 
of CSG product 
water on soils and 
plants and the 
effectiveness of 
commonly used 
ameliorants to 
overcome high levels 
of sodium and 
reduced infiltration 
and hydraulic 
conductivity.  

The study site was a pasture 
used for horse grazing which 
was predominately a short 
grass prairie containing big 
sagebrush (Artemesia 
tridentata) with western 
wheatgrass (Pascopyrum 
smithii) being the dominant 
grass species. Average rainfall 
in the area is 306mm and soils 
are generally shallow, well-
drained loams and clay loams. 
A random block design was 
used to compare soil 
vegetation properties following 
CSG product water application 
and treatments of gypsum, 
sulphur, and a commercial 
product named Salt Extractor, 
in addition to no soil 
amendment. CSG product 
water had a pH of 8.4, an EC 

Low replication and 
study duration. No 
statistical analysis of 
soil properties before 
and after CSG 
product water 
application, only 
statistical analysis 
between treatments 
after irrigation. 

There was a statistical difference between treatments after 
irrigation for SAR and ESP in the upper 0 – 15cm. 
Conventional amendments (gypsum and sulphur) 
significantly reduced SAR and ESP levels compared to the 
no treatment and Salt Extractor product. Calcium 
concentration of vegetation was significantly greater in 
plots that had gypsum and sulphur amendments. 
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of 2.6 mmhos/cm, and SAR of 
62.4. Plots were irrigated three 
days per week for two months. 
Soil sampling was undertaken 
before and after the two month 
irrigation period at three 
depths to 60cm. Vegetation 
data was derived from 
biomass, crude protein 
concentration and total 
digestible nutrients tests.  

Northwest New 
Mexico, USA. 

(Arnold et al., 
2010) 

The effectiveness of 
revegetation of 
disturbed sites from 
CSG development is 
often limited by 
moisture. The use of 
CSG product water 
may be effective at 
increasing 
revegetation success 
and is the subject of 
this study which was 
undertaken in a low 
rainfall region. 

 

The objective was to re-
establish both native and non-
native grasses after 
disturbance. Research plots 
were planted with grasses and 
CSG product water was 
applied via a sprinkler system 
at irrigation levels between 
11.4 and 21.3cm averaging in 
TDS between 3,838 and 7,983 
ppm. The experimental design 
was a randomised complete 
block with four replications of 
various plant species. Soils 
were sampled before and after 
CSG product water application 
and analysed for pH, EC, 
sodium, magnesium, calcium, 
and SAR. Irrigation water was 
also analysed throughout the 
study. Grass stand 
establishment was measured 
for up to three years. 

There is no statistical 
analysis of data, low 
replication, and no 
control to determine 
if changes are 
actually a result of 
CSG product water. 

There was an increase in soil EC, sodium, and SAR after 
irrigation with CSG product water but not above levels that 
would have a negligible effect on grasses. Increases in 
soil EC was minimal at the two study sites on loam and 
sandy clay loam soils but was more pronounced at a third 
study site on a loam soil, increasing from 3.4 to 5.1 dS/m. 

Soil sodium increased after irrigation with CSG water from 
533 to 725 ppm, 422 to 526 ppm, and 102 to 180 ppm at 
the three study sites. Similarly SAR increased from 7.3 to 
9.2, 5.5 to7.4, and 2.4 to 4.7 at the three study sites. 
Average stand establishment of grasses was variable 
amongst grass species and cultivars but there was no 
control for comparison. Stand establishment of various 
wheatgrass and ryegrass varieties in a low rainfall area 
was effective using CSG product water. 
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Crazy Woman 
Creek, Powder 
River, and near 
Sheridan, 
Wyoming, USA. 

(Burton et al., 
2010) 

Related evidence 
items: (Bern et al., 
2013a, 2013b) 

CSG product water 
which is high in TDS 
(> 2,000 mg/L), 
predominantly 
sodium bicarbonate, 
can be disposed of 
beneficially using 
sub-surface drip 
irrigation (SDI). This 
study provides some 
preliminary findings 
on how water and 
solute distributions in 
soils change with 
SDI. 

Two sites with perennial crops 
were selected that had year-
round SDI with drip tapes at a 
depth of 92cm.  At the first site 
ground-based and helicopter-
borne frequency domain 
electromagnetic induction 
(EMI) surveys were completed 
over two years prior to SDI 
installation. Post-installation 
ground-based EMI, resistivity, 
and geophysical log surveys 
have been completed in 
addition to soil geochemical 
and mineralogical analyses. At 
the second site, in which the 
SDI had been operating for six 
years, a single EMI survey was 
undertaken in addition to soil 
sampling. 

Abstract only, lacking 
detail on study 
methods.  

In general, the EMI surveys indicated that soil conductivity 
increased with SDI irrigation at the first site (at the 
confluence of the Powder River and a tributary) although 
lateral movement of irrigation water was minimal. 
Observed variation in EMI conductivity was attributed 
mainly to water content changes and to a lesser extent soil 
texture.  

At the second site conductivity was higher in irrigated 
fields compared to adjacent fields. Gypsum in soils was 
characterised by an upper gypsum-poor zone and a lower 
gypsum-rich zone which occurred at a lower depth in 
irrigated soils (by 30cm) which may have been caused by 
the dissolution and displacement of gypsum by infiltrating 
SDI waters. There was also an indication that irrigated 
waters had accumulated below the SDI system. 

 

Sheridan, 
Wyoming, USA. 

(Bern et al., 
2013b) 

Related evidence 
items: (Burton et 
al., 2010; Bern et 
al., 2013a) 

CSG product water 
in the Powder River 
Basin has a high 
SAR that can reduce 
soil permeability. 
Subsurface drip 
irrigation may 
overcome the 
negative impacts 
associated with 
surface irrigation. 
The study assessed 
the water and solute 
movements of 

Two sites were established 
eight kilometres apart. One 
site had subsurface drip 
irrigation (SDI) installed in 
2005 and was irrigated 
continuously throughout six 
growing seasons, with one 
field (2.9 ha) planted with 
alfalfa (Medicago sativa) and 
the other field (3.7 ha) 
containing grasses (Dactylis 
glomerata, Festuca 
arundinacea, Bromus 
biebersteinii). There was also 

Low spatial 
replication.  

With the continuous SDI system, in addition to rainfall, 
evapotranspiration exceeded 300 to 480 mm annually and 
over six years excess water was 5,048 mm for alfalfa and 
4,020 mm for grasses. This increased water storage in the 
unsaturated zone with subsequent drainage led to cyclical 
rises in the watertable which had increased by four metres 
over the study period.  Native chloride and nitrate below a 
depth of 200 cm were leached by drainage. In dry 
conditions there was a movement of irrigated CSG product 
water upwards from drip tubing. A greater proportion of 
chloride added by irrigation water is accumulated above 
drip tubing in the grass field (27 percent) compared to the 
alfalfa field (seven percent). 
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subsurface irrigation 
waters from 
dewatered coal 
seams.   

a non-irrigated control site. 
Another site (1.3 ha) had SDI 
installed in 2009 and was 
planted with alfalfa with 
continuous irrigation through to 
2011. CSG product water is 
pumped into holding ponds, 
aerated, acidified, and filtered 
before being distributed 
throughout the SDI system. 
Drip tubing was buried at a 
depth of 92cm, emitters were 
152 and 97cm apart at the 
respective sites, and irrigation 
supplied year-round.  

Soil cores were collected from 
both fields from areas 
representing different levels of 
EC, and along transects. 
Chloride and nitrate 
concentrations were used as 
tracers for water and solute. 
Time-series measurements 
were also used with sensor 
arrays providing continuous 
monitoring at one site.  

 

Sheridan, 
Wyoming, USA. 

(Bern et al., 
2013a) 

Related evidence 
items: (Burton et 
al., 2010; Bern et 

Subsurface drip 
irrigation may 
overcome the 
negative impacts 
associated with 
surface irrigation. 
The study assessed 
the geochemical 

Subsurface drip irrigation (SDI) 
set-up and crops described in 
above study. 

The geochemical patterns of 
alfalfa and grass fields are 
compared to an adjacent non-
irrigated field. Irrigation water 
and soil were analysed and 

Low spatial 
replication. 

Following six years of SDI there was only a slight increase 
in SAR in the 0 – 30cm soil depth (0.5 – 1.2) compared to 
non-irrigated soils (0.1 - 0.5), and only eight to 15 percent 
of added sodium has accumulated above the drip tubes. 
Soil sodicity increased in close proximity to drip tubing with 
SAR increases between a depth of 45cm and drip tubing 
(92cm) caused by an accumulation of sodium as 
evapotranspiration concentrates solutes by  factors of up 
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al., 2013b) changes caused by 
subsurface irrigation 
waters.   

geochemical interactions 
between irrigation water and 
soil are simulated.  

  

 

to 13. Salinity and sodicity conditions are also influenced 
above the drip tubing by infiltration from rainfall and 
snowmelt which lowers EC (<0.7 mS cm

−1
) but has 

minimal effect on SAR. However, the lowered EC may 
result in the dispersion of clay. Additionally, a lack of 
gypsum in the soil predisposes soil to lower ECs and 
higher SARs.  

With continued SDI the SAR below the drip tubing is lower 
compared to above the drip tubing in which solutes are 
concentrated by evapotranspiration. High gypsum content 
below drip tubes compared to above drip tubes maintains 
lower SAR (soil-water SAR to <7) and high ECs although 
gypsum depletion over time leads to increased SARs (soil-
water SAR to >14) below the drip tubes.  

Southeast 
Montana, USA. 

Laboratory 
experiment.  

(Bauder et al., 
2008b) 

The objective of this 
laboratory study was 
to assess acute and 
chronic soil solution 
EC and SAR 
responses to various 
wetting regimes 
simulating repeated 
flood irrigation with 
treated CBNG 
product water, 
followed by single 
rainfall events. 

Fifty-four soil samples from 
irrigated fields in southeast 
Montana were subjected to 
simulated Powder River water 
or CSG produced water, that 
was treated to accepted EC 
and SAR threshold values for 
designation of saline × sodic 
water, in a single wetting 
event, five wetting–drying 
events, or five wetting–drying 
events, followed by leaching 
with distilled water. Simulated 
CSG product water after 
treatment had an EC of 3.12 
dS m

-1
, an SAR of 13.09, and 

pH of 8.22. Simulated Powder 
River water had an EC of 1.56 
dS m

-1
, an SAR of 4.54, and 

pH of 8.03. All post-treatment 

None identified. The EC of all textural soil groups increased significantly in 
all water quality x wetting regime treatments compared to 
baseline values (0.82 dS m

-1
), with all treatments being 

significantly different from one another.  

Soil EC was lowest in soils that had a singular application 
of Powder River water or CSG water (1.51 and 2.46 dS m

-

1 
respectively), followed by the five applications of Powder 

River water (3.21 and 3.02 dS m
-1 

with simulated rainfall-
quality leaching), and highest with the five CSG produced 
water applications (6.93 and 5.73 dS m

-1
 with simulated 

rainfall-quality leaching).  

When post-treatment EC was averaged across all water 
quality x wetting regime treatments there was no 
significant difference the textural groups with less than 33 
percent clay. The textural group that had a clay content 
greater than 33 percent had significantly higher EC 
compared to other textural groups. Additionally, leaching 
with simulated rainfall had no significant effect on the EC 
of the textural group with clay content greater than 33 
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soil samples were analysed for 
EC, and exchangeable and 
extractable base forming 
cation content. 

percent after five Powder River water or CSG product 
water applications. 

The SAR of all textural soil groups increased significantly 
in all water quality x wetting regime treatments compared 
to baseline values (2.56). The only significant difference in 
SAR amongst water quality x wetting regime treatments 
was between the treatments that had five CSG product 
water applications and all other treatments (singular or five 
river water applications or CSG product water application). 

The CSG product water applications increased the SAR 
the most to 11.31 and 10.85 with leaching. The SAR of all 
other treatments was between 3.92 and 5.94. Similar to 
EC values, there was no significant difference between 
post-treatment textural groups with clay content less than 
33 percent, all of which had a significantly lower SAR 
compared to the textural group with more than 33 percent 
clay content.  

Decreases in SAR following leaching were to a lesser 
extent compared to EC. Overall, simulated rainfall-quality 
leaching reduced soil EC and SAR to a greater extent in 
coarse-textured soils with high salt content compared to 
fine textured, lower salt content soils.  

Moorhead, 
Powder River, 
Montana, USA. 

Laboratory 
experiment.  

(Bauder et al., 
2008a) 

Related evidence 
items: (Phelps et 
al., 2001; 
Browning et al., 

The effects of 
irrigation with CSG 
product water at 
various watertable 
depths on plant 
species abilities to 
produce biomass 
and crude protein, 
and remove sodium, 
calcium and 
magnesium from 

An experimental design with a 
randomised complete block 
and factorial set of treatments 
consisting of three plant 
species, two irrigation water 
qualities, and three water table 
depths was established. The 
study species were quail bush 
(Atriplex lentiformis), Wytana 
four-wing saltbush (Atriplex X 
aptera), and seaside barley 

None identified. There were no significant differences in biomass 
production, crude protein production, or cation uptake on a 
mass basis between water quality treatments suggesting 
that salinity thresholds for the three study species were not 
exceeded in the experiment. There were significant 
differences in biomass production both between species 
and within species at different watertable depths.  

The seaside barley was least affected by watertable depth 
with Atriplex spp. increasing biomass and crude protein 
production with increasingly shallow depths which likely 
reflected the species shallow rooting. Cation uptake was 
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2006, 2007) 

 

 

shallow groundwater 
were assessed. 

(Hordeum marinum). Water 
tables were experimentally set 
at 0.38, 0.76, and 1.14 metres 
below the surface of sand-filled 
columns. The plants were 
irrigated with simulated CSG 
product water (EC = 0.35 Sm

-1
, 

SAR = 10.5) or river water (EC 
= 0.19 Sm

-1
, SAR = 3.5) for 

224 days, applied every seven 
days equal to the amount lost 
through evapotranspiration 
plus 100mL. Each 
experimental unit had four 
replicates and was conducted 
in a greenhouse with a 16 hour 
photoperiod. Columns for each 
unit consisted of PVS columns 
filled with sand with six plants 
per column. 

significantly greater in quail bush compared to the other 
two plant species meaning that it was more efficient at 
removing salts if forage harvesting was the primary 
management goal. This species also had the highest 
crude protein content in plant biomass and lowest soil EC 
concentrations after irrigation compared to the other two 
species. 

 

Powder River 
Basin, Wyoming 
and Montana, 
USA. 

Ex-situ 
experiment 

(Browning et al., 
2006) 

Related evidence 
items: (Phelps et 
al., 2001; Bauder 
et al., 2008a) 

The effect of using 
CSG product water 
for irrigation on 
groundwater level 
and chemistry were 
investigated. 

 

Sand filled PVC columns 
(20cm diameter, 122cm 
height), simulating a perched 
or a relatively shallow 
watertable, were set-up below 
the surface at three depths 
(38, 76, and 114cm below the 
surface) and planted with one 
of three species, two 
halophytic (Atriplex spp.) and a 
glycophyte (Hordeum 
marinum). Columns were 
irrigated for 224 days at seven 
day intervals equal to 

None identified. Results were not significantly different between Atriplex 
spp., therefore only results for A. lentiformis were used. 
Continuous irrigation from either water source resulted in 
salt loading over time irrespective of species (A. lentiformis 
or H. marinum), with the extent of salt loading being 
proportional to the salinity and sodicity of the water 
applied. Therefore, both salinity and sodicity of shallow 
alluvial groundwater will increase with the addition of either 
water source irrespective of whether a plant species is 
salt-tolerant. 

Water tables at 38cm depth planted with A. lentiformis 
consistently had significantly greater EC and SAR values 
compared to other depths which likely reflected the 
shallow root system of the species and the water table 
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evapotranspiration plus 
100mL. Two irrigation water 
sources were used, Powder 
River water (EC = 0.19 Sm

-1
, 

SAR = 3.5) and CSG product 
water (EC = 0.35 Sm

-1
, SAR 

10.5). Each column had three 
sampling ports, 20mm below 
intended water table level, at 
120cm, and at the midpoint 
between the two other 
positions. Water quality was 
sampled for EC, pH, and 
sodium, calcium and 
magnesium. 

being close to the surface. For H. marinum, a deep-rooted 
species, there were no significant differences in EC or 
SAR between water table positions. 

 

Miles City 
(Tongue River), 
Montana, USA. 

(Bauder, 2009) 

Note: Study also 
summarised in 
impact on surface 
waters section. 

To investigate 
whether irrigation 
water, sourced from 
a river that receives 
CSG PW, was 
responsible for crop 
loss. 

Inspection of USGS-reported 
water quality data for the 
Tongue River.  

No presentation of 
descriptive data over 
time provided – 
refers to other 
concurrent studies. 

Tongue River data, especially in Miles City region, 
provided no evidence of increased salinity, conductivity or 
sodicity (expressed as SAR) at the time of crop loss. In 
2006 EC and SAR at the irrigation diversion point reflected 
in-stream increases between the Tongue River reservoir 
and the diversion for irrigation due to various factors 
including in-stream evapoconcentration, baseflow 
contributions to flow between the Tongue River and 
irrigation diversion, and likely contributions of irrigation 
return flows. 

Powder River 
Basin, Montana, 
USA. 

Glasshouse 
experiment. 

(Buchanan, 2005) 

CSG product water is 
often high in sodium 
which may cause 
clay aggregates to 
separate especially 
after low-salinity 
rainfall or snowmelt, 
and when soils 
contain expansible 

 A repacked soils column 
experiment assessed the 
effect of CSG produced waters 
(simulated) on the hydraulic 
conductivity of three soils 
representative of the Montana 
irrigation region (sandy loam, 
silt loam, and clay loam soils). 
The effect of the CSG 

The conditions 
created with the 
sieving and 
repacking of soils for 
the columns 
experiment likely 
altered the physical 
properties of the soil 
and may not 

The mean infiltration flux of sandy and clay loam soils 
were significantly lower in columns irrigated with CSG 
product water compared to river water (p-values < 0.001). 
Mean infiltration flux for the sandy loam was 0.60 and 0.81 
cm/h in CSG product water and river water respectively, 
and was 0.26 and 0.59 cm/h for the clay loam in CSG 
product water and river water respectively. For the silt 
loam soil there was no significant difference (p = 0.595) in 
mean infiltration flux values between CSG product water 
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smectite clay 
minerals. Slaking or 
dispersion of clays 
can limit water flow 
as soil pores are 
reduced. The 
potential impacts of 
CSG produced water 
on soil in the Powder 
River Basin of 
Montana were 
investigated, 
specifically the effect 
on soil water flow 
and water balance. 

produced waters at four water 
supply pressures were 
compared to irrigation waters 
with salinity and sodicity levels 
comparable to the Powder 
River. The effect of rainfall or 
snowmelt was also examined 
using deionised water on soils 
pre-treated with CSG 
produced water or Powder 
River water. Five replicate 
columns were established for 
each A and B horizon of soils 
and for both water qualities (60 
columns in total). Water was 
added every one to two days 
for an eight to 16 day period, 
and at the end of treatment 
drained for 3 to 10 days prior 
to tension infiltrometer 
measurements. Soil-water 
balance simulations were also 
modelled to examine the 
effects of applying water with a 
range of sodicity levels to soils 
using flood and sprinkler 
irrigation. 

represent field 
conditions. Water 
quality treatments 
that were not meant 
to represent the 
effects of multiple 
irrigation seasons.  

 

(0.46 cm/h) and river water (0.56 cm/h). 

With the addition of deionised water, representing rainfall 
or snowmelt, there was a significant difference in the 
relative decreases in infiltration flux between the CSG 
produced water and river water treatments for the sandy 
loam soil (p < 0.001) but not for the silt loam (p = 0.529) or 
clay loam soils (p = 0.621). Relative decreases in flux in 
the sandy loam soil was 0.46 and 0.38 cm/h for CSG 
produced water and river water treatments respectively, 
and 0.29 and 0.28 cm/h for the clay loam soil, and 0.21 
and 0.30 cm/h for the silt loam soil. 

Soil water balance simulations generally showed that flood 
irrigation with high sodicity waters had a greater effect on 
soil water balance compared to sprinkler irrigation 
especially in silt loam and silty clay soils with increased 
runoff and reduced transpiration. 

 

Powder River 
Basin, Wyoming, 
USA. 

(Brinck and Frost, 
2009) 

Related evidence 
items: (Brinck and 

Irrigation of sodium 
bicarbonate 
dominant CSG 
produced waters is 
common in areas of 
the Powder River 
Basin. Gypsum and 

The study was undertaken on 
two fields irrigated with CSG 
produced water that have had 
intermittent irrigation with CSG 
product water and varying 
gypsum and sulphur 
applications. At the first soil 

Low replication.  Sites irrigated with CSG product water had higher soil 
SAR, ESP, and EC values in the upper 30cm compared to 
sites with no irrigation or amendments (baseline sites). 

 Average SAR values were between 0.25 and 1.13 
mmol

1/2 
L

-1/2 
at baseline sites and between 9 and 21 

mmol
1/2  

L
-1/2 

at irrigated sites. ESP values were between 
0.05 and 0.32 percent at baseline sites and between 4 and 
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Frost, 2007a), 
and Task 4c in 
Frost et al. 
(2008). 

 

sulphur soil 
amendments are 
used to maintain soil 
structure and fertility. 
The study uses 
strontium (Sr) 
isotopes to evaluate 
the effectiveness of 
the soil amendments 
to prevent the 
sodification of 
irrigated soils. 

and vegetation sampling event 
there had been approximately 
700 m

3 
ha

-1
 at the northern site 

and 1,800 m
3 
ha

-1
 at the 

southern site which had been 
irrigated for a longer period 
compared to the north site. An 
undeveloped adjacent area 
was used as a control for each 
site. Sr characterisation of 
water containing soil 
amendments and irrigation 
water was undertaken and soil 
samples taken from the four 
fields, including the two control 
fields, and chemical 
composition analysed. 
Vegetation sampling was also 
undertaken from five random 
locations in the four fields and 
chemical composition 
analysed.  

8 percent on irrigated sites. Average EC values ranged 
from 0.6 to 2.8 dS m

-1
 at baseline sites and between 4 and 

7 dSm
-1

 at irrigated sites. The pH of soil differed in the 
upper 5cm only and was 8.22 with irrigation and 7.84 
without irrigation. Changes were not apparent at depths 
below 60cm to 90cm.  

Gypsum amendments to irrigated soil were effective in 
supplying calcium, as indicated by Sr, to exchange sites of 
the soil. The Sr isotopic ratio of the cation exchange 
complex of irrigated soils was intermediate to the gypsum 
amendment and the local soil. Sr isotopes indicate that up 
to 50 percent of the Sr on irrigated soil cation exchange 
sites was from applied gypsum in the top 30cm after three 
years and in the top 5 cm after one year. However, the 
amount of sodium that occupied exchange sites after 
irrigation with CSG product water increased. The 
prolonged application of gypsum may mitigate the 
negative effects of applying sodium rich irrigation water. 

 

Sheridan, 
Wyoming, USA. 

In-situ and 
laboratory 
experiment. 

(Harvey and 
Brown, 2005; 
Norvell et al., 
2009) 

 

 

The study 
investigates the 
effect of CSG 
product water on soil, 
particularly in relation 
to sodicity, and the 
effects of soil 
amendments and 
other practices to 
reduce negative 
impacts associated 
with using CSG 

The laboratory experiment 
utilised columns containing 
undisturbed soil from the 
irrigation area and CSG 
produced water (EC of 2.5 
dS/m and an SAR of 60) from 
the Tongue River drainage. 
Three treatments were 
established being gypsum and 
sulphur amendments applied 
directly to the soil, 
amendments added to 

Some study details 
are lacking such as 
the quantities and 
timing of soil 
amendments in full 
scale and long-term 
testing. No reporting 
of data from adjacent 
non-irrigated areas / 
control in Harvey and 
Brown (2005) 

The SAR of soil at the end of the laboratory experiment 
was highest with the addition of untreated CSG produced 
water (20) followed by the gypsum and sulphur 
amendments added to CSG product water (8.9), gypsum 
and sulphur amendments added to the soil (7.5), 
untreated river water application (0.69), and the non-
irrigated control (0.44). It was observed that soil in the 
untreated CSG produced water treatment was dispersed 
and had comparatively low infiltration.  

In the pilot test in the field there was minimal change in 
soil pH before and after irrigation and average surface soil 
EC levels increased in amended soils after irrigation from 
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product water.  produced water, and blending 
produced water with local 
irrigation water. The 
amendment rates were aimed 
to reduce the SAR of the soil-
water system to approximately 
eight. There were also 
experimental controls that had 
untreated river water or CSG 
produced water applied. Soil 
columns were irrigated for 84 
days to simulate several years 
of irrigation in the field. The 
results of the  laboratory 
experiment led to full-scale 
testing on a 100 acre area with 
gypsum and sulphur 
amendments applied to the 
soil and CSG produced water 
applied using a centre-pivot 
irrigation system before 
expanding operation further to 
850 acres for a period of up to 
four years (Harvey and Brown, 
2005). Additional data on soil 
chemistry and infiltration rates 
is in Norvell et al. (2009)  

0.38 to 2.4 dS/m. Increases in SAR after irrigation 
(approximately 16.5 cm) were considered slight but data is 
not provided.  

Over a longer period, in which CSG product water was 
applied with amendments for up to four years at around 50 
to 65 cm annually, soil EC increased over time but 
stabilised between 4.0 and 6.0 dS/m. EC levels decrease 
with seasonal rainfall which leaches salts through the soil 
profile. ESP levels increased initially reaching a maximum 
of between 11 and 12 percent but stabilised over time, 
being below six percent at the end of the study period, 
indicating that added calcium reached equilibrium with 
sodium being added through CSG produced water 
(Harvey and Brown, 2005).  

Infiltration rates were assessed after three years of 
irrigation with CSG product water and amendments, and 
compared to an adjacent non-irrigated area. There was a 
significant difference in infiltration rates between one of 
the two pivot systems and the adjacent non-irrigated area 
(average infiltration rate 1.89 and 4.93 cm/hr respectively) 
but not between the second pivot system and the adjacent 
non-irrigated area (average infiltration rate 2.44 and 2.39 
cm/hr respectively). Differences in infiltration rates may be 
attributed to a range of differences in management 
between the treatment and reference area (Norvell et al., 
2009). 

 

Jefferson County, 

Alabama, USA. 

Greenhouse 
experiment.  

(Mullins and 

Changes to soil 
chemical properties 
as a result of 
irrigation with CSG 
produced water in 
addition to the plant 

CSG product water (specific 
conductance 10.6 dS m

-1
, TDS 

6,780, pH 8.2, SAR 73) was 
collected from a well for two 
greenhouse studies in 
Alabama. Soil of the region 

Short-term study.   Forage dry matter yields were affected by salinity levels 
with a significant interaction between salinity level and 
method of irrigation (p < 0.05). A significant decrease in 
forage yields occurred with irrigation salinity levels greater 
than 4.7 dS m

-1
 ECw (>3,000 mg L

-1
 TDS).  

Irrigation method effects, continuous or intermittent, were 
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Hajek, 1998) responses are 
assessed. 

was collected and the A and B 
horizons mixed given the 
shallow nature of the soil (28.9 
percent sand, 50.5 percent silt 
and 20.6 percent clay; pH 5.3; 
effective cation exchange 
capacity was 4.92). The study 
plant was sorghum-
sudangrass (Sorghum bicolor). 
The first greenhouse study 
evaluated the effect of 
irrigation method (continuous 
for 24 h d

-1
, nine cm water pot

-

1
 d

-1
, or intermittent for 12 h 

and off for 24 h) and the 
salinity level effects on 
sorghum-sudangrass. 
Irrigation treatments included 
varying solutions of produced 
water from zero to 100 percent 
using deionised water. The 
second greenhouse study had 
three irrigation methods 
(continuous for 24 h d

-1
, nine 

cm water pot
-1

 d
-1

, or 
intermittent for 12 h and off for 
48 h, and irrigation to field 
capacity). Plants were 
harvested for forage yields and 
chemical analysis at 14 - 30 
days after initiation of CSG 
produced water irrigation. 

minimal and inconsistent. Most plants did not survive until 
the planned second harvest at 28 days due to 
waterlogging. In the second greenhouse study forage 
yields, taken at 30 days only, were significantly affected by 
irrigation method, level of salinity (ECw), and interactions 
between the two (p < 0.05). Lowest yields occurred with 
the continuous irrigation method, followed by intermittent 
irrigation, and irrigation to field capacity.  

Forage yields, which were lowest with highest salinity 
levels, were 5.6, 9.2, and 12.1 g pot

-1
 for continuous, 

intermittent, and field capacity irrigation methods 
respectively at a salinity of 9.3 dS m

-1
 ECw (100 percent 

produced water). Comparatively, the mean forage yield for 
the three irrigation methods was 15.7 g pot

-1
 with diluted 

produced water with a ECw of 0.1 dS m
-1

.  

With increasing salinity levels in irrigation water there were 
increases in extractable sodium levels that corresponded 
with decreases in extractable calcium levels. Soil SAR was 
high in all treatments except for in the deionised water 
control. With 100 percent CSG produced water irrigation 
the SAR was 19 in the field capacity irrigation method and 
91 and 93 in the continuous and intermittent irrigation 
methods respectively.  

 

Sheridan County, 
Wyoming, USA. 

The effect of using 
CSG produced 

Randomised study plots were 
established and baseline soil 

Low replication in 
some treatments and 

Over a single irrigation season, from spring through to 
autumn, there were increased sodium concentrations in 
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(Morris, 2008) waters for irrigation 
on cropping soils and 
the effectiveness of 
soil amendments 
(gypsum and 
sulphur) in mitigating 
the potential negative 
impacts on soil is 
assessed.  

measurements measured. Soil 
amendments and water 
treatments were used to 
enable the use of sodic CSG 
product water. Soil treatments 
included sulphur, gypsum, and 
both sulphur and gypsum, in 
addition to a no treatment. 
Product water treatments 
included the removal of 
bicarbonate using a sulphuric 
acid injection system, injection 
of solution grade gypsum, 
blending with typical irrigation 
water (50:50), no treatment, 
and typical irrigation water as 
the control. Approximately 
30cm of water was added over 
one irrigation season. CSG 
produced water used for 
irrigation in the study had an 
EC of 1380 µS cm

-1
 and an 

SAR of 24.3.  

short-term study. the first two soil horizons in all treatments except those 
receiving creek water or a blend of creek water and CSG 
produced water.  

SAR also increased in the first two soil horizons in all 
treatments that received CSG produced water or a blend 
of CSG produced water and creek water. The SAR in 
treatments that received only CSG produced waters was 
highest with no soil or water amendments (7.8) followed by 
the gypsum amendment (5.6), gypsum injection and 
sulphur burner treatments (5.5), and a combination of a 
gypsum amendment to soil and water sulphur burner 
treatment (3.7). 

 

Bozeman, 
Montana, USA. 

Greenhouse 
study. 

(Todd, 2006) 

The effect of using 
saline-sodic CSG 
produced waters on 
the yield, forage 
quality, and mineral 
content of barley 
cultivars over two 
years is assessed.  

Three field trials were 
undertaken using soil similar to 
that found in the Powder River 
Basin, a well-drained fine soil 
with semctite mineralogy. The 
two greenhouses were 
subdivided into three blocks 
and 14 cultivars seeded into 
single three metre rows. There 
were two water treatments with 
one greenhouse receiving well 

None identified.  CSG produced water significantly reduced barley forage 
yield, height, and nitrate concentrations (p < 0.10). Forage 
yield was 6,499 kg ha

-1
 with irrigation from non-CSG 

affected well water and 4,937 kg ha
-1

 with irrigation from 
CSG production water. Height was 49 cm using well water 
and 36 cm using CSG produced water. Nitrate 
concentrations were 0.66 and 3.3 mg g 

-1
 in forages 

irrigated with and without CSG produced water. 
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water (EC = 0.43 dS m
-1

, SAR 
= 0.25) and the other receiving 
synthesised CSG produced 
water (EC = 1.6 dS m

-1
, SAR = 

35). trial plots were irrigated on 
the day of seeding and flood 
irrigated weekly (1.5 – 2.5cm). 
Clippings were collected from 
plants at various stages of 
development and maturity 
score assessed.  

Not stated (likely 
Powder River 
Basin). 

(Fehringer, 2005) 

 

Soil chemistry 
changes after the 
cessation of irrigation 
with CSG produced 
waters are 
examined.  

A total of nine fields that had 
been irrigated with CSG 
produced waters and had a 
SAR greater than 10 were re-
sampled approximately six 
months later. It is assumed 
that CSG product water was 
not applied in the six month 
period but this is not explicitly 
stated in the limited text 
available. A further 27 fields 
that had a SAR of between 8 
and 15 were re-sampled 12 
months later in which time 
there was no CSG product 
water applied. Some fields had 
gypsum applications but 
details are not provided.  

Abstract only with 
minimal information 
on study design and 
methods 

Average SAR in the 10 fields was reduced by 39 percent 
in the six months since the cessation of irrigation with CSG 
produced water. Average SAR reduction in the 27 fields 
was 47 percent over 12 months. SAR reductions were 
greater in fields that had gypsum applied (54 percent) 
compared to fields that had no gypsum applied (39 
percent). 

 

Limpopo 
Province, South 
Africa. 

(Beletse et al., 

Sodium bicarbonate 
rich CSG product 
water in the Limpopo 
Province of South 
Africa has very high 

The study was undertaken 
across two periods, winter and 
the following summer growing 
season, in an area that has an 
average annual rainfall of 411 

No control that uses 
non-saline water. 
Short-term study. 

Barley, Italian ryegrass and Bermuda grass were grown 
successfully without leaf burn or toxicity problems but 
cotton foliage was scorched with overhead sprinkler 
irrigation. Barley irrigated with a leaching fraction of 46 
percent had the lowest biomass compared to other 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

2008) EC (750 ms
-1

), SAR 
(85), and TDS (> 
5,000 mg L

-1
) and is 

probably only 
suitable for salt 
tolerant crops.  The 
suitability of CSG 
product water for 
irrigation of various 
crops was assessed. 

mm. The soil is a deep loamy 
sand planted in winter with 
salt-tolerant species including 
barley (Hordeum vulgare cv. 
Puma), and a mixture of Italian 
ryegrass (Lolium multiforum 
cv. Agriton) and stooling rye 
(Secale cereale cv.Echo), and 
in summer planted with cotton 
(Gossypium hirsutum cv. Opal) 
and Bermuda grass (Cynodon 
dactylon cv.K11). A field trial 
was established with two 
irrigation systems (drip and 
sprinkler) in separate blocks. 
Three irrigation management 
strategies were assessed (to 
field capacity, leaching fraction 
of 23 and 46 percent), for two 
different crops across both 
growing seasons were 
assessed with randomised 
treatments and four 
replications. After the crops 
had attained the desired 
ground cover, CSG product 
water was applied for nine 
weeks. Irrigation water quality 
and plant samples were 
collected and analysed. 

irrigation strategies which may have been caused by 
waterlogging and nutrient leaching.  

The EC concentrations in the soil increased from baseline 
values in the winter but decreased in summer coinciding 
with rainfall which leached salts from the upper soil profile.  
The sodium levels (ESP) in the soil increased with 
irrigation, and was higher in leaching fraction treatments 
compared to the field capacity treatment especially in 
winter when soils became waterlogged. The discharge 
rate of drip irrigation emitters decreased with time (from 
3.99 ± 0.15 to 3.5 ± 0.19 l h

−1
 which suggests that clogging 

may be an issue with CSG product water irrigation. 
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4.5 Study summaries: Infiltration from impoundments impact on soil and groundwater 

Table 13. Summary of evidence items that have assessed the impact of CSG produced water infiltration from impoundments on soil and groundwater. 

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Prairie Creek 
catchment, 
Sheridan County, 
and LX Bar Creek 
catchment, 
Campbell County, 
Wyoming, USA. 

(ALL Consulting, 
2008) 

 

The impacts to 
groundwater quality 
resulting from the 
use of 
impoundments for 
the infiltration of CSG 
produced waters are 
investigated across 
the Powder River 
Basin. 

The study was a multi-phase 
investigation of the use of 
infiltration systems for CSG 
produced waters that identified 
regional and local geologic, 
geochemical and 
hydrogeological characteristics 
of the study region, and 
evaluated site specific and 
regional data of infiltration 
impoundments to evaluate 
anticipated and observed 
impacts.  

A field investigation of 
impoundment sites was 
undertaken in 2006 of the 
Prairie Dog Creek Drainage 
(n=3) and the LX Bar Creek 
Drainage (n=5) in Wyoming. 
Eight sites were selected for 
investigation with monitoring 
wells installed in 2006. A 
minimum of two and maximum 
of four monitoring wells were 
installed at each site, and one 
borehole at each site was 
cored through the vadose zone 
for soil analysis. Monitoring 
wells were located up and 
down-gradient of impoundment 
sites. All impoundments in the 

Field investigations 
limited to one 
sampling event after 
the discharge of 
CSG produced 
waters for at least 
two years. 

An analysis of geochemical data from impoundments 
located over alluvial aquifers (n=9) indicated that mixing 
between background water quality and CSG produced 
waters had occurred in seven of the nine impoundments. 
The timing of mixing varied with background water quality 
being altered by the first sampling event at two sites and at 
the other end of the scale, groundwater mixing at one 
impoundment site was not observed until the fourth year. 
The degree of mixing also varied with no observed 
alteration at two sites, slightly more than 25 percent at one 
site, slightly over 50 percent at two sites, and greater than 
75 percent at four sites.  

There were eight impoundment sites over non-alluvial 
aquifers that were examined. All three Prairie Dog Creek 
sites were constructed over bedrock aquifers with 
sampling of each well undertaken once after CSG 
produced water discharges for at least two years. At the 
impoundment located over a coal seam aquifer there was 
evidence of simple mixing between background water 
quality and CSG produced waters with water quality in the 
down-gradient monitoring well being greater than 75 
percent CSG produced water quality.  

At the second Prairie Dog Creek site, which overlayed a 
coal seam aquifer and a shallow perched aquifer in the 
surface drainage below the impoundment, there was no 
evidence of mixing in either aquifer. At the third Prairie 
Dog Creek site, which overlayed a siltstone / coal seam 
aquifer, the background water quality was similar to that of 
the CSG produced water in the impoundment  which 
limited the ability to demonstrate whether mixing occurred.  
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

study had been receiving CSG 
discharge waters for at least 
four years and consisted of off 
and on-channel impoundments 
with various soils and terrain. 
Nine existing and previously 
sampled impoundment sites 
over alluvial aquifers were also 
examined. 

At the five impoundment sites of LX Bar Creek, all of which 
were overlaying non-alluvial aquifers, sampling of each 
well was undertaken once after the discharge of CSG 
produced waters over at least two years. At the first site 
(coal seam aquifer) there was simple mixing with water 
quality being greater than 25 percent CSG produced water 
quality.  

At the second site, a sand / coal seam aquifer, there was 
simple mixing at one well with water quality being greater 
than 50 percent CSG produced water quality but at a 
second well changes were greater than 75 percent with 
indications of a line of more soluble salt concentrations 
within the soils. Similarly, there were changes away from 
background water quality at a third site (> 25 percent) that 
indicated a line of more soluble salt concentrations within 
the soils.  

The fourth site which had a coal seam aquifer and 
separate sand aquifer, showed simple mixing (> 25 
percent) in one aquifer but changes away from simple 
mixing at a second aquifer.  The fifth site which had a coal 
seam aquifer and separate silty-sand aquifer, showed no 
evidence of mixing in one aquifer but changes in a second 
aquifer not along the mixing line of CSG produced waters.   

Overall, seven of nine impoundments over alluvium 
showed chemical changes attributed to mixing with CSG 
produced waters. Chemical changes at four of the eight 
non-alluvial or bedrock aquifers were not attributed to 
mixing with CSG produced waters rather it was suggested 
that changes may be reflective of additional alterations as 
groundwater flows through the sub-surface. Whether 
groundwater flow is altered by CSG produced waters is 
not determined. It is also possible that changes may be 
representative of different groundwater zones in the 
subsurface. 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Skewed 
Reservoir, 
Johnson County, 
Wyoming, USA. 

(Healy et al., 
2008) 

Related evidence 
items: (Healy et 
al., 2005, 2007) 

A preferred 
management option 
for the management 
of CSG produced 
water in the Powder 
River Basin is 
storage in surface 
impoundments. 
There are concerns 
about the fate of 
produced waters as it 
infiltrates the 
subsurface. The 
purpose of this study 
is to determine the 
changes to water 
and sediment 
chemistry as 
produced water from 
an impoundment 
infiltrates the 
subsurface. 

Sediment cores were collected 
before the impoundment was 
used and after its closure and 
reclamation. Water samples 
from beneath the 
impoundment were collected 
using suction lysimeters. The 
study reservoir was 
constructed using colluvial 
sediments and had a capacity 
of 12,000 m

3
. Underlying the 

impoundment was 
approximately eight metres of 
unconsolidated deposits above 
bedrock. Lysimeters were 
installed into sediments prior to 
operation at depths of 3, 4.9 
and 6.7m. One was also 
installed as a control at an 
unaffected site at a depth of 
5.2m. Nineteen observation 
wells were also installed near 
the reservoir. Approximately 
95,00m

3
 of water pumped into 

the reservoir from CSG wells. 
Water samples were collected 
from lysimeters and wells on 
125 dates over 26 months.

 

Only one reservoir 
studied.  

Large amounts of chloride (12,300kg) and nitrate 
(13,500kg as N), most of which had naturally accumulated 
over thousands of years, was mobilised and released into 
groundwater through infiltration. Nitrate was more readily 
transported through the subsurface relative to chloride with 
a much higher percentage of nitrate being removed from 
sediments. A solute plume (dominant ions were sulphate, 
sodium and magnesium) was created in the subsurface 
that at times exceeded 100,000 mg/L at the 6.7m 
lysimeter. TDS concentrations in the plume were greater 
than in the CSG product water and in the ambient shallow 
groundwater. High concentrations of dominant ions were 
attributed to cation-exchanged-enhanced gypsum 
dissolution.  

 

Skewed 
Reservoir, 
Johnson County, 
Wyoming, USA. 

(Healy et al., 

Groundwater 
movement and 
changes in 
groundwater 
chemistry from a 
reservoir, which 

Groundwater transport of 
solutes from a one hectare 
unlined impoundment 
(capacity 12,000m

3
) that 

contains CSG product water 
towards an alluvial aquifer 

Only one reservoir 
studied. 

Total volume of discharged water was 95,000m
3
 and 

rainfall during the two year period that the impoundment 
operated was estimated to be 7,400m

3
. Evaporation over 

the two years was estimated to be 15,000m
3
 with around 

87,400m
3
 infiltrating from the impoundment.  

Soon after the impoundment started to receive water, a 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

2011) 

Related evidence 
items: (Healy, 
2010; Healy et al., 
2012). Study is 
also a 
continuation from 
Healy et al. 
(2008). 

contains CSG 
product water, 
towards an alluvial 
aquifer were 
assessed. 

 

were examined over a six year 
period. The impoundment was 
constructed in an ephemeral 
drainage channel and had 
produced water pumped into it 
from six wells over 
approximately 10 months and 
was removed with land 
reclaimed just over one year 
after pumping ceased. Under 
the impoundment were around 
eight metres of unconsolidated 
deposits consisting of silt and 
very fine to fine sand with 
lesser amounts of clay 
overlaying bedrock. Data were 
collected from a network of 21 
observation wells and three 
suction lysimeters at 
approximate depths of three, 
five and seven metres. Water 
samples were collected 
monthly during the first year of 
the study and quarterly 
thereafter.  

groundwater mound formed above the bedrock. The time 
that it took for groundwater levels to rise at observation 
wells increased with distance from the impoundment. 

 Groundwater chemistry was highly variable given the 
heterogeneity in physical and chemical properties of 
sediments which resulted in complex flow-paths. Dominant 
ions in all areas were sulphate, bicarbonate, sodium and 
magnesium with pH ranging from three to more than nine, 
and TDS ranged from 5,000 to > 100,000 mg/L. 

Groundwater travel time from the impoundment to the 
alluvial aquifer, separated by a distance of 177m, was 474 
days based on selenium concentrations. The primary 
source of solutes in the groundwater is not from the CSG 
produced water rather it is caused by the dissolution and 
mobilisation of naturally occurring salts and minerals of the 
unsaturated zone. 

 

Powder River 
Basin, Wyoming 
and Montana, 
USA. 

(Hammack et al., 
2007) 

The purpose of the 
study was to map 
near-surface aquifers 
and CSG produced 
water plumes in 
relation to infiltration 
impoundments.  

 

Helicopter electromagnetic 
(HEM) surveys were 
undertaken to produce 
airborne conductivity maps for 
seven areas of the Powder 
River Basin over a ten day 
period. Near-surface aquifers 
and produced water plumes 
were mapped.  

The methodology 
used represents a 
rapid assessment 
technique and further 
investigation would 
be required to 
confirm causality.  

An airborne conductivity map of an infiltration 
impoundment shows that water seeping from the 
impoundment appears to dilute or displace the more 
conductive native groundwater. Additionally, a leak from a 
containment basin, which is supposed to be impermeable 
and store water for beneficial use, was detected. The clay 
liner of the containment basin failed and produced water 
reached the permeable strata. Water conductivity at the 
seep was four times the conductivity of the impoundment 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

 water which is likely caused by the dissolution of salts or 
displacement of native groundwater from the strata.  

Arvada, Powder 
River Basin, 
Wyoming, USA. 

(Lipinski et al., 
2008) 

Related evidence 
items (Lipinski, 
2004; Lipinski et 
al., 2007). 

The hydrologic 
effects of infiltration 
impoundments 
containing CSG 
product water were 
investigated using 
helicopter 
electromagnetic 
surveys (HEM). 

The target of the HEM surveys 
within the Powder River Basin, 
a developed CSG region, was 
a thin unconfined aquifer within 
unconsolidated deposits. The 
aquifer is at a depth of 
approximately 2 – 3 metres 
and is underlain by clay that 
prevents vertical movement of 
water to bedrock aquifers. The 
main source of water is the 
Powder River, a losing 
waterway, with additional 
recharge from CSG infiltration 
impoundments. HEM surveys 
were undertaken along survey 
lines spaced 50m apart, 
undertaken in two consecutive 
summers. The HEM data 
provided high-resolution 
images of salinity levels in the 
aquifer. 

None identified. The effects of CSG produced water on the alluvial aquifer, 
via infiltration, were expressed as either an increase in 
TDS within the alluvial aquifer, a dilution of TDS levels in 
the alluvial aquifer, or no determinable difference in TDS 
levels in the alluvial aquifer.  

For example, the local effects of one impoundment 
(4,400m

2
), which had received produced waters (TDS of 

approximately 2,000 mg/L)for 2 – 3 years, increased 
aquifer TDS levels from approximately 2,000 mg/L to 
approximately 6,000 mg/L. There was a natural salt 
accumulation in the soil above the aquifer and the aquifer 
TDS increase is attributed to salt dissolution in the vadose 
zone by infiltration water. A localised decrease in aquifer 
TDS below an impoundment was observed in an area in 
which the native groundwater had high TDS 
(approximately 5000 – 7000 mg/L). Produced water from 
the impoundment created a dilution anomaly within the 
underlying aquifer and no appreciable salt dissolution in 
the vadose zone occurred. The location of vadose zone 
salt accumulations was related to vegetation density, the 
former having dense vegetation and the latter being less 
dense, which may be controlled by depth to groundwater. 

Powder River 
Basin, Wyoming 
and Montana, 
USA. 

(Bobst, 2004) 

CSG produced water 
management using 
infiltration basins to 
recharge underlying 
aquifers may 
degrade aquifer 
water quality given 
the potential for 
geochemical 

The paper provides a brief 
overview of geochemical 
changes associated with CSG 
product water infiltration and 
reports some preliminary 
observations.  

 

Abstract only, 
detailed methods not 
provided.  

Observations of geochemical reactions include an 
increase in TDS from 1,433 to 12,000 mg/L in one well of 
an active CSG product water impoundment primarily 
caused by increased sulphate concentrations, possibly 
from gypsum dissolution and pyrite oxidation, and 
increases in cation concentrations. Reactions are mostly 
occurring in the upper three metres directly beneath the 
pond.  

In contrast, TDS decreased in one well from 2,500 to 925 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

reactions of the 
water as it infiltrates 
through the soil. The 
chemical evolution of 
CSG product water 
as it infiltrates soil 
layers is 
investigated. 

mg/L primarily as a result of sulphate and cations losses. 

 Differences between the two examples are that in the first 
observation infiltration occurred through a previously 
unsaturated zone in which there has been an 
accumulation of salts, and in the second observation the 
impoundment was located in an ephemeral channel, 
alluvial groundwater may have flushed salts, with CSG 
product water having a dilution effect.  

Powder River 
Basin, Wyoming, 
USA. 

(Steinhorst et al., 
2010) 

Discharge of CSG 
produced waters to 
infiltration 
impoundments 
accounted for 
approximately 64 
percent of CSG 
produced waters in 
the study area. The 
study assesses the 
potential for leachate 
from unlined 
infiltration 
impoundments to 
impact shallow 
groundwater. 

Potential groundwater impacts 
were evaluated using 
groundwater compliance data 
for a five year period of 2,013 
impoundments with nearly 
2,300 associated monitoring 
wells or borings. The 
evaluation was based on 146 
impoundments with 170 
monitoring wells that overlayed 
Class III groundwater, which is 
groundwater designated as 
requiring water quality 
protection for livestock use.  
Criteria that were assessed 
included the geologic setting of 
impoundments and associated 
monitoring wells; 
hydrogeologic setting of 
shallow aquifers; groundwater 
geochemical trend; spatial 
distribution of impoundments 
and wells; and the volume of 
water and duration of 
discharge to each 
impoundment.   

Discharge volumes 
for each 
impoundment could 
not be quantified and 
included in analysis 
due to differences in 
monitoring, reporting 
and how production 
water is managed. 
Without discharge 
rates and depth to 
groundwater the 
cause of water 
quality changes 
could not be 
determined. It is also 
suggested that the 
five year period may 
not be sufficient to 
draw conclusions on 
changes to 
groundwater quality 
given the lifespan of 
impoundments was 
estimated to be 
between five and 

Across all hydrogeologic settings 72 percent of monitoring 
wells had stable groundwater chemistry throughout the 
study period, 12 percent had an upward trend of TDS and 
sulphate concentrations, six percent were flushed, and six 
percent had improved water quality.  

There were three types of groundwater systems being 
confined, unconfined, and unconfined with overlying low 
permeability materials. Of the monitoring wells that had 
stable groundwater chemistry (n=122) 50 percent were 
unconfined systems, 33 percent in unconfined systems, 
and 11 percent were unconfined with overlying low 
permeability material systems.  

Of the monitoring wells that had an upward geochemical 
trend (n=20), 70 percent were in unconfined systems, 20 
percent in unconfined with overlying low permeability 
material systems, and five percent in confined systems. Of 
the monitoring wells that showed a flushed trend (n=10), 
50 percent were in unconfined systems, 20 percent in 
unconfined with overlying low permeability material 
systems, and 10 percent in confined systems.   

Of the monitoring wells that showed an improvement in the 
water quality (n=10), 80 percent were in unconfined 
systems and 20 percent were in unconfined systems. It is 
assumed that these wells have been influenced by 
infiltration waters from unlined impoundments.  
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Purpose of study Study methods Potential study 
limitations 

Key findings 

eight years. 

 

 

 

Of the wells in confined systems (n=67), 91 percent had 
stable geochemistry, with upward, flushed, and improved 
trends each accounting for < 3 percent. Of the wells that 
were in unconfined systems (n=70), 57 percent had stable 
geochemistry, 20 percent had an upward trend, 11 percent 
had improved water quality, and seven percent had a 
flushed trend. Of the wells that were in unconfined 
systems with overlying low permeability material, 67 
percent had stable geochemistry, 19 percent had an 
upward trend, 10 percent were flushed, and none had 
improved water quality.  

Overall, unconfined aquifers were more vulnerable to 
water quality changes either from infiltration or natural 
recharge. Confined aquifers were relatively stable.   

Coal Creek and 
Beaver Creek, 
Powder River 
Basin, Wyoming, 
USA. 

(Frost and Brinck, 
2005) 

Related evidence 
items: (Brinck and 
Frost, 2007; Frost 
et al., 2010) 

 

 

The fate and impact 
of CSG product 
water discharged into 
disposal ponds on 
shallow and deep 
aquifers is assessed. 

Strontium isotope data was 
used to distinguish the 
difference between CSG 
product water and 
groundwater, trace infiltration 
through near surface aquifers, 
and to correlate strontium 
concentration changes with 
water quality changes. The 
fate of CSG product water that 
has been discharged into 
disposal ponds was examined 
at two sites, one in which 
produced waters are 
discharged into two in-channel 
ponds and at another in which 
disposal ponds are off-
channel. Monitoring wells were 
established up-gradient of 
ponds and additional nested 

None identified.  Strontium (Sr) isotopes were effective in tracing CSG 
product water infiltration and monitoring TDS increases 
with the 

87
Sr / 

86
Sr ratio of produced water being 

distinguishable from ambient shallow groundwater and 
surface water. At Beaver Creek, in which ponds were in-
channel, both hydrologic monitoring and Sr isotopic data 
shows that infiltration of CSG product water has increased 
groundwater levels at middle and lower sites. The 
groundwater in wells collected down-gradient of CSG 
product water discharge has an intermediate Sr isotopic 
ratio of the CSG product water and ambient water. This 
suggests that around half of the Sr in the groundwater 
wells is CSG product water derived within 32 days of the 
pond being filled indicating that the produced water 
reached a depth of around 11.5m in this timeframe.  

At the lower well site the increase in ratio is minimal 
although concentration increases sharply over time. 
Differences in Sr concentrations between middle and 
lower sites is attributed to the proximity to the stream with 
the middle site, located within the channel, being flushed 
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wells placed between ponds 
and down-gradient of ponds. 
Water sampling at discharge 
points, ponds and wells was 
undertaken three monthly.  

annually whilst lower wells would flush infrequently in 
major floods.  As a result, CSG produced water discharge 
into existing drainages may be less detrimental to shallow 
aquifers compared to discharges into off-channel ponds. 

At the Coal Creek site, with off-channel ponds, Sr isotopic 
ratios were constant although some impacts of CSG 
product water directly below ponds were observed 
although data is limited given the dryness of wells at the 
time of sampling events. Aquifer leakage caused by 
drawdown of adjacent aquifers, resultant of produced 
water withdrawal associated with CSG production, could 
not be determined as there was insufficient water 
production data to analyse Sr ratios. 

Beaver Creek, 
Powder River 
Basin, Wyoming, 
USA. 

(Brinck and Frost, 
2007) 

Related evidence 
items: (Frost and 
Brinck, 2005; 
Frost et al., 2010) 

Strontium isotope 
and concentration 
data was used to 
distinguish CSG 
product water from 
surface and shallow 
groundwater, trace 
CSG product water 
infiltration through to 
near-surface 
aquifers, monitor the 
dissolution of salts 
and their mobilisation 
into groundwater, 
and to detect 
geochemical 
changes with the 
discharge of CSG 
water into in-channel 
ponds.  

CSG produced waters were 
discharged into an upper pond 
which once filled moved 
downstream to fill a second 
larger pond. Three sets of 
nested monitoring wells were 
installed at three locations; up-
gradient from CSG produced 
water impoundments, between 
the two impoundments and 
within the ephemeral channel, 
and down-gradient of from 
both impoundments and off-
channel on the floodplain. 
Water sampling of CSG 
produced waters, ponds, 
weirs, and wells were initiated 
one month after the upper 
pond was filled and every 
three months thereafter for 
three years. 

None identified.  The CSG product water in the study had a higher 
87

Sr/ 
86

Sr 
ratio than the local alluvial aquifer water enabling CSG 
waters to be traced after surface discharge. At the middle 
site, between the two ponds, the Sr ratio was intermediate 
of the water in the upper pond and local groundwater that 
was not impacted by CSG product water. This indicated a 
mixing of strontium from the two sources with CSG 
product water estimated to contribute to around 70 percent 
of water in middle monitoring wells and 30 percent from 
local groundwater.  

The Sr ratio at this location remained constant since the 
first sampling indicating that CSG product water infiltrated 
to a depth of 11.5m in 32 days or flowed through the 
alluvial aquifer from the pond. The chemical similarly 
between Sr and calcium meant that Sr changes are similar 
to precipitation or dissolution of calcium bearing salts. An 
increase in Sr concentrations but not Sr ratios in lower 
wells indicated that accumulated local salts were mobilised 
rather than the salts being directly from CSG product 
waters. 
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Purpose of study Study methods Potential study 
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Coal Creek, near 
Ucross, Wyoming, 
USA. 

(Wheaton et al., 
2007) 

Related evidence 
items: (Wheaton 
and Brown, 2005) 

Changes in vertical 
hydraulic conductivity 
caused by a CSG 
infiltration pond are 
investigated. 

Results on ground-
water quality beneath 
the pond are 
presented in 
Wheaton and Brown 
(2005), although no 
full text was 
available. 

A pond for the disposal of CSG 
product water via infiltration 
was constructed in gently 
sloped uplands 0.4km from the 
Coal Creek channel. 
Monitoring wells were installed 
in and around the pond prior to 
the discharge of produced 
water which was discharged 
for a total of 16 months (total 
inflow 18,900m

3
). The pond 

was dry within 20 months. A 
water budget of the pond was 
developed which utilised 
meteorological data, monthly 
produced water discharges, 
and pond stage and 
groundwater levels. Vertical 
hydraulic conductivity under 
the base of the pond was 
calculated using water budget 
results and water level data.  

One study site only.  Of the total inflow into the infiltration pond (18,900m
3
), 16 

percent was from precipitation and 84 percent from CSG 
produced water discharges. Within 20 months the entire 
volume was lost from the pond through evaporation (5,750 
m

3
) and infiltration (13,100 m

3
).  

Infiltration data indicated that during the initial eight 
months evaporation was the dominant pathway of water 
loss from the pond, and infiltration was the dominant 
pathway from eight to 16 months. After 16 months 
infiltration decreased and evaporation becomes the 
dominant process again.  

This suggests that in the initial stages, as the pond was 
being filled, the unsaturated conditions under the base of 
the pond limited the vertical movement of water but 
preferred flow paths developed as conditions became 
saturated. Once calcium / magnesium salts were flushed, 
which initially limited the SAR of infiltrating water, the SAR 
increased, clays dispersed, and infiltration decreased. 

Vertical hydraulic conductivity calculations, based on the 
assumption that all seepage was vertical and uniform 
across the pond area, provide a similar trend to the 
infiltration rate data. Vertical hydraulic conductivity was 
initially low before increasing to between 0.03 and 0.06 
m/day for a period of approximately seven months. 

NW (32km) of 
Gillette, Wyoming, 
USA. 

(Sowder et al., 
2010) 

CSG product waters 
contain low levels of 
trace metals that can 
accumulate over time 
in retention ponds. 
High arsenic (As) 
concentrations (146 
µg L

-1
) in a pond was 

studied to determine 

A single unlined retention pond 
received CSG produced 
waters that were classified as 
being suitable for agricultural, 
industrial, wildlife, and 
recreational uses. The pond 
had a surface area of 78,200 
m

2
 and had an average water 

depth of approximately 30cm 

None identified, its 
applicability to other 
ponds that receive 
produced waters 
would need to be 
assessed. 

The shallow groundwater underneath the pond was at a 
depth of approximately 1.8m with no mound observed in 
piezometers. Augured holes in the immediate proximity to 
the pond edge were dry until reaching the groundwater. 
Peizometer data suggests that infiltration was minimal or 
that no infiltration occurred and the shallow groundwater 
was not hydrologically connected to the pond.  

During initial years (1999 and 2000) the As concentrations 
were low (< 1 µg L

-1
), but had increased with time being 10 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

the cause and the 
potential for 
groundwater 
pollution through 
infiltration. 

over ten years with a 
maximum depth of 50cm. 
Uncased piezometer holes 
were augured to a depth of 
2.5m or until water was 
encountered to determine 
groundwater levels adjacent to 
the pond and to collect water 
samples for geochemical and 
stable carbon isotope analysis. 
Water samples were 
undertaken once a year in 
summer over a ten year period 
and infiltration tests were 
undertaken. Pond water and 
As balance was performed.  

µg L
-1 

by 2003, and in 2004 was 146.3 µg L
-1

.  

No CSG product water was pumped into the pond for the 
following two years before CSG water discharges re-
started. Arsenic concentrations were significantly lower in 
subsequent years but still relatively high being between 15 
and 22 µg L

-1
. There was no measurable As in the shallow 

groundwater. It is speculated that the pond was self-
sealed with increasing SAR and sodium over time. CSG 
product water at the outfall was between 0.2 and 0.48 µg 
L

-1
 and over time accumulated by semi-continuous inputs.  

 

Tongue and 
Powder River 
Basins, Wyoming 
and Montana, 
USA.  

(Sharma and 
Baggett, 2011) 

Groundwater 
degradation caused 
by the infiltration of 
CSG produced 
waters from 
impoundments is 
examined using 
stable carbon isotope 
signatures of 
dissolved inorganic C 
(δ

13
CDIC). 

Water samples were collected 
from seven sites that had 
monitoring wells up-gradient 
and down-gradient from 
impoundments, all of which 
had received CSG product 
water for a minimum of two 
years with a minimum capacity 
of 12.335 x 10

3
 m

3
. Water 

samples were collected from 
CSG product water outfalls, 
impoundments or retention 
ponds, and in monitoring wells 
twice in autumn, during low 
flows, and once in late spring 
in a period of high precipitation 
and snowmelt. δ

13
CDIC was 

determined, in addition to 

The two-member 
mixing model had 
several limitations 
that were noted. The 
model did not 
account for other 
potential sources of 
DIC in monitoring 
well waters or for 
other water sources 
that contribute to 
monitoring wells. 
Additionally, the 
model does not 
account for 
uncertainty in 
estimated 
proportions from 

The pH of CSG product water increased in the 
impoundments. Water in the impoundments had a pH that 
ranged between 8.31 and 9.41, which was higher than the 
pH of water measured at the outfalls which ranged 
between 7.25 and 8.9 which was likely to be caused by 
carbon dioxide degassing and interactions with soil. 

CSG product water from outfalls and impoundments had 
similar δ

13
CDIC values and were distinctly different to that 

of ambient surface and groundwater in the study area. The 
use of δ

13
CDIC to track the fate of infiltrating CSG product 

water can only be applied in areas where coal seam 
methane is produced by biogenic processes rather than 
thermogenic processes. 

A two-end member isotope mixing model was used to 
estimate the contribution of CSG product water infiltration 
to the shallow groundwater for the autumn period of the 
study. The modelling suggests that both up and down-
gradient monitoring wells have been affected by CSG 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

alkalinity, major anions and 
cations. 

changed isotopic 
composition of end-
members temporally. 

 

product water infiltration which contributed between zero 
and 10 percent of water in up-gradient wells and between 
zero and 14 percent down-gradient. Up-gradient wells may 
have been affected by infiltration caused by a mounding 
effect beneath the surface or the direction of groundwater 
flow may not have been accurately characterised.  

The geochemical composition of groundwater from 
monitoring wells was highly variable although there was no 
discernible difference between monitoring wells in which 
CSG product water was present through infiltration or 
those in which there was no contribution from CSG 
product water. It is suggested that the local lithology is 
more important in determining groundwater impacts from 
CSG product water rather than the composition of the 
CSG product water.  

Beaver Creek, 
Powder River 
Basin, Wyoming, 
USA. 

(Payne and 
Saffer, 2005) 

Related evidence 
items: (Payne et 
al., 2003; Payne 
and Saffer, 2004) 

The fate of CSG 
produced water is 
assessed and the 
proportion that is lost 
to evapotranspiration 
or infiltration is 
quantified. 

 

The fate of CSG product water 
was quantified using a water 
budget for July – November, 
2003, and from March – 
September, 2004. CSG 
product water was discharged 
into two in-channel infiltration 
ponds and four v-notch weirs 
were installed between and 
downstream of ponds to 
quantify surface flow. Four 
monitoring wells were also 
installed to determine changes 
in the shallow aquifer resulting 
from the introduction of 
produced waters. Two 
evaporation pans were 
installed to measure 
evapotranspiration. 

No replication. Evaporation of CSG product water within the study site 
varied between 5.5 and 14.4 percent and decreased with 
decreasing air temperatures. Surface water run-off that 
flowed passed the lower weir and from the study site 
averaged 44.2 percent ranging from 29.9 to 54.2 percent. 
It is probable that a proportion of the surface water that left 
the study site was also lost to infiltration in downstream 
reaches.  

Calculated infiltration from the late summer and autumn 
study period averaged 46.1 percent of the conveyance 
loss ranging from 39.5 to 55.7 percent of total CSG 
product water input throughout the study. Infiltration was 
significantly greater in streams compared to ponds. 
Average calculated infiltration rates were 0.037 and 0.063 
cfs/mi in stream channels with an average width of 0.8m 
and 1.4m respectively. The level of the shallow aquifer 
rose by approximately 30 – 60cm per annum as a result of 
CSG produced water infiltration.   
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4.6 Study summaries: Increased water surface area impact on mosquito habitat  

Table 14. Summary of evidence items that have assessed the impact of CSG produced waters on mosquito habitat. 

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Powder River 
Basin, Wyoming, 
USA. 

(Zou et al., 2006) 

In the study area the 
majority of produced 
water is discharged 
to the surface and 
into detention basins 
which may increase 
the risk of WNV 
given the suitability 
of ponds for larval 
Calex tarsalis, a 
mosquito which is 
the primary vector of 
WNV. 

Landsat TM and ETM_data 
were used to classify spectrally 
distinct water and vegetation 
classes so that suitable larval 
habitat for C. tarsalis could be 
identified (small non-flowing 
waterbodies). Three Landsat 
images were selected (August 
1999, 2001, and 2004) with the 
1999 and 2004 images used to 
detect change over time. The 
2001 image was used as a 
separate validation data set 
and compared against high 
resolution photography. A 
classified image was produced 
of suitable larval habitat.  

None identified within 
study although the 
coarse spatial 
resolution used will 
likely underestimate 
potential larval 
habitats in regions 
whereby the majority 
of water bodies are 
less than 0.8 ha.  

 

The classifier identified likely habitat for ponds greater 
than 0.8 ha satisfactorily (72.1 percent) with a lower 
detection limit of approximately 0.4 ha. Between 1999 and 
2004 there was a 75 percent increase in potential larval 
habitats in the study area which was primarily attributed to 
an increase in small CSG discharge ponds.  

 

Powder River 
Basin, Wyoming, 
USA. 

(Doherty, 2007) 

To determine if an 
increase in surface 
water, associated 
with CSG 
development, and 
potential increase in 
mosquito larval 
habitat had 
increased adult 
populations of West 
Nile Virus vector 
mosquitoes. 

Adult and larval mosquito 
populations were compared in 
four aquatic habitats 
(agricultural, natural, CSG 
development, and upland 
sagebrush steppe). Adult 
mosquito production and West 
Nile Virus (WNV) infection 
rates were compared between 
aquatic habitats with weekly 
sampling in 2004 and bi-
weekly sampling in 2005. 

None identified. Ponds associated with CSG development significantly 
increased the overall population of vector mosquitoes 
(Culex tarsalis) and increased the duration that ephemeral 
larval habitats were wetted.  

The abundance of the West Nile Virus (WNV) vector (C. 
tarsalis) was highest in areas of supplemented water, both 
irrigated agriculture and CSG sites. In a low rainfall year 
the abundance of C. tarsalis decreased in natural habitats 
but increased at sites of supplemented water. Therefore, 
habitat changes and the increase in surface water 
associated with CSG development and irrigated 
agriculture increased mosquito populations relative to sites 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

There were five ponds for each 
aquatic habitat type. 
Differences in adult mosquito 
abundance between aquatic 
habitats was analysed and 
infection rates calculated for 
each species and analysed by 
study area and site for the 
species that had positive 
infection pools in a given year. 

with no supplemented water.  

Larval production of C. tarsalis was similar to or greater 
than levels that occur in natural water sources of the 
region although over longer periods as ephemerality is 
decreased. The areas with the highest C. tarsalis 
population also had the highest WNV mosquito infection 
rates. 
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4.7 Excluded studies from the CSG produced waters impact section 

Table 15. Excluded evidence items and rationale for exclusion from the CSG produced waters impact section. 

Case study location (and reference) Reason for exclusion 

Alabama, USA. (Shepard et al., 1993) The impact of CSG development on water-quality, and fish and benthic invertebrate communities were assessed. 
Only citation found. 

Australia (location undisclosed) (Hansen, 
2010) 

Provides a methodology for determining the threshold electrolyte concentration in soils. Not a case study of 
impacts of CSG produced waters. 

Maramarua, New Zealand. (Taulis 2007) Characterisation of CSG produced waters, not a case study of its impacts. 

Not identified in abstract. (Cui and Ju, 
2011) 

A review of studies, not a case study. 

Osage County, Oklahoma, USA. (Kharaka 
et al., 2007) 

Impacts of produced water from oil wells not coal seam gas wells. 

Osage County, Oklahoma, USA. (Thorsden 
et al., 2007) 

Data report only. 

Powder River Basin, Montana and 
Wyoming, USA. (Cannon and Mason 2007) 

River water quality data report from a coal seam gas production area, however, the contribution of CSG produced 
waters to river water quality is not assessed. 

Powder River Basin, Montana and 
Wyoming, USA. (Carter, 2008) 

Study assesses the impact of CSG produced waters on the geochemistry of the Powder River. No full text 
available. 

Powder River Basin, Montana and 
Wyoming, USA. (Clark et al., 2001) 

Summary of river water quality data from a coal seam gas production area, however, the contribution of CSG 
produced waters to river water quality is not assessed. 

Powder River Basin, Montana and 
Wyoming, USA. (Rice et al., 2005) 

Abstract only, insufficient information. 

Powder River Basin, Montana and 
Wyoming, USA. (Walker et al., 2007a) 

West Nile Virus incidence studied in a CSG area but relative affect of CSG development not assessed. 

 

Powder River Basin, Montana and 
Wyoming, USA. (Walker, 2008) 

West Nile Virus incidence studied in a CSG area but relative affect of CSG development not assessed. 

 

Powder River Basin, USA. (Dawson, 2003) Provides a modelling approach and is not a case study. Abstract only available. 

Powder River Basin, Wyoming, USA. Study characterises CSG produced water and river water which are compared but the impact of produced waters 
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Case study location (and reference) Reason for exclusion 

(Clearwater et al. 2002) on river quality is not specifically investigated. 

Powder River Basin, Wyoming, USA. 
(Jackson, 2004) 

Characterisation of CSG produced waters in disposal ponds and sediments in disposal ponds. Impacts on other 
water bodies not assessed. 

Powder River Basin, Wyoming, USA. 
(Miller, 2008) 

West Nile Virus incidence studied in a CSG area but relative affect of CSG development not assessed. 

Powder River Basin, Wyoming, USA. 
(Milligan and Reddy, 2007) 

Characterisation of CSG produced waters from discharge points and ponds only. Impacts on other water bodies 
not assessed.  

Powder River Basin, Wyoming, USA. 
(Reddy and Milligan, 2008) 

Characterisation of CSG produced waters from discharge points and ponds only. Impacts on other water bodies 
not assessed. 

Powder River Basin, Wyoming, USA. 
(Schmidtmann et al., 2005) 

West Nile Virus incidence studied in a CSG area but relative affect of CSG development not assessed. 

Powder River, Basin, Wyoming, USA. 
(Custer and Sodja, 2003) 

Identification of potentially affected wetlands from CSG development. Not a case study.  

Powder River, Basin, Wyoming, USA. 
(Estes-Zumpf et al 2011) 

Baseline data only, impacts cannot be determined.  

Powder River, Basin, Wyoming, USA. 
(Farag et al., 2010) 

A review of studies which have been individually included in this report. 

Powder River, Basin, Wyoming, USA. 
(Jackson and Reddy, 2007) 

CSG produced water characterisation and changes between discharge points and ponds. The effect it has on 
other water bodies, for example, rivers or groundwater is not assessed. 

Powder River, Basin, Wyoming, USA. 
(Reddy and Jackson, 2009) 

CSG produced water characterisation and changes between discharge points and ponds. The effect it has on 
other water bodies, for example, rivers or groundwater is not assessed.  

Powder River, Basin, Wyoming, USA. 
(Ruckelshaus Institute et al., 2005) 

A review of CSG produced water management options. Primary evidence sources followed up.  

Queensland, Australia. (Averina et al., 
2008) 

CSG production water is treated and discharged into a creek, however, the impact that it is has on the water 
quality of the creek not measured. 

Tongue River, Montana and Wyoming, 
USA. (Cannon et al., 2007) 

River water quality data report from a coal seam gas production area, however, the contribution of CSG produced 
waters to river water quality is not assessed.  

United States of America. (Gulley et al., Presents a statistical model to assess toxicity of produced waters on aquatic fauna. Not a case study.  
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Case study location (and reference) Reason for exclusion 

1992) 

Wyoming, USA. (McBeth et al., 2003a) CSG produced water is characterised but impacts on other water bodies not assessed. 

Wyoming, USA. (McBeth et al., 2003b) CSG produced water is characterised but impacts on other water bodies not assessed. 
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5. Impacts of hydraulic fracturing in coal seams 

The following key impacts were identified in the area of hydraulic fracturing: 

A. Impact on groundwater and air quality (contamination from hydraulic fracturing and surface 

spills) 

B. Induced seismicity 

These impacts are illustrated in the symbols diagram below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hydraulic fracturing is a technique that is used to enhance gas recovery in low permeability 

formations (Jenkins, 2008). The hydraulic fracturing process involves drilling into the target formation, 

as occurs with CSG extraction without hydraulic fracturing, and injecting fluids at high pressure into 

perforated sections of the wellbore, commonly in horizontally drilled sections, to create fractures 

which are held open by proppants which enables natural gas to flow into the wellbore (Chesapeake 

Energy, 2012; U.S. Environmental Protection Agency, 2012).  

There are a range of risks associated with hydraulic fracturing that have been reported, albeit 

primarily in shale formations, such as the contamination of water resources and enhanced seismic 

activity (Balcerak, 2012). The potential contaminants in groundwater resulting from hydraulic 

fracturing in coal seams are varied and include natural gases that could potentially migrate to 

groundwater through the creation of fractures, the mobilisation of geogenic contaminants, or from the 

chemicals used in hydraulic fracturing (Batley and Kookana, 2012).  

The case studies identified in the following sections have assessed the impacts of hydraulic fracturing 

in coal seams to enhance natural gas extraction. With a few exceptions most of the case studies on 

Figure 3. Symbols diagram of the impacts of hydraulic fracturing of coal seams [symbols used in 

diagram courtesy of the Integration and Application Network, University of Maryland Center for 
Environmental Science (ian.umces.edu/symbols/)]. 

http://ian.umces.edu/symbols/
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the impacts of hydraulic fracturing that have been identified in the evidence search is from hydraulic 

fracturing in shale or tight sand formations (for example, Ohio DNR, 2008; DiGiulio et al., 2011; 

Osborn et al., 2011; Myers, 2012; Warner et al., 2012; Molofsky et al., 2013; Vengosh et al., 2013) 

rather than coal seams.  

In comparison to hydraulic fracturing in shale and other tight formations, the stimulation volumes in 

coal seams are relatively small, fluid recovery is high, and depths are generally shallower (Cline, 

2011). Additionally, extraction of methane from shale wells is almost universally dependent on 

hydraulic fracturing to connect natural fractures to the wellbore (Jenkins, 2008). This is not the case 

with coal seams with the depressurisation associated with dewatering often being sufficient except in 

wells that intersect lower permeability coal seams which are usually the coal seams at greater depths 

(Queensland Government, 2010; CSIRO, 2012).  

The case studies presented in the hydraulic fracturing section have assessed the impact of hydraulic 

fracturing in coal seams on groundwater and air quality, in addition to the impact of surface spills 

(Section 5.2), and induced seismicity (Section 5.3). Induced seismicity may be associated with 

hydraulic fracturing or sub-surface fluid injection without hydraulic fracturing. Whilst it is recognised 

that induced seismic activity may occur without hydraulic fracturing, Section 5.2 will include case 

studies of induced seismicity associated with both hydraulic fracturing in coal seams and produced 

water injection into coal seams. Also see Section 6.2 on the impacts of CSG development on human 

health which has evidence items that assess the potential health effects of hydraulic fracturing fluids.  

5.1 Search statistics 

Search phrases and sources 

The following table lists the search phrases and sources used to identify evidence for this review. The 

search results for each search are provided in the format X/Y (Z) of 1
st
 A where: 

X = the number of relevant evidence items found 

Y= the total number of search returns 

Z = the number of relevant returns that had already been found in a previous search  

A = the total number of papers that are searched until the relevance of evidence items 

becomes significantly reduced 
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Table 16. Numbers of relevant evidence items resulting from a stated search phrase and source (hydraulic fracturing in coal seams) 

Search phrases used 
Sources: Relevant/Hits 

Science Direct Wiley SpringerLink JSTOR Trove DOAJ AGRICOLA Google Scholar 

("hydraulic fracturing" 
OR hydrofrac* OR 
fracc* OR frack*) AND 
(chemicals OR fluids) 
AND (contamina* OR 
spill* OR radio* OR 
toxi* OR pollution OR 
leak* OR migration) 
AND (groundwater OR 
"surface water" OR 
aquifer OR "drinking 
water" OR "water 
quality") 

1,721  returns 

CSG n=0 

Shale n=3 

Non-specific=2 

of 1
st
 150 

2,734 returns 

CSG n=0 

Shale n=3 

Non-specific=0 

of 1
st
 150 

667 returns 

CSG n=0 

Shale n=0 

Non-specific=1 

of 1
st
 150 

117 returns
 a
 

CSG n=0 

Shale n=0 

Non-specific=0 

 

 

70 returns
 b
 

CSG n=0 

Shale n=2 (1) 

Non-specific=1 

 

394 returns
 c
 

CSG n=0 

Shale n=1 

Non-specific=1 
of 1

st
 150 

 

187 returns
 d 

CSG n=0 

Shale n=0 

Non-specific=0 
of 1

st
 150 

 

0 / 0 0 / 1 

2,230 returns 

CSG n=0 

Shale n=7 (4) 

Non-specific=5 

of 1
st
 300  

("hydraulic fracturing" 
OR hydrofrac* OR 
fracc* OR frack*  AND 
(seism* OR earthq*) 
AND (coal OR coalbed 
OR shale) 

 

1,760 returns 

CSG n=0 

Shale n=2 (2) 

Non-specific=2 
(1) 

of 1
st
 150 

 

628 returns 

CSG n=0 

Shale n=0 

Non-specific=3  

of 1
st
 150 

 

0 / 420 

of 1
st
 150 

0 / 58 

125 returns
 e
 

CSG n=0 

Shale n=0 

Non-specific=2 
(2) 

 

0 / 43 returns
 f
 

0 / 0 0 / 0 

5,130 returns 

CSG n=0 

Shale n=4(2) 

Non-specific=1 

of 1
st
 200 

 

Note that at the time of the evidence search being undertaken it was not confirmed whether evidence of hydraulic fracturing in formations other than coal seams 
would be excluded. Consequently evidence relating to hydraulic fracturing in other formations was initially included as evident in search terms and results but 
excluded prior to summarising case studies.
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a
 search included first 3 of 4 groups, and number of * reduced as required by respective databases. 

b
 Combined results of books and reports only. 

c
 Results for journals only. 

d
 Results for archived web sites only. 

e
 Results for books, conference papers, reports and journal articles only. 

f
 Results for number of archived websites only. 
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5.2 Study summaries: Hydraulic fracturing in coal seams impact on groundwater and air quality 

Table 17. Summary of evidence items that have assessed the impact of hydraulic fracturing in coal seams. 

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Throughout USA 
including the 
Powder River 
Basin, Black 
Warrior Basin, 
San Juan Basin, 
Central 
Appalachian 
Basin, Raton 
Basin, Uinta 
Basin, Western 
Interior Coal 
Region, Northern 
Appalachian 
Basin, Piceance 
Basin, 
Washington Coal 
Regions, and 
Sand Wash 
Basin. 

(U.S. 
Environmental 
Protection 
Agency, 2004) 

The potential for the 
contamination of 
underground drinking 
water sources from 
the injection of 
hydraulic fracturing 
fluids into CSG wells 
is investigated.  

The United States 
Environmental Protection 
Authority (EPA) hydraulic 
fracturing study was 
undertaken in multiple phases 
that evaluated the theoretical 
potential of hydraulic fracturing 
to impact underground drinking 
water sources, compiled 
personal experiences, and 
collected information on 
hydraulic fracturing practices, 
the composition of fluids and 
additives, hydrogeological 
information of coal seams and 
underground drinking water 
sources, and  incidences of 
water quality incidents 
potentially caused by hydraulic 
fracturing. Relevant 
information was sourced 
through reviewing literature, 
collaboration with other 
agencies, stakeholder 
interviews, and responses to 
EPA requests for information.   

Study conclusions 
based on a review of 
reported incidents 
and associated data 
from state agency 
reports. No 
monitoring was 
undertaken by the 
EPA to investigate 
causes of potential 
contamination. 

During the first phase of the study two mechanisms were 
identified as potentially posing a risk to underground 
drinking water sources from hydraulic fracturing in coal 
seams. One potential mechanism was that fracturing fluids 
could be injected either directly into an underground 
drinking water source in which the coal is located or 
injected into a coal seam that is in hydraulic 
communication with an underground drinking water 
source. The second mechanism is that hydraulic 
communication between an underground drinking water 
source and a coal seam formation is created by the 
hydraulic fracturing. 

Reported water quality incidents from personal accounts 
were varied with many of the issues relating to produced 
water discharges and associated dewatering of coal 
seams. Specific to hydraulic fracturing, reported incidents 
included the surface discharge of fracturing fluids, 
methane migration through conduits created by drilling or 
hydraulic fracturing, and reduced water levels after 
hydraulic fracturing, and poor water quality (visual, taste, 
and odour) after hydraulic fracturing.  

The EPA requests for information received no responses 
from over 500 agencies. Investigation of incident reports 
did not provide conclusive evidence that hydraulic 
fracturing led to reduced water quality in underground 
drinking water sources. It is plausible that water quality 
issues may have been related to natural fractures or 
poorly constructed, sealed or cemented wells rather than 
hydraulic fracturing.  
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

There was a risk of drinking water contamination when 
diesel was used in hydraulic fracturing but it was 
suggested that the large quantities of water removed after 
hydraulic fracturing in addition to dilution and dispersion, 
adsorption, and potentially biodegradation minimised any 
risk on underground drinking water sources.  

EPA also reviewed incidents of drinking water well 
contamination believed to be associated with hydraulic 
fracturing and found no confirmed cases that are linked to 
fracturing fluid injection into CBM wells or subsequent 
underground movement of fracturing fluids. Although 
thousands of CBM wells are fractured annually, EPA did 
not find confirmed evidence that drinking water wells have 
been contaminated by hydraulic fracturing fluid injection 
into CBM wells. The EPA considered there to be no risk of 
contamination to underground drinking water sources 
through hydraulic fracturing and the creation of hydraulic 
communication between water sources given the 
concentrations and flowback of fracturing fluids, and the 
mitigating effects of fate and transport processes. Overall, 
the EPA found no evidence that hydraulic fracturing in coal 
seams presented a risk to underground drinking water 
sources.  

Various locations, 
one case study of 
hydraulic 
fracturing in coal 
seams: Las 
Animas and 
Huerfano 
Counties, Raton 
Basin, Colorado, 
USA. 

Note: Progress 

The potential impacts 
of hydraulic 
fracturing on drinking 
water resources are 
investigated. The 
study focuses on the 
hydraulic fracturing 
of shale formations 
but also includes 
hydraulic fracturing 
of tight sands and 

One of five case studies in the 
EPA report on hydraulic 
fracturing investigates its effect 
when used CSG activities. 
Two study sites were selected 
based on complaints about 
changes to appearance, taste, 
and odour of drinking water 
sourced from domestic wells. 
Potential sources of 
contamination investigated 

Progress report only, 
no results in relation 
to the effect of 
hydraulic fracturing 
have been 
determined at this 
stage of the project. 

Changes throughout drilling, injection of fracturing fluids, 
flowback and production will be monitored, however, at 
this stage of the case study there are no findings in 
relation to the impacts of hydraulic fracturing in coal seams 
on groundwater quality.  
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Report. 

(U.S. 
Environmental 
Protection 
Agency, 2012) 

coal seams. include activities associated 
with CSG development such 
as leaking or abandoned pits, 
gas well completion and 
enhancement techniques, 
improper plugging and well 
abandonment, gas migration, 
and residential impacts. At the 
time of the report only two 
rounds of sampling had 
occurred, six months apart, 
with water samples collected 
from domestic water wells, 
monitoring wells, surface water 
sources, and CSG wells. 

Wyoming, USA. 

(Walker, 2005) 

Note that 
evidence item is 
also included in 
the section of 
CSG 
development and 
gas leakage to 
the atmosphere  

The burning of 
natural gas from 
CSG wells, known as 
flaring, is sometimes 
undertaken when 
gas cannot be 
economically or 
commercially piped 
or for safety reasons, 
often during well 
completion. This may 
release pollutants 
such as nitrous oxide 
and volatile organic 
compounds (VOCs). 
In this study 
emissions caused by 
flaring are 
characterised. 

Flare emissions from CSG 
wells are characterised using a 
fibre optic spectrometer at the 
site of flaring during night-time. 
Measurements have been 
undertaken on completion 
flares and on flaring during 
drilling operations prior to 
completion  

 

Descriptive study 
design. Study 
methods not 
provided in detail 
(e.g. the number of 
samples).  

Sodium and potassium optical signatures were detected in 
well completion flares, elements that were not considered 
to commonly occur in natural gas although sodium 
dissolved in groundwater may be a contributing factor. It is 
speculated that the presence of sodium and potassium 
may be caused by fracturing fluids, which include 
potassium chloride in borate gels, and sodium persulphate 
and sodium tetraborate decahydrate used as breakers. 
The gel is returned to a liquid state with the breaker and is 
flushed to the surface and into the flare. Lithium optical 
signatures were also detected in flares.  

 



 

Page | 123  
 

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Note that there are also several studies in the health impact section that assess potential health effects of chemicals used in hydraulic fracturing.  
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5.3 Study summaries: Hydraulic fracturing in coal seams or produced water re-injection impact on induced 

seismicity 

Table 18. Summary of evidence items that have assessed the impact of hydraulic fracturing in coal seams or produced water re-injection on induced 
seismicity. 

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Trinidad, 
Colorado, USA. 

(Meremonte et al., 
2002) 

A swarm of 
earthquakes 
measuring between 
2.8 and 4.6 M 
occurred over a three 
month period. The 
nearest seismograph 
station was 
approximately 290 
km away and as a 
result there was 
uncertainty on the 
locations and depth 
of earthquake 
events. The study 
aimed to 
characterise and 
locate the 
earthquake swarm, 
and determined 
whether there was a 
potential relationship 
between the disposal 
of CSG produced 
waters through re-
injection and the 
earthquake activity.  

Twelve portable seismographs 
were deployed in the area of 
the earthquake swarm for a 
period of 38 days. Locations of 
earthquakes, the type of 
faulting, fault orientation, fault 
mechanics, and fault 
dimensions were determined 
by evaluating seismograph 
data. To determine whether 
there was a relationship 
between CSG produced water 
disposal and earthquake 
activity the authors used 
criteria of rational assessment 
in relation to study 
observations. The criteria 
consisted of seven questions 
about background seismicity, 
temporal correlation, spatial 
correlation, local geology, and 
injection practices.  

None identified. High quality data was obtained for 39 earthquakes during 
the study period with hypocentres clustered to define a six 
kilometre north-east trending fault plane that dipped 
steeply to the south-east. The upper bound of well-
constrained hypocentres is near three kilometres in depth 
and lower bound is near six kilometres in depth. The 
locations of hypocentres were not at mid-crustal depths or 
at a lateral distance from any well that would reject the 
possibility of induced seismicity from produced water re-
injection. However, hypocentre clusters were not at 
shallow depths directly below more than one well which 
would of provided strong evidence of induced seismicity. 
In answering the questions to the criteria it was 
determined that only three of the seven questions had a 
positive response which means that there was not strong 
evidence that CSG produced water disposal into the sub-
surface environment caused induced seismicity although it 
remains possible. The primary fault movement was normal 
dip-slip, possibly with a small component of left lateral 
strike-dip. 
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5.4 Excluded studies from the hydraulic fracturing section 

Table 19. Excluded studies and rationale for exclusion for hydraulic fracturing in coal seams section. 

Case study location (and reference) Reason for exclusion 

Arkansas, USA. (Kresse et al., 2012) Shallow groundwater study in an area of shale gas production. 

Arkansas, USA. (Waggoner, 2009) Seismic activity study during hydraulic fracturing of shale. 

Colorado, USA. (Colborn et al., in press) Air quality study in an area of shale / tight sand gas production. 

Colorado, USA. (Gross et al., 2013) Study of hydraulic fracturing fluid spills in an area of tight sand and shale gas production. 

Colorado, USA. (Macartney, 2011) Article about hydraulic fracturing operations in coal seams. Not a case study.  

Colorado, USA. (Monsalve et al., 2008) Review of seismic activity and hydraulic fracturing, individual case studies assessed for relevancy. 

New Mexico, USA. (Fehler, 1989) Seismic activity study during hydraulic fracturing at geothermal energy site, not coal seam. 

New York, USA. (Fletcher and Skyes, 
1977) 

Seismic activity and hydraulic fracturing study, not of coal seams. 

No location. (Deeley, 2011) Evaluation of potential release scenarios during hydraulic fracturing operations 

Ohio and Colorado, USA. (Mordick, 2011) Case studies of gas leaks and water contamination associated with shale and tight sand gas production. 

Ohio, USA. (Ohio DNR, 2008). Study on gas invasion of aquifers and house explosion related to shale gas development. 

Oklahoma, USA. (Keranen et al., 2012) Study of seismic activity after well injection. Not in an area of coal seam gas development.  

Oklahoma, USA. (Kharaka et al., 2013) Review of potential groundwater contamination associated with shale gas production.  

Pavilion, Wyoming, USA. (DiGiulio et al., 
2011) 

Study of groundwater contamination in an area of tight sand gas production. 

Pavilion, Wyoming, USA. (Myers, 2012a) Study of groundwater contamination in an area of tight sand gas production.  

Pavilion, Wyoming, USA. (Wright et al., 
2012) 

Groundwater monitoring in an area of tight sand gas development.   

Pennsylvania, USA. (Battelle, 2013) Study on potential groundwater contamination in an area of shale gas production.  

Pennsylvania, USA. (Davies, 2011) Article about methane contamination of groundwater and potential causes in an area of hydraulic fracturing in 
shale. 
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Case study location (and reference) Reason for exclusion 

Pennsylvania, USA. (DEC, 2011) Review of incidents in relation to methane extraction from shale. 

Pennsylvania, USA. (Fletcher, 2012) Assesses the risk of hydraulic fracturing fluids spills in an area of shale gas production.  

Pennsylvania, USA. (Jackson et al., 2011) Article about methane contamination of groundwater and potential causes in an area of hydraulic fracturing in 
shale. 

Pennsylvania, USA. (Molofsky et al., 2013) Study on the sources of methane in an area of shale gas production. 

Pennsylvania, USA. (Osborn et al., 2011a) Study on groundwater contamination in an area of shale gas production. 

Pennsylvania, USA. (Osborn et al., 2011b) Article about groundwater contamination in an area of shale gas production. 

Pennsylvania, USA. (Revesz et al., 2010) Study investigating the origin of combustible gases in drinking water wells in an area of shale gas production.  

Pennsylvania, USA. (Saba and 
Orzechowski, 2011) 

Article on the relationship between hydraulic fracturing and groundwater contamination. 

Pennsylvania, USA. (Schon, 2011) Article about groundwater contamination in an area of shale gas production. 

Pennsylvania, USA. (Vengosh et al., 2011) Study about assessing water contamination by hydraulic fracturing and formation fluids in shale gas production. 

Pennsylvania, USA. (Warner et al., 2012a) Study of aquifer contamination in an area of shale gas production. 

Pennsylvania, USA. (Warner et al., 2012b) Article about study of aquifer contamination in an area of shale gas production. 

Texas, USA. (Das and Zoback, 2011) Seismic activity study during hydraulic fracturing of shale.  

Texas, USA. (Fischer et al., 2008) Seismic activity study during hydraulic fracturing of tight sands. 

Texas, USA. (Frohlich et al., 2010) Study of seismic activity after well injection. Area of shale gas development. 

Texas, USA. (Frohlich et al., 2011) Study of seismic activity after well injection. Area of shale gas development. 

Texas, USA. (Frohlich, 2012) Review of studies on seismic activity after well injection. Area of shale gas development. 

Texas, USA. (Janska and Eisner, 2012) Study of seismic activity after well injection. Area of shale gas development.  

Texas, USA. (Reiter et al., 2012) Study of seismic activity after well injection. Area of shale gas development. 

Texas, USA. (Sileny et al., 2009) Seismic activity study during hydraulic fracturing of tight sands / shale. 

United States of America - focus on 
Marcellus Shale Formation. (Cline, 2011) 

Review of hydraulic fracturing and water aquifer contamination with shale gas production. 
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Case study location (and reference) Reason for exclusion 

United States of America – Marcellus Shale 
Formation. (Aminto and Olson, 2012) 

Spill scenarios with hydraulic fracturing fluids used in Marcellus Shale. 

United States of America – Marcellus Shale 
Formation. (Engelder, 2012) 

Article about groundwater contamination in an area of shale gas production. 

United States of America – Marcellus Shale 
Formation. (Engelder, 2011) 

Article about the distribution of natural fractures above gas shale. 

United States of America – Marcellus Shale 
Formation. (Myers, 2012b) 

Study on potential groundwater contamination pathways from hydraulically fracturing shale.  

United States of America – Marcellus Shale 
Formation. (Rozell and Reavon, 2012) 

Study of water pollution risk associated with shale gas production. 

United States of America. (Atkinson and 
King, 2012) 

Review of extreme weather impact on drilling activities. Not a case study.  

United States of America. (Cronkhite et al., 
2004) 

Secondary evidence, primary source assessed. 

United States of America. (Vengosh et al., 
2013) 

Review of potential risks of hydraulic fracturing in shale.  

Various locations in United States of 
America. (Shemeta et al., 2012a) 

Review of seismic activity during hydraulic fracturing, not in coal seams. 

Various locations in United States of 
America. (Shemeta et al., 2012b) 

Review of seismic activity during hydraulic fracturing, not in coal seams. 

Various locations. (Baig et al., 2012) Review of seismic activity and hydraulic fracturing, individual case studies assessed for relevancy.  

Various locations. (CSIPET et al., 2012) Review of case studies from multiple industries. Relevant evidence items within review identified. 

Various locations. (Davies et al., 2012) Hydraulic fracturing study not in coal seams. 

Various locations. (Davies et al., in press) Review on induced seismicity, not a case study, not on hydraulic fracturing in coals seams. 
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6. Social impacts of CSG development 

The following key impacts were identified in the area of CSG development: 

A. Human health 

B. Economics 

C. Property rights and land use conflicts (legal aspects) 

These impacts are illustrated in the symbols diagram below. 

 

Figure 4. Symbiols diagram of social and economic impacts of CSG development [symbols used in 

diagram courtesy of the Integration and Application Network, University of Maryland Center for Environmental 
Science (ian.umces.edu/symbols/)]. 

Some of the largest concerns about CSG developments relate to the social, economic and health 

impacts that may result. These are the direct impacts on humans that result from physical changes to 

the environment and altered social conditions. 

Health impacts may result from a large number of causes. There is concern in the United States for 

example that a significant number of the products used in drilling and hydraulic fracturing have 

unknown ingredients (e.g. Colborn et al., 2011). There have been inquiries into community complaints 

of nausea, headaches and other symptoms however poor quality monitoring has made it difficult to 

establish the causes of these effects. Mental health impacts from changes resulting from CSG are 

also a concern. 

The economic impacts are shown to include positive and negative changes. There is increased local 

employment, the degree to which is sometimes debated, however the development may result in 

decreased property values due to concerns of environmental damage (Dotson, 2004).  

http://ian.umces.edu/symbols/
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Development of linear infrastructure such as roads and pipes can limit the scale of farming production 

systems. There are clearly land use conflicts that occur and concern is raised regarding the 

appropriateness of the compensation provided to landholders. The scope of current compensation in 

Australia means that many of the potential impacts to farming systems do not need to be 

compensated for (Fibbens et al., 2013). 

6.1 Search statistics 

Search phrases and sources 

The following table lists the search phrases and sources used to identify evidence for this review. The 

search results for each search are provided in the format X/Y (Z) of 1
st
 A where: 

X = the number of relevant evidence items found 

Y= the total number of search returns 

Z = the number of relevant returns that had already been found in a previous search  

A = the total number of papers that are searched until the relevance of evidence items 

becomes significantly reduced 
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Table 20. Numbers of relevant evidence items resulting from a stated search phrase and source (social impacts). 

Search phrases used 

Sources: Relevant/Hits 

Science 
Direct 

Wiley SpringerLink JSTOR Trove DOAJ AGRICOLA Google Scholar 

("coal seam gas" OR 
"coalseam gas" OR "coal 
seam methane" OR 
"coalseam methane" OR 
"coalbed methane" OR 
"coal bed methane" OR 
"coal bed gas" OR 
"coalbed gas") AND 
health AND (public OR 
human OR mental) 

1 / 478 
of 1

st
 150 

0 / 132 0 / 144 0 / 82 

 
 
 

0 / 131
 A

  
 

5 / 638 
B
  

of 1
st
 150 

0 / 0
 
 0 / 0 

8 / 4,630  
of 1st 200 

("coal seam gas" OR 
"coalseam gas" OR 
"coal seam methane" 
OR "coalseam 
methane" OR "coalbed 
methane" OR "coal 
bed methane" OR 
"coal bed gas" OR 
"coalbed gas") AND 
(social OR communit* 
OR conflict OR "land 
use" OR econom*) 

0 / 3,041  
of 1

st
 150 

0 / 394  
of 1

st
 150 

1 / 462 
of 1

st
 150 

0 / 88
 C

 
 

0 / 68
 C

 

 
 
 

6 / 179
 D

  

 
0 / 1,048

 E
  

of 1
st
 150 

 
1 / 166 (1) 

F
 

 
5 / 676 (4) 

B
  

of 1
st
 150 

 

0 / 5 0 / 6 
4 / 14,900 (2) 

of 1
st
 200 

("hydraulic fracturing" 
OR hydrofrac* OR 
fracc* OR frack*) AND 
"public health" 

4 / 1,667 
of 1

st
 150 

0 / 902 
of 1

st
 150 

0 / 2,611 
of 1

st
 150 

0 / 449 
of 1

st
 150 

2 / 182 (1)
 A

  

4 / 111 (2) 
B
 

0 / 6 0 / 0 
4 / 1,980 (3) 

of 1
st
 200 
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"unconventional gas" 
AND (drilling OR 
development) AND 
(agricultu* OR residen* 
OR landholder OR 
social OR communit*) 

4 / 214 (3) 
of 1

st
 150 

0 / 73 0 / 86 0 / 25 
0 / 130 

A
  

2 / 94 (2) 
B
 

0 / 0 0 / 0 
3 / 2,070 (3) 

of 1
st
 200 

("unconventional gas" 
OR "natural gas") AND 
(coal OR coalbed) 
AND (attitud* OR 
beliefs OR conflict OR 
perception) AND 
(landh* OR farmer OR 
agricult* OR 
communit* OR 
residen* OR citizen) 

1 / 5,761  
of 1

st
 150 

0 / 2,634  
of 1

st
 150 

0 / 2,712 
of 1

st
 150 

0 / 3,874  
of 1

st
 150 

0 / 139 
G 

0 / 617 
F
  

of 1
st
 150 

0 / 1,064 
E
  

of 1
st
 150 

2 / 803 (2) 
B
  

of 1
st
 150 

0 / 0 0 / 1 
1 / 17,000 of 

1
st
 200 

A
  Results filtered to include journal articles, conference papers, reports and books only. 

B
 Archived websites 

C
 Search split because it was too long for search engine. The last search group was split with (social OR communit* OR conflict) and ("land use" OR econom*) 

used in combination with the first search phrase group. 
D
  Results filtered to include conference papers and reports only. 

E
  Results filtered to include journal and magazine articles only. 

F
  Results filtered to include books only. 

G
  Results filtered to include reports, conference papers, and thesis only. 
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6.2 Study summaries: CSG development impact on human health 

Table 21. Summary of evidence items that have assessed the impact of CSG development on human health.  

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Tara, 
Queensland, 
Australia. 

(Adams, 2013) 

To investigate health 
complaints of people 
living near CSG 
exploration sites. 

Clinical observation of patients 
and survey to document 
symptoms. 

No medical testing of 
patients, some of the 
symptoms could not 
be determined via 
clinical examination 
and issues such as 
vibration could not be 
investigated. 

Patient symptoms included headache, nausea and 
vomiting, nose bleeds, irritation of nose, throat and eyes, 
various rashes and sores, asthma, pins and needles in 
hands and feet. A smell of gas was reported as well as low 
frequency vibrations. 

On examination the doctor was unable to find any 
objective evidence of the clinical conditions that were 
reported. 

Garfield County, 
Colorado, United 
States.  

(Rossiter, 2008) 

 

 

To evaluate the 
potential public 
health implications 
resulting from 
inhalation of Volatile 
Organic Compounds 
(VOCs) in the 
Garfield County. 

 

Data was collected from 14 
fixed air monitoring sites, eight 
in oil and gas fields, four in 
urban areas and two for rural 
background. Twenty-four 
month sampling period, 24 
hour samples once a month or 
once a quarter. 

Chemicals of Potential 
Concern (COPCs) were 
determined by comparing 
monitoring data for VOCs 
against environmental 
guidelines or comparison 
values. Contaminants 
exceeding the comparison 
values were retained for 
evaluation at each of the sites.  

Infrequent sampling 
that was due to the 
high costs of 
analysing VOCs. 

Please note the 
description of the 
study specifies 
production of natural 
gas but it could not 
be determined what 
type (e.g. shale, tight 
or CSG). 

The health impacts were stated to be ‘indeterminate’ due 
to the poor quality of the data provided. However, the data 
did identity a potential concern with Benzene 
concentrations at one site. This site was within an oil and 
gas area however the study did not determine if it was gas 
activities that were causing the spike in Benzene. 

A number of recommendations were made including 
improvement of monitoring and further investigation of the 
Benzene source. 

United States. 

(Colborn et al., 
2011) 

To identify the 
potential health risks 
of the various 

Chemicals being used in 
natural gas extraction were 
identified from Material Safety 

This is a study of 
chemicals used in 
the United States 

A total of 944 different products were identified as being 
used, however only 131 of these had 95-100% of the 
ingredients identifiable. For 407 products less than 1% of 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

chemicals used 
during extraction of 
natural gas. The 
study was not limited 
to CSG extraction 
methods. 

Data Sheets (MSDSs) and 
also State Tier II reports that 
must be lodged by storage 
facilities. Knowledge of health 
effects was gained from 
MSDSs, government toxic 
databases, the hazardous 
substances database and 
literature searches of 
biomedical studies. Health 
effects were divided into 14 
categories. 

and it cannot be 
assumed these are 
used in Australia. 
Only chemicals with 
a specific CAS 
identification number 
were assessed. All 
that could be 
reported is the 
potential health 
implications since 
actual volumes of 
chemicals used is 
not reported. 

the ingredients were known. 

Reporting on use of chemicals is inadequate to control 
and account for potential health implications.  

Of those chemicals identified: 

 52% could affect the nervous system 

 40% could affect the immune system 

 40% could affect the kidneys 

 46% could affect the cardiovascular system and 
blood 

 25% can cause cancer and mutations 

 37% can affect the endocrine system 

 > 40% have known ecological impacts 

As stated it was impossible to know whether there were 
actual health impacts at sites since the volumes used at 
different sites was not monitored or reported. 

The study makes several recommendations regarding the 
improved monitoring and transparency of chemicals used 
in natural gas projects. 

Wieambilla 
Estate, 
Queensland, 
Australia.  

(DSITIA, 2013) 

To report on a 
community 
monitoring program 
of Volatile Organic 
Compounds (VOCs).  

A community monitoring 
program for VOCs was 
initiated in July 2012 following 
community concerns about air 
quality from nearby CSG wells. 
Participants take samples 
using a summa canister when 
odours are worst. These are 
then sent to a laboratory for 
gas chromatography and mass 
spectrometry in accordance 
with USEPA TO-15 method. 
Passive diffusion sampling 
was also undertaken at 4 sites 

Event based 
sampling driven by 
people smelling 
VOCs may not be 
appropriate. Some 
VOCs require high 
concentrations 
before they can be 
detected by smell, 
others are odourless. 

An assumption is 
made that because 
samples are taken 
when the odour is 

The number of compounds sampled in the canisters 
ranged from three to seven. None of the samples were 
higher than the limits listed in the health guidelines used. 

The number of compounds detected from the diffused 
sampling ranged from four to 18. 

The conclusion made was that levels of detected 
compounds were generally well below guideline levels. 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

and a control site for three 
weeks. Health guidelines from 
three sources were used to 
assess the risk of the samples. 

worst the 
concentrations will 
be higher than other 
sampling methods. 
However given the 
statement above, this 
assumption would 
not hold true for all 
compounds. 

The number of 
samples taken was 
very low and this 
‘limited number’ was 
acknowledged in the 
report. 

Tara, 
Queensland, 
Australia. 

(ERM, 2013) 

To determine 
whether 
environmental media 
sampled (including 
water, soil and air) 
indicate the potential 
for CSG activities 
conducted by QGC 
or other CSG 
proponents to 
produce emissions 
that may impact on 
the health of local 
residents. 

A range of existing datasets 
and new field work was 
undertaken. Field samples 
were taken for soil water and 
air. For specific methods for 
each please refer to the report. 

All field work 
conducted was done 
over a short 
timeframe with 
limited sample 
numbers. However 
the author stated that 
the data sampling 
was suitable for its 
intended use which 
was to identify 
potential issues of 
concern. 

The study was unable to detect any samples that would 
represent a health risk. 

Australia. 

(Leusch and 
Bartkow, 2010) 

This is an overview 
of health regulations 
in Australia related to 
BTEX. It is not a 

Not applicable. Not applicable. An overview of health guidelines and potential impacts of 
BTEX. 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

study that outlines 
impacts at a 
particular site. 

Wieambilla 
Estates, Tara, 
Queensland, 
Australia. 

(Hutchinson, 
2013) 

To conduct a health 
risk assessment to 
determine the 
likelihood of a direct 
physical link between 
the symptoms 
experienced by 
people at the 
Wieambilla Estates 
and exposure to 
CSG related 
activities in the local 
area. 

Symptoms were assessed 
from medical reporting, self 
reporting to government 
services, follow up of people 
who had presented to local 
healthcare providers, and 
contacting of mining 
companies to determine if they 
were aware of any health 
complaints. 

While the study 
identifies symptoms 
from a range of 
sources, the method 
does not appear to 
include any 
assessment of 
environmental data 
from the CSG 
activities. It would 
seem to therefore be 
impossible to 
determine if there is 
a link to the activities, 
given exposures are 
not established. 

The study was unable to determine a link between the 
CSG activities and the symptoms presented. 

Southwest 
Queensland, 
Australia.  

Hossain et al., 
2013) 

The extent of mental 
health problems in 
rural communities is 
examined and the 
impact of the mining 
industry including 
CSG development.  

Twelve workshops, each 3-4 
hours, were conducted in 
locations throughout southwest 
Queensland to explore the 
issues that contributed to 
uncertainty and stress in the 
region, and the measures that 
may be undertaken to address 
the issues. There were a total 
of 239 workshop participants 
across the 12 workshops 
comprising of landholders, 
agribusiness and community 
service providers. Issue-based 
themes were identified and its 

A study limitation that 
is noted by the 
authors is that the 
findings are of 
perceived concerns 
of workshop 
participants only.  

Additionally, the 
relative importance 
of the identified 
issues and the 
proportion of 
participants within a 
community that 

Mining in the region (primarily comprising of coal and 
CSG) was identified a major issue in six rural communities 
(Kingaroy, Dalby, Chinchilla, Miles, Roma, and Charleville) 
which affected health, social fabric, and the economy of 
the community. Social issue-based themes that were 
specific to mining, but not necessarily the type of mining, 
which were identified included fly-in fly-out nature of the 
mining workforce (n=7 communities), relationship 
breakdown as mining stressors increase (n=6), a cultural 
shift from a rural culture to one of mining (n=5), losing staff 
to mining (n=5), and tension between coal seam gas 
workers and the local and/or long-established residents 
(n=4). A measure mentioned in eight of 12 communities to 
minimise mining impacts on communities included the 
implementation of mental health first aid training to mining 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

identification for a given 
workshop was recorded. 

identify with an issue 
cannot be 
determined from the 
methods used rather 
results document a 
non-specified level of 
concern within a 
community.  

Potential selection 
and response bias. 

affected communities. 

A range of other issues were identified such as a lack of 
primary health care services, support services, and 
professional support, and changing community structure, 
high cost of living, high rental costs, and inflated costs, 
however, the relationship between mining and the 
aforementioned issues cannot be determined based on 
study methods and findings.  

Gloucester, New 
South Wales, 
Australia.  

(Jordon, 2010) 

The thesis 
investigates the 
potential loss of 
place that occurs as 
a result of CSG and 
coal mine 
development. 

A methodology was adopted 
that combined survey-based 
quantitative analysis, key 
informant interviews, and 
extensive consideration of the 
literature of place and social 
impact assessment. Potential 
participants were selected 
from a local phone book from 
which businesses and those 
with inadequate details were 
excluded and every third entry 
selected for the survey 
(n=582). A survey was sent 
out and the householder with 
the most recent birthday was 
asked to participate in 
completing the survey. Items 
one to six of the survey 
assessed hypothesised 
variables which may influence 
the loss of place, and items 
seven to 20 assessed the level 
of community concern in 

The author identified 
some sample bias 
towards tertiary-
educated, older 
community 
members.  

 

Results indicate there is a significant loss of sense of 
place by the Gloucester community. However, this is also 
accompanied by an understanding of the benefits that can 
come from the developments. Interviews showed 
significant concern over the lack of community input into 
local decisions. 

Overall there was a high level of concern in relation to 
social and environmental impacts of coal and CSG 
development in Gloucester. On a scale of one to five, 
whereby one is unconcerned and five is extremely 
concerned, the mean level of concern is in order is as 
follows; reduction in water quality (3.86), deteriorating 
human health (3.76), reduced air quality (3.75), loss of 
sense of place and community identity (3.71), damage to 
the landscape (3.70), pressure on local infrastructure 
(3.65), damage to plants and wildlife (3.64), loss of 
agricultural land (3.62), problems for livestock and farming 
(3.62), negative effects on the local economy (3.35), 
conflict within the community (3.33), lowered real estate 
values (3.13), climate change (2.89), and social problems 
related to an influx of workers (2.81). The mean level of 
extreme concern across all impacts was 36.8 percent. The 
proportion of respondents that were extremely concerned 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

relation to 14 potential impacts 
of coal and gas development 
on a five-point scale to 
determine comparative 
concerns in relation to loss of 
place. Items 21 to 32 used 
Likert-type scale items in order 
to determine loss of place. 
There were 203 responses to 
the survey. Data was coded, 
scale items standardised, and 
socio-demographic variables 
were compared to Australian 
Bureau of Statistics data to 
assess sample bias. A 
principal components analysis 
(PCA) was conducted to derive 
factors for each scale and 
current and future concerns in 
relation to loss of place were 
statistically analysed. Semi-
structured interviews were also 
undertaken with 21 key 
informants that were selected 
by snowball and 
opportunistically. 

about loss of sense of place was 45.3 percent. 

There was no statistically significant increase in loss of 
place scores between current and future dimensions that 
assessed whether a perception of future coal and CSG 
development would increase loss of place. There are 
considerable differences in attitude towards coal and CSG 
development within the community with 49.1 percent of 
respondents believing that the developments would have 
a positive impact, of which 34.7 percent expressed some 
concern with potential problems, and 49.5 percent 
believing they would have a negative impact.  

Key informant interviews in relation to place-related issues 
in Gloucester were varied but in relation to mining issues 
anxiety in relation to health impacts was commonly 
identified. Loss of place was greatest with those that had 
experienced lost places, were located in close proximity to 
mining activities, or were at risk of being relocated. The 
economic importance of mining to the region was also 
recognised. 

 

United States. 

(Korfmacher et 
al., 2013) 

This is not a study 
but a commentary on 
how the public health 
perspective should 
be considered in 
setting policy around 
the use of high 
volume horizontal 

This was a review as opposed 
to a study. There does not 
appear to be a method to how 
the review was conducted. 

This is commentary 
not a study. The 
documentation of 
impacts was not 
based on a 
systematic review of 
the evidence. 

The paper outlines a range of potential impacts including: 

 Surface and groundwater quality 

 Air quality 

 Quality of life 

 Worker health 

 Sand and mining transport, and 

 Climate change 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

hydraulic fracturing. References to cases of impact were tracked back to the 
primary source. 

Canada. 

(Krzyzanowski, 
2012) 

 

 

This is a review of 
the potential 
pathways by which 
the “upstream oil and 
gas” sector 
potentially impacts 
on human health. 

There is no particular method 
documented for how the 
review was undertaken. 

The documentation 
of potential pathways 
to human health 
impact was not 
based on a 
systematic review of 
the evidence. The 
impacts are 
considered from a 
broader set of 
developments than 
just CSG 
developments. 

The paper identifies a range of potential pathways by 
which oil and gas developments may impact on human 
health. It identifies a correlation between oil and gas 
activity and an increase in rates of lung cancer, morbidity 
and respiratory disease. However correlation does not 
establish cause and effect and it is also noted that the 
population in the area has higher than average levels of 
alcohol consumption and tobacco use.  

It is suggested that improvements are made to monitoring 
the many potential impacts of developments in order to 
deliver more certainty about causes and effects. 

Australia.  

(Lloyd-Smith and 
Senjen, 2011) 

To provide a briefing 
on the status on the 
regulation of 
potentially toxic 
chemicals used in 
hydraulic fracturing 
to extract CSG.  

The authors have checked the 
national register to determine 
whether assessments have 
been carried out on individual 
chemicals. A non-systematic 
review was conducted to 
discuss the potential impacts 
of key chemicals. 

The review of 
impacts is not 
conducted in a 
systematic review of 
the available 
evidence. 

Only two out of the 23 most commonly used fracking 
chemicals have been assessed by the industrial chemicals 
regulator, The National Industrial Chemical Notification 
and Assessment Scheme. 

The paper lists a number of findings from other papers that 
are summarised in this report.  

Chinchilla, 
Queensland, 
Australia. 

(Lloyd-Smith and 
Senjen, 2012) 

The study examined 
the use and release 
of halogenated 
compounds by the 
CSG industry.  

The study reports on an 
assessment undertaken by the 
National Toxics Network (NTN) 
which reviewed environmental 
impact assessments and 
commercial risk assessments 
submitted by CSG companies 
- see above study by Lloyd-
Smith and Senjen (2011). 
Opportunistic sampling of air 

Non-systematic 
sampling, no control, 
low sample numbers. 

The results of one water sample taken from the top of a 
well-head one day after hydraulic fracturing are reported. 
The sample contained bromodichloromethane (0.016 
mg/L), bromoform (0.35 mg/L), chloroform (0.005 mg/L), 
dibromochloromethane (0.066 mg/L), benzene (0.003 
mg/L), and a range of other metals including chromium, 
copper, nickel, and zinc at non-specified levels. Composite 
water samples also contained phthalates, metals, and 
halogenated compounds including Bis(2-
chloroethoxy)methane (0.12 mg/L). According to ANZECC 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

and water was also 
undertaken by members of the 
community and analysed for a 
range of contaminants. Three 
air samples were collected in 
close proximity to CSG 
activities using Low Level Air 
Canisters over an 8-hour 
period. 

Drinking Water guidelines the concentration of 
bromodichloromethane, chloroform, and 
dibromochloromethane are individually and collectively 
below the recommended levels (0.25 mg/L) but the 
bromoform concentration alone exceeded recommended 
levels (0.25 mg/L). 

Opportunistic air monitoring around CSG activities near 
Chinchilla identified the presence of ethanol and 
chloroflourocarbons (CFCs). Dichlorodiflouromethane 
(also known as R-12 or Freon-12) was detected in all three 
samples at 2.3 – 2.8 µg/m

3
. Trichloroflouromethane (also 

known as Freon-11) was detected in all three samples at 
1.3 – 1.6 µg/m

3
. The source of the CFCs cannot be 

determined as they both can occur naturally.  

Tara region, 
Queensland, 
Australia. 

(Queensland 
Health, 2013) 

A summary risk 
assessment of health 
complaints and 
environmental 
monitoring data. 

Information is taken from a 
series of existing reports and 
conclusions drawn. The 
summary and review process 
is narrative and non-
systematic. 

There is no 
assessment of the 
quality of the 
information sources 
summarised. Some 
of the study designs 
in the information 
used are weak. 

There were no solid links found between emissions from 
CSG activities and health complaints. However the issue 
of solastalgia, which results from rapid changes to your 
environment, was reported. It is acknowledged this could 
result in mental health impacts. 

The report also recommended that further investigation 
into noise generated from the CSG development may be 
warranted. 

Powder River 
Basin, Wyoming. 

(Zou et al., 2006) 

To assess the likely 
changes in habitat 
availability for larval 
habitats for the 
mosquito Culex 
tarsalis. The new 
habitat is focussed 
on the produced 
water ponds from 
CSG development. 

Remote imagery was 
assessed to identify likely 
areas of larval habitat. 
Accuracy assessment was 
carried out using field data and 
aerial photography.  

The method can 
identify habitat 
related to ponds >0.8 
hectares with 72.1% 
accuracy. It cannot 
detect habitat below 
0.4 hectares. 

The study estimated that there was an increase in 
mosquito larval habitat of 75% between1999-2004. This 
increase was primarily due to the increase in the 
installation of detention ponds for produced waters of CSG 
wells. This species is the primary vector of the West Nile 
virus. 
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6.3 Study summaries: Economics (land value, jobs, service industry, farm productivity)  

Table 22. Summary of evidence items that have assessed the impact of CSG development on local economies.  

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Northwest New 
South Wales, 
Australia. 

(Allen Consulting 
Group, 2011) 

To report on the 
likely economic 
impacts of CSG 
development in 
northwest NSW. 

The analysis has employed the 
Monash Multi-Regional 
Forecasting model — a 
Computable General 
Equilibrium model of the 
Australian economy. Forecasts 
were made without the 
proposed development and 
then compared to forecasts 
with the CSG development. 

None of the potential 
negative economic 
impacts on other 
industries appears to 
be considered. 

Significant economic benefits are predicted from the 
development. For example: 

 expand employment opportunities through 
increased economic activity throughout NSW 
increasing to around 2900 ongoing full time 
positions;  

 create 200 direct permanent full time positions on 
the project, and additional direct employment 
during construction peaking at 1800 jobs in 2015;  

 increase the level of NSW gross state product 
(GSP) by 0.20 per cent per annum, adding $15.2 
billion to the state economy out to 2035;  

 increase the gross regional product of Northwest 
NSW by some 3.2 per cent per annum — equating 
to an annual increase of around $470 million in 
today’s dollars (retaining over half of the expected 
increase in NSW’s GSP); and  

 expand national incomes (gross domestic product) 
by an expected 0.04 per cent per annum; and  

 by producing an extra 5GL per annum of water 
from deep coal seams, the potential development 
will benefit agricultural production in the region by 
an average of nearly one per cent per annum 
during the operations phase. 

Wyoming, United 
States. 

(Dotson, 2004) 

To report on the 
conflict arising 
between community 
desire to conserve 
resources but also 

Interviews of different 
stakeholders in Wyoming 
including landholders. 

There is little 
scientific method 
used to derive the 
findings documented 
in this thesis. There 

The thesis outlines the conflicts between protection of 
natural assets and the desire to gain economically from 
CSG at a state and individual level. It describes some of 
the impacts, biophysical and economic, that can be 
experienced from CSG extraction. 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

benefit economically 
from CSG. 

is no transparent 
selection of people 
interviewed, nor 
structure or analysis 
of the interview 
responses. It is 
editorial in nature. 

The overall position taken is that the costs of CSG are 
enormous, but the benefits are only short term, leaving 
individual landowners with degraded land and assets. 

Horseshoe 
Canyon, Alberta, 
Canada. 

(Howard et al., 
2006) 

 

 

An assessment of 
the socio-economic 
impacts of a CSG 
development. 

The study models the costs 
and returns of the 
development under 9 different 
scenarios. It uses economic 
modelling to predict economic 
changes. It does not appear to 
assess social changes. 

While the study 
indicates it is a 
‘socio-economic’ 
analysis, there is no 
social component to 
it. None of the 
potential negative 
social impacts are 
assessed. 

The development at Horseshoe canyon will have a 
significant positive economic impact on Alberta and 
Canada. Estimates resulting from the approximately 
35,000 well development include: 

 Cumulative investment between 2006 and 2026 of 
$9 billion 

 Production revenue of $80-106 billion 

 Addition of $97-123 billion to Albertas GDP 

 Addition of $7-12 billion in GDP outside of Alberta 
in Canada 

 Over 650,000 man-years of employment 

 15-19 billion in taxes and royalties 

North-west, New 
South Wales, 
Australia. 

(Richardson, 
2012) 

This is a critique of 
the economic 
analysis and report 
conducted by Allen 
Consulting for 
Santos.  

Assessment of the 
assumptions and methods 
used to derive the economic 
conclusions in the report. 

It is not clear whether 
the author had full 
access to the set of 
assumptions used to 
underpin the 
modelling. 

The report finds a significant number of problems with the 
economic analysis. Most significantly is the lack of 
consideration of the potential negative economic and 
environmental consequences. Concerns are raised about 
the validity of the estimated increase of 570 public service 
positions. 

It is stressed that the majority of economic benefit will flow 
to shareholders of Santos as opposed to the local 
community with only 30 jobs being expected in the 
operational phase of the development. 

Powder River 
Basin, Wyoming 
and Montana, 

A qualitative 
precautionary 
economic analysis is 

The study initially provides a 
qualitative economic analysis 
using the precautionary 

Study does not 
consider costs of 
foregone 

The benefits and costs for CSG development in the 
Powder River Basin are categorised into three time 
periods; through to 2017 when most CSG is estimated to 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

USA. 

(Skov and Myers, 
2004) 

 

applied to the 
proposed exploitation 
of CSG resources in 
the Powder River 
Basin. 

principle with a particular focus 
on water and soil problems, 
and public subsidies. It draws 
on information from a range of 
projects undertaken in the 
Powder River Basin. The 
distribution of benefits and 
costs of CSG development is 
then tabulated. The study then 
addresses whether the 
analysis should influence 
management of the public trust 
with a focus on changing 
public discussion by looking at 
public trust responsibilities; 
financial tools to shift 
responsibility for damage and 
repair to those that benefit 
from resource exploitation; and 
whether the benefits of CSG 
exploitation in the region justify 
the costs. 

opportunities. have been extracted, from 2017 to 2060, and from 2060 
when groundwater levels have been estimated to return to 
within 95 percent of current levels.  Benefits of CSG 
development through to 2017 include the value of CSG 
extracted to gas companies, compensation for landholders 
with damage agreements, compensation where damages 
can be established in which landholders do not have 
damage agreements, taxpayers in the region will benefit 
from taxes and employment gains, and taxpayers in the 
United States will benefit from short-term gas supply. 
None of these benefits have been determined to extend 
beyond 2017. 

The costs of CSG development to the same groups 
generally extend beyond 2017 and through to 2060. The 
exception is for gas company costs associated with 
development and compensation expenses which is limited 
to the period to 2017. Costs associated with landowners 
with or without damage agreements through to 2017 
include disruption of current uses and well contamination, 
and for those without agreements the cost of establishing 
that damages occurred. For 2017 to 2060 landholders 
costs include lowered water table, potential soil damage 
and contamination, and decreased economic value of 
land. From 2060 costs for landholders are associated with 
continued impacts on water and soil, and potential 
decrease in economic value.  

CSG development costs for citizens of the development 
region through to 2017 were a loss of landscape, 
decreased recreation value, and lowered water supplies 
estimated to be worth between two and 10 billion dollars. 
From 2017 to 2060, associated costs that were identified 
included the lowering of regional water supplies, and loss 
of landscape or costs associated with remediation. From 
2060, costs that were identified include continued 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

remediation expenses or lowered value of impacted lands.  

CSG development costs for the citizens of the United 
States to 2017 include subsidies to gas companies, and 
from 2017 to 2060 and onwards identified costs included 
continued depreciation tax breaks, potential long-term 
burden of regionally degraded hydrology and remediation 
of damaged lands. 

Overall, it was determined that the benefits to CSG 
development occurred in the short-term whilst the costs 
were ongoing over long periods of time. Additionally the 
benefits were generally limited to exploiting companies 
with minimal spill-over to the public. However, 
comparisons of benefits and costs is limited by inherent 
differences in that benefits are well defined whilst costs 
difficult to quantify.  

Powder River 
Basin, Wyoming, 
USA. 

(Shalhevet, 2009) 

A model for multiple 
stressor analysis of 
the ecosystem and 
derived human 
values is constructed 
to make policy 
recommendations on 
maximising 
economic profits 
whilst minimising 
social costs and 
environmental 
damage. 

Adverse effects of CSG 
development were assessed in 
18 sub-watersheds across a 
range of scenarios. Social, 
economic and environmental 
impacts were incorporated into 
a single score model using an 
economic valuation approach. 
There were five major 
indicators of project impact 
which included two financial 
indicators being company 
profits, and income from taxes, 
and three stressors being 
impact on agriculture, 
biodiversity, and landscape. 

Study does not 
consider costs of 
foregone 
opportunities. 

The economic valuation of different water management 
alternatives (surface discharge, infiltration impoundment, 
and active water treatment) measured as net present 
value for 16 years show that company impacts are positive 
with the current water management strategy, being 
surface water discharges, but the impact of stressors and 
net project value are negative.  However, improved water 
management strategies result in a total net economic loss. 
Under all three water management scenarios the stressors 
are greater than company profits resulting in a total 
negative net value from the project. Environmental costs 
are primarily caused by the loss of scenery measured by 
willingness to pay for forest conservation. There are also 
differences between the sub-watersheds with six of 18 
having a positive net value. Overall, the total benefits are 
lower than the value of social and environmental stressors 
but not in all areas. 
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6.4 Property rights and land use conflict 

Table 23. Summary of evidence items that have assessed the impact of CSG development on property rights and land use conflict. 

Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Wyoming, United 
States.  

(Dotson, 2004) 

To report on the 
conflict arising 
between community 
desire to conserve 
resources but also 
benefit economically 
from CSG. 

Interviews of different 
stakeholders in Wyoming 
including landholders. 

There is little 
scientific method 
used to derive the 
findings documented 
in this thesis. There 
is no transparent 
selection of people 
interviewed, nor 
structure or analysis 
of the interview 
responses. It is 
editorial in nature. 

The thesis outlines the conflicts between protection of 
natural assets and the desire to gain economically from 
CSG at a state and individual level. It describes some of 
the impacts, biophysical and economic, that can be 
experienced from CSG extraction. 

The overall position taken is that the costs of CSG are 
enormous, but the benefits are only short term, leaving 
individual landowners with degraded land and assets. 

New South 
Wales, Australia.  

(Fibbens et al., 
2013) 

This paper compares 
the legal and 
physical impacts of 
coal seam gas 
infrastructure on 
private lands with the 
current provisions of 
the NSW Petroleum 
(Onshore) Act 1991 
and questions if the 
present 
compensation 
provisions match the 
injury inflicted upon 
the holders of private 
land by coal seam 
gas occupation.  

Potential impacts are identified 
from field observations and 
through interrogation of the 
Australian Senate and New 
South Wales inquiries. The 
practical operation of the NSW 
Petroleum (Onshore) Act 1991 
and the issues affecting 
landholders (including 
compensation) is considered 
by assessing the case of 
Halfpenny Investments Pty Ltd 
V Sydney Gas Operations 
(Mining Warden) 2003/44. 

It is unlikely that all 
potential impacts will 
have been identified 
from an assessment 
of the hearings 
however it was 
probably suitable for 
this purpose. There 
is limited 
understanding of the 
application of 
compensation to 
CSG cases given 
there have been so 
few. 

The Petroleum (Onshore) Act 1991 does not provide a 
process for property acquisition beyond the normal 
property market. The Act does provide powers to enter 
land and occupy it for the purposes of exploration and 
production subject to an access arrangement being in 
place with the landowner. If an access arrangement 
cannot be made then the Act provides an arbitration 
process. Landowners can therefore not refuse access to 
their land. 

Occupancy from CSG producers may range from 10 years 
to estimates of 40 years. They are permitted to install 
wellheads, roads, water storage and other ‘improvements’ 
to facilitate extraction. 

While there has been a long history of precedent around 
the setting of compensation related to compulsory 
acquisition of land for easements etc, the Petroleum Act 
1991 has markedly different provisions. 

The Act does not make provision for impacts of the CSG 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

works on the whole of the property, only for the direct 
impacts of works. For example, if a road splits an existing 
cropping paddock in half it will not facilitate compensation 
for the reduced cropping value of that paddock, only the 
lost production that would have been where the road is.  

In a QLD case of Sullivan vs. Oil company of Australia and 
Santos the judge awarded damages of $95,760 for lost 
property market value however this was overturned on 
appeal because there is no provision for ‘injurious award’. 
It is possible that there will be a stigma associated with 
land where CSG has been due to concerns about aquifer 
damage etc.  

There are multiple aspects of compensation that are not 
accounted for in NSW legislation. The author suggests 
there is much work to be done in order to ensure fair 
compensation arrangements. 

Eastern Australia. 

(Lloyd et al., 
2013) 

To investigate the 
group dynamics 
involved in anti-CSG 
groups. The 
interviews conducted 
also document some 
impacts from 
individuals. 

Action research approach. 
Interviews were conducted 
with anti-CSG group members 
and a ‘systems thinking’ 
approach is used to assess the 
interactions and dynamics in 
the groups.  

In terms of the focus 
of the search the 
identification of 
impacts is very 
limited because it is 
restricted to 
interviewed parties 
who are few in 
number and not 
randomly selected. 
Impacts documented 
from interview were 
not substantiated 
with monitoring. 

Excluding the findings related to anti-CSG group 
dynamics, the impacts documented by interviewed parties 
included: 

 Land and water quality 

 Lack of landowner rights 

 Noise pollution 

 Personal health – e.g. headaches and stress 

 Lack of research and regulation 

 Damage to productive land 

 Water quantity 

Upper Hunter 
region, New 
South Wales, 

Land-use conflicts 
and the future of 
rural life in the Upper 

The study qualitatively 
examines competing scripts 
used in land use conflicts, 

Evidence has been 
non-systematically 
applied to provide an 

Scripts of rural life highlight the importance of food, water, 
and soils in relation to land-use and the environment 
leading to landholders challenging the expansion of coal 
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Case study 
location (and 
reference) 

Purpose of study Study methods Potential study 
limitations 

Key findings 

Australia. 

(McManus and 
Connor, 2012) 

Hunter region are 
examined in area of 
extensive coal 
mining, the arrival of 
CSG development, 
horse breeding, 
viticulture, 
agriculture, and 
urban living. 

specifically the increasing 
development of coal mining 
and CSG production, and the 
impact it has on local 
communities. The types of 
scripts used in this study are 
commonly used lines of 
argument or themes that are 
responses to a problem. They 
are used to gain an 
understanding of the social life 
of farmers and rural residents 
in relation to land-use conflicts. 
Resident scripts are examined 
in relation to industry scripts 
and issues around 
environmental, economic and 
socio-cultural impacts of coal 
mining and CSG development. 
The study also draws on data 
derived from previous studies 
of rural life undertaken by the 
authors in the study region in 
addition to historical 
documents, planning studies, 
census data, and media 
analysis.  

insight into rural life 
and land-use 
conflicts.  

 

 

mining and CSG development. There is resistance to CSG 
mining by rural industry groups including the thoroughbred 
and viticulture industries. In contrast, the mining industry 
scripts suggest a co-existence with farmers and counter 
concerns with scripts that provide assurances on an ability 
to co-exist with farmers. The CSG industry primarily 
employs scripts that focus on sustainability, job creation, 
and safe co-existence with rural life. Amongst rural 
residents in areas of open-cut mining there is concern that 
villages will be lost to mining expansion or viability will be 
reduced. There was also increased environmental distress 
in mining impacted areas, primarily coal mining rather than 
CSG, compared to non-mining impacted areas. In 
response to land-use conflicts and expansion of mining 
rural residents have become more reflexive, politically-
aware, and perceive themselves to be stewards of the 
land.  
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6.5 Excluded items for the social impacts of CSG development section 

Table 24. Excluded studies and rationale for exclusion for social impacts of CSG development section. 

Case study location (and reference) Reason for exclusion 

Australia. (Castleden et al., 2011) To outline some of the potential health concerns of coal mining.  

This is a non-systematic review and does not relate to CSG. It is therefore excluded. 

Australia. (CEDA, 2012) A discussion paper on the challenges and opportunities of unconventional gas production in Australia including but 
not limited to CSG.  

This is a non-systematic review and is therefore excluded. 

Australia. (RATRC, 2011) This is a Senate inquiry to investigate the impact of mining CSG on the Murray Darling Basin.  

Senate inquiries do not involve assessing the quality of the statements and evidence provided. They also do not 
include a comprehensive search for all available evidence. This item may therefore be used in a context setting 
manner but the design of the inquiry limits its value to forming evidence-based conclusions. 

Australia. (Senate Committee, Environment 
Communications and the Arts References 
Committee, 2009) 

The hearing was to discuss the status of mining and its impact in the Murray Darling Basin. This is a senate 
committee hearing. It has no study method outlined.  

The hearing allows representatives to put forward opinions on aspects of the hearing issue. It is not a study and 
has been excluded. 

Barnett Shale East Newark Field, Texas, 
USA. (Rich and Crosby, 2013) 

This study assesses the occurrence of radioactive material TENORM in reserve pits. The study is however 
focussed on tight sand gas reserves as opposed to CSG so is excluded from this study. 

Canada and USA. (DeGagne and Burke, 
2003) 

To report on a series of applications of noise reduction technology by the authors company.  

This study was excluded as it did not assess the impact of noise on human populations. It focuses on the benefits 
of utilising services from the authors company and is therefore excluded. 

Canada and USA. (DeGagne and Burke, 
2008) 

This study was excluded as it did not assess the impact of noise on human populations. It focuses on the benefits 
of utilising services from the authors company and is therefore excluded. 

Garfield County, Colorado, USA. (McKenzie 
et al, 2012) 

To estimate the health risks from air emissions from an unconventional natural gas development project in Garfield 
County. 

This is excluded because it is in tight sands. 

Intermountain west, USA. (Bryner, 2003) To review the impacts of Coal bed methane (CBM).  

This is a review only and therefore excluded from inclusion. 

New Jersey, USA. (Burger, 2012) Study on citizen rating of worry about energy sources including the gas industry but not specific about the type of 
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Case study location (and reference) Reason for exclusion 

gas industry (e.g. conventional vs. unconventional) and undertaken in an area that does not extract methane from 
coal seams. 

New South Wales, Australia. (EDO, 2011) This is a submission to a NSW Legislative Council Inquiry into coal seam gas. It is not a study.  

This document has been excluded as it does not include results of CSG impacts. 

New South Wales, Australia. (General 
Purpose Standing Committee No. 5, 2012) 

This was a hearing, not a study and is therefore excluded. 

New South Wales, Australia. (NSW 
Government, 2011) 

This is not a study but a scoping paper to discuss elements of a Coal and Gas Strategy to be developed. It is 
therefore excluded. 

New York, USA. (Garrison et al., 2011) Reviews potential impacts of hydraulic fracturing in shale formations on human health. Evidence is not drawn from 
hydraulic fracturing in coal seams and is therefore excluded.   

Not location specific. (UNEP-GEAS, 2012) This is a short discussion paper about the impacts of gas fracking to inform policy makers. The document was 
checked for primary sources, however the document itself is excluded as it is a secondary source that is not 
systematically derived. 

Pennsylvania, USA. (Jacquet, 2012) Study assesses landholder attitudes towards natural gas and wind farm development. Study in an area that 
extracts methane from shale formations rather than coal seams and is therefore excluded.  

Powder River Basin, Wyoming, USA. 
(Coupal, 2005) 

Reviews economic issues associated with CSG development. Has been excluded as it is a review but primary 
evidence that has been cited has been identified and included if relevant. 

Powder River Basin, Wyoming, USA. 
(Coupal and Peck, 2003) 

A regional investment analysis of CSG development. Only a citation found. 

Queensland, Australia. (Rickson, 2012) The study assesses the current social impact assessment process as it relates to CSG in Queensland. While it 
may be useful in setting context it does not present cases of social impact and is therefore excluded. 

Spain. (Rojas-Rueda, in press.) Article on public health effects of hydraulic fracturing in Spain. Not in English language, does not appear to be a 
case study, and is excluded. 

Surat Basin, Queensland, Australia. (Greer 
et al., 2011) 

The report focuses on the community action groups that have been mobilised in response to CSG development 
and the potential threats to agriculture and rural communities resulting from CSG development. The report 
discusses observations from a specific region but results are not derived from scientific method.  

Texas, USA. (Gullion et al., 2011) Reviews potential impacts of hydraulic fracturing in shale formations on human health. Evidence is not drawn from 
hydraulic fracturing in coal seams and is therefore excluded.   

Texas, USA. (Theodori, 2009) Examines social issues associated with shale gas development rather than coal seam gas development and is 
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Case study location (and reference) Reason for exclusion 

therefore excluded.  

United States of America. (Jenner and 
Lamadrid, 2013) 

Study examines the major environmental impacts of shale gas, conventional gas and coal on air, water, and land 
in the United States, and the relative impacts of the energy sources on public health. Natural gas extraction from 
coal seams (unconventional) not included in the assessment. 

United States of America. (Michaels et al., 
2010) 

Some case studies on the impact of CSG development are summarised but is comprised of secondary evidence. 
Primary evidence sources from report assessed. 

United States of America. (Orem et al., 
2007) 

The study details impacts from coal as opposed to CSG and is therefore excluded. 

United States of America. (Orem et al., 
2010) 

The study details impacts from coal as opposed to CSG and is therefore excluded. 

United States of America. (Perry, 2012) Item proposes a framework to assess societal costs of various forms of natural gas extraction but is not a case 
study and is therefore excluded.  

United States of America. (Weber, 2012) This is an assessment of the job creation from shale gas developments as compared to the estimated benefits 
pre-development. It is shale focussed so is excluded. 

United States. (Truelove, 2012) This study assesses a series of people’s perceptions about coal, nuclear, natural gas and wind power. 
Perceptions assessed include the positive or negative response to images of the energy form and links to climate 
change. It does not present cases of social impact and is therefore excluded. 
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7. State of the evidence, uses and recommendations 

7.1 State of the evidence 

The following points are observations of the state of the evidence available for the questions 

investigated. 

 The evidence base that was developed has identified a large number of potential impacts 

from CSG development. However, it should be noted that a lack of evidence for an impact 

cannot be taken as evidence that an impact does not exist. 

 Overall, for an industry of high significance in Northern America, the volume of good quality 

evidence appears low for certain aspects of the CSG extraction process, particularly in 

relation to social impacts and the impacts of hydraulic fracturing in coal seams. The recent 

research focus tends to be on the impacts of methane extraction from shale formations rather 

than coal seams, particularly in the United States where shale gas has increased in 

importance in recent times.  

 The quantity of evidence available to characterise the potential impacts of CSG varies 

considerably between areas of interest. There are likely to be numerous reasons for this 

variation, none of which has been assessed, but it may be related to factors such as the 

prevalence of a threatening process, degree of risk, and ease of investigation. The number of 

unique studies for each area of impact is listed in Table 25 (note that this count does not 

include excluded items or studies that have been published multiple times with or without 

additional information). 

Table 25. Number of included studies for each impact. 

Area of impact Sub-area of impact Number of 
included studies 

CSG wellbore 
construction and 
production  

impacts on terrestrial fauna 11 

 impact on land condition  5 

 gas leakage to the atmosphere 4 

 migration of methane and other contaminants to the 
near-surface environment (aquifers and soils) 

6 

 groundwater drawdown 10 

CSG produced 
waters 

discharge to surface waters and impact on rivers and 
tributaries 

18 

 discharge to surface waters and impact on aquatic fauna 17 

 land application impact on soil, plants and near surface 
groundwater level 

25 

 infiltration from impoundments and impact on soil and 
groundwater 

13 

 increased water surface area and impact on mosquito 
habitat 

2 

Hydraulic fracturing impact on groundwater and air quality  3 
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in coal seams 

 induced seismicity 1 

Social and economic human health impacts 15 

 economic impacts 6 

 property rights and land use conflict 4 

 

 A significant proportion of the CSG evidence identified was from the Powder River Basin, 

Wyoming in the United States. There are likely to be a range of factors that are unique to the 

Powder River Basin (for example hydrogeology and produced water composition), which may 

alter how cause-and-effect relationships are characterised. Evidence is more useful to 

characterise cause-and-effect when it is drawn from a variety of locations since this allows for 

better identification of factors that result in the effect. 

 The volume of evidence available for individual impacts does not necessarily correspond with 

community concern. For example, hydraulic fracturing in coal seams would appear to be one 

of the highest community concerns, however only three evidence items were included. In 

comparison, while CSG produced water has been raised as an issue, its prevalence in the 

community debate is not perhaps representative of the range and severity of impacts that can 

result from its improper management. 

 There is a considerable volume of evidence available for shale and tight natural gas 

developments. This evidence is excluded in this report and care would need to be taken in 

including these items for CSG assessments. For example, while hydraulic fracturing is used in 

the extraction of methane from both coal seams and shale, there are inherent differences in 

the properties of coal seams and shales that affect the hydraulic fracturing process and the 

potential risk it has on the environment. Therefore the hydraulic fracturing impact evidence 

from other sources such as shale and sandstone may not be readily transferable. 

7.2 Review limitations 

Every review of evidence has limitations. Particular limitations of this study are as follows. 

 The search for grey literature was mostly confined to the United States and Canada. There 

are other places in the world that CSG development occurs. 

 The response rates for the direct contact of people involved in CSG impact assessment and 

research was relatively poor. Grey literature was therefore mostly identified via desktop 

searches. 

 The assessment of study limitations was not conducted by technical specialists. While 

generalists can identify common flaws in study method we would recommend the funding of 

specialists to undertake this should any synthesis be conducted from these findings. 

7.3 Potential uses of this review and recommendations 

The identification and summary of existing case studies, sorted according to areas of impact, provides 

interested parties with a useful reference to familiarise themselves with the evidence base. Its 

potential applications are broad and include: 
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 underpinning efforts to better inform stakeholders 

 ensuring that development assessments consider all possible impacts 

 defining research gaps needing further investment. 

In regard to using this search and summary as the basis for formal systematic review and synthesis, 

the volumes of evidence found means that a review is likely only beneficial for CSG produced waters 

impacts. 

Given the large number of potential applications of this search and summary and the increase in 

Australian research activity in this area, it is suggested that a regular process of updating this 

evidence base be considered and that it be made publically available.  
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