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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government nor any agencies thereof, nor any of 
its employees makes any warranty, expressed or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed or represents that its use would not infringe on privately owned 
rights. Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply endorsement, 
recommendation, or favoring by the United States Government or any agency thereof. The 
views and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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ABSTRACT 

The purpose of this project was to manage the Western Resources Project , which 
included a comprehensive, basin-wide set of experiments investigating the impacts of coal bed 
methane (CBM; a.k.a. coal bed natural gas, CBNG) production on surface and groundwater in 
the Powder River Basin in Wyoming. This project included a number of participants including 
Apache Corporation, Conoco Phillips, Marathon, the Ucross Foundation, Stanford University, 
the University of Wyoming, Montana Bureau of Mines and Geology, and Western Research 
Institute. 
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EXECUTIVE SUMMARY 

The purpose of this project was to manage the Western Resources Project, which 
included a comprehensive, basin-wide set of experiments investigating the impacts of coal bed 
methane (CBM; a.k.a. coal bed natural gas, CBNG) production on surface and groundwater in 
the Powder River Basin in Wyoming. This project included a number of participants including 
Apache Corporation, Conoco Phillips, Marathon, the Ucross Foundation, Stanford University, 
the University of Wyoming, Montana Bureau of Mines and Geology, and Western Research 
Institute. 

The details of all six research projects conducted under the Western Resources Project 
were published by the Wyoming State Geological Survey: 

Zoback, M.D. (ed). 2005. Western Resources Project Final Report - Produced Groundwater 
Associated with Coalbed Natural Gas Production in the Powder River Basin. Wyoming 
State Geological Survey Report of Investigations No. 55. 

The Report of Investigations No. 55 will serve as the final report for JSR Task 29, 
"Management and Development of the Western Resources Project" in its published form (see 
attached). 
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Copy of Chapter 3 

Assessment of the Environmental Impacts of Coalbed Natural Gas Development in the Powder 
River Basin (Use of coalbed natural gas-produced water for cropland irrigation) 

From Report of Investigations No. 55 

Western Resources Project Final Report - Produced Groundwater Associated with Coalbed 
Natural Gas Production in the Powder River Basin 

Mark D. Zoback, Editor 
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Abstract 
Water quality issues are at the forefront with regard 

to the development of coalbed natural gas reserves in the 
Powder River Basin (PRB). The practice of discharging 
large volumes of water into drainage channels or using 
it to irrigate rangeland areas has the potential of causing 
serious problems with regard to salinity and sodicity of soils. 
The primary problems associated with salinity are related 
to the ability of plants to take up water to facilitate the 
biochemical processes of photosynthesis and plant growth. 
As the solution electrolyte concentrations of the soil increase, 
plants dependent on their level of salt tolerance will become 
less able to absorb the amounts of water needed. As a result, 
the plants are not able to function at high levels and the 
plant will grow at slow rates or die. 

It is very important to make sure that water applied to 
soils meets the favorable combination of salinity and sodicity 
that will allow the plants to grow at good production levels 
and that will maintain the structure of the soils. Each soil 
will react differently to the chemistry of the water applied 
and the method of application. Therefore, a research 
effort that includes studies of the interactions of various 
parameters with the soil types found in the area should be 
conducted so that produced water from coalbed natural gas 
(CBNG) operations can be used in an environmentally safe 
manner. 

The overall purpose of this research effort is to 
evaluate the chemistry of produced waters generated at 
various locations in the PRB with regard to salinity and 
sodicity and to determine how such waters will impact the 
physical and chemical nature of soils in the vicinity of active 
production. 

Work accomplished during Year 1 of the project 
included the literature review, collection of materials for 
laboratory evaluations, characterization of soils present 
at the Cooksley Ranch study site and the coalbed natural 
gas produced water projected to be used for irrigation, 
installation of field plots using sulfur and gypsum 
amendments, purchase and installation of a side-roll 
irrigation system, and installation of the water treatment 
system that included gypsum injection and acid addition 
using a sulfur burner. Irrigation was initiated during the 
latter part of the irrigation season. During Year 2, the 
research effort was initiated with the application of soil 
amendments to the field plots followed by the initiation 
of CBNG produced water. The water treatment activities 
were also started. The availability of produced water 
became an issue early in the growing season as the expected 
quantity of water changed from 300 gpm to 40 gpm. As a 
result, irrigation activities were modified to include the plot 
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areas only. The areas outside of the research plots were 
irrigated with Piney Creek water only. As a result, the water 
availability issue did not impact the integrity of the research 
effort. Soil samples were collected after the growing season 
and are currently being analyzed. Infiltration evaluations 
will be completed during the spring of 2005 prior to the 
application of amendments to the field site. 

Background 
Water quality issues are at the forefront with regard to 

the development of coalbed natural gas (CBNG) reserves in 
the Powder River Basin (PRB). Large quantities of water are 
being discharged as part of the process of releasing gas from 
the coal. The excess of produced water is causing concerns 
from several points of view. The drawdown of water in the 
coal aquifers is causing major concerns from landowners 
and others such as those worried about future generations 
and the availability of water. In addition, the dilemma of 
how to use the water in worthwhile, environmentally sound 
applications is currently under consideration. The practice 
of discharging large volumes of water into drainage 
channels or using it to irrigate rangeland areas has the 
potential of causing serious problems with regard to salinity 
and sodicity of soils. Some waters currently being disposed 
of in the PRB are of such quality that land application 
should not cause any significant problems. However, there 
is evidence that some of the CBNG-produced waters will 
cause problems with salinity and sodicity. 

The primary problems associated with salinity are 
related to the ability of plants to take up water to facilitate 
the biochemical processes of photosynthesis and plant 
growth. As the solution electrolyte concentrations of the soil 
increase, plants dependent on their level of salt tolerance will 
become less able to absorb the amounts of water needed. As 
a result, the plants are not able to function at high levels and 
the plant will grow at slow rates or die. 

The major impact of sodicity on the soils is associated 
with soil structure. Soil structure is important to maintain 
the flow of gases (oxygen) and solution (water plus nutrients) 
to the plant roots and can cause severe erosion of once-
productive soils. Dependent on the characteristics of 
individual soils, as the level of sodium in the soil increases 
the physical structure will degrade. High levels of sodium 
can cause the structure of a soil to completely disperse. 

An important aspect of the sodicity and salinity 
chemistry of soils is that the two are closely related. For 
example, a highly sodic [high sodium adsorption ratio 
(SAR)] soil can maintain its soil structure if the salinity level 
[electrical conductivity (EC)] of the soil is high. However, if 
the salinity level is low (the water is very clean), the highly 
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sodic soil will slake and disperse and the structure will be 
lost. If a soil is characterized by a low SAR, the application 
of clean water or water characterized by low EC can cause 
degradation of soil structure. If the electrolyte concentration 
of the water applied to the soil is high, the soils will maintain 
their* structure. 

The dilemma of this system is to make sure that water 
applied to soils meets the favorable combination of salinity 
and sodicity that will allow the plants to grow at good 
production levels and that will maintain the structure of the 
soils. Each soil will react differently to the chemistry of the 
water applied and the method of application. Therefore, 
the research effort that includes studies of the interactions 
of these various parameters with the soil types found in 
the area should be conducted so that produced water from 
CBNG operations can be discharged in an environmentally 
safe manner. 

Several issues must be understood in order to 
successfully manage CBNG-produced water for land 
application, including the chemistry of saline/sodic soils and 
its impact on the infiltration rate and hydraulic conductivity, 
as well as the effect of exchangeable magnesium on the 
physical properties of soils. A recent model describes these 
issues. Following is a brief summary of these issues. 

The chemistry of saline/sodic soils 
Excessive levels of salts impact large areas of soils 

around the world. The primary impacts of salts on soil 
quality are associated with saline and sodic conditions. 
Saline soil conditions are associated with excess salts usually 
consisting of chlorides (CI"1) and sulfates (SC>4~2) of sodium 
(Na+1), calcium (Ca+2), and magnesium (Mg+2) (Sumner and 
others, 1998). Saline conditions often have a deleterious 
effect on plant growth because salts decrease the osmotic 
potential of soil water, malting it difficult for plants to extract 
water. Sodic conditions are associated with elevated levels 
of Na on the exchange complex, often responsible for the 
development of the poor physical conditions in a soil. Thus 
the impacts of Na result in an inadequate balance between 
water and air regimes in the soil. This imbalance is caused 
by restricted water infiltration and transmission properties 
causing the soil to be too wet or dry for much of the time, 
resulting in poor root development and plant growth. 
In addition, sodic soils often are difficult to cultivate and 
have low load bearing properties. Poor structural stability 
promotes the sealing of soil pores and crust formation at the 
soil surface, resulting in soil erosion and pollution of surface 
water resources. 

The definition of a sodic soil in simple terms is a soil 
that has been adversely impacted physically by the presence 

of Na adsorbed to the cation exchange sites. The presence 
of Na in a soil promotes the slaking of aggregates and the 
dispersion of clay particles. At the same time the impact 
of Na, as characterized by SAR or ESP, on the physical 
character of a soil is greatly dependent on the salinity of the 
soil. It is impossible to estimate the impact of low or high 
SAR values on the physical state of a soil or spoil material 
without evaluating the EC or electrolyte concentration of the 
system (Shanmuganathan and Oades, 1983). Any attempt 
to set critical ESP or SAR values for land management 
would be arbitrary unless total cation concentration or EC 
is taken into consideration simultaneously (Sumner and 
others, 1998). Research has shown that extremely high SAR 
values do not cause physical degradation of soil materials 
if the system also contains high levels of salts. This fact was 
first demonstrated by research done by Quirk and Schofield 
(1955). Their work demonstrated that soil materials with 
an ESP of 40 maintained a stable permeability with an 
electrolyte concentration of about 30 mmol/L (about EC 
= 2.1 dS/m). McNeal and Coleman (1966) pointed out that 
typical arid land soils (having clay mineralogy dominated 
by 2:1 layer silicates with only moderate amount of 
montmorillonite) can tolerate ESP values of 15 or greater 
before serious reductions in hydraulic conductivity occur, if 
the salt concentration of the percolating solution exceeds 3 
mmol/L (0.2 dS/m). Gardner and others (1959) came to 
the same conclusion dealing with unsaturated soils. Sumner 
and others (1998) discussed the SAR/EC relationship very 
thoroughly in their publication. The discussion addresses 
the fact that the USDA Soil Salinity Laboratory did not 
address this topic in their recommendations set forth during 
the late 1950s for the management of sodic soils, even 
though they were well aware of it. In fact, the definition 
of sodic soils was published by USSL Staff (1954) without 
mention of electrolyte concentration in the definition. It 
was apparent at the time that people were well aware of 
the impact of salinity on the behavior of sodic conditions; 
however, apparently these scientists elected to downplay the 
relationships because of the apparent transient nature of 
salinity. Sumner and others (1998) noted that if the work of 
Quirk and Schofield (1955) had been adopted in the United 
States, a much clearer understanding of sodicity would 
have resulted. Instead of using electrolyte concentration 
as an important component of the definition of sodic soils, 
Handbook 60, which was published in 1954 and reprinted in 
1969 without emphasizing the importance of salinity and its 
impact on sodicity, has been and continues to be used as an 
authority addressing salinity and sodicity issues. 

The impact of sodicity on the physical properties 
of soils is dependent on the electrolyte concentration 
associated with the system. If salt is added to dispersed clay 
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in a suspension, the increased electrolyte concentration 
causes the clay particles to stick together, forming floes that 
settle. The minimum electrolyte concentration required to 
cause flocculation is referred to as the threshold electrolyte 
concentration (TEC) or flocculation value (FV). This value 
is dependent on counter-ion valency and clay type. The 
TEC values for a sodium-montmorillonite were shown to 
be about 12 mol/m3 NaCl or 0.86 dS/m and 0.25 mol/ 
m3 CaCl, or 0.02 dS/m for calcium montmorillonite (Van 
Olphen, 1977). Corresponding values for sodium and 
calcium illites were found to be 40 mol/m3 to 50 mol/m3 

NaCl and 0.25 mol/m3 , respectively (Arora and Coleman, 
1979). These data show that a sodium montmorillonite can 
be maintained in a flocculated condition if the salt levels of 
the same ion (Na) are about 1 dS/m. Sodium illites will tend 
to remain flocculated if salt levels with the same ion (Na) 
are about 3.6 dS/m. Sposito (1989) indicated through his 
discussion of the literature that a fully Na-saturated smectite 
suspension will flocculate if the electrolyte concentration is 
>8 mol/m3 (0.6 dS/m) and a suspension of Na illite will do 
the same if the electrolyte concentration reaches about 50 
mol/m3 (3.6 dS/m). His conclusion is that soil salinity tends 
to counteract the effect of exchangeable sodium on soil 
structure. The presence of divalent ions such as Ca would 
lower the TEC to lower salt concentrations. 

The data show that if salinity is maintained at or above 
the TEC value for a specific material, the physical condition 
of the material will be maintained in a flocculated state, no 
matter how high the SAR. The only caveat to this situation 
is that some materials that have high SAR and EC character 
can become dispersed at the surface if impacted with 
water containing low levels of electrolytes from irrigation 
or rainfall. In addition, mechanical forces resulting from 
raindrop impact, the flow of water at the surface, or the 
use of farm equipment could cause clay dispersion. If 
measures are taken to eliminate these potential impacts to 
the system, the high-SAR soil/spoil material will usually 
be maintained in good physical condition. One method 
of doing this is to treat the surface with an amendment 
such as gypsum. Another method of protecting the surface 
against the mechanical forces that can initiate slaking and 
dispersion is to cover such spoils with topdressing material. 
This fact was demonstrated during a recent \isit to the 
La Plata Mine. A soil pit was dug at a reclaimed site that 
had about 10 inches of topdressing material over spoil 
material that exceeded the current SAR standards. The 
spoil material had SAR values from 11 to 75 in the top 4 
feet with EC values ranging from 3.5 to 7.3 dS /m at various 
depths within the same depth zone. The roots exhibited no 
problems growing through this material. In fact, the rooting 
showed numerous branching and overall good health. The 

spoil materials to about 4 inches below the topdressing/ 
spoil interface showed evidence of weathering with the 
development of a very porous structure. Migration of Na 
at or near the topdressing/spoil interface was not evident, 
probably because the water present in the profile was 
readily removed via transpiration. The elevated SAR values 
associated with the spoil did not have a detrimental impact 
on plant growth. 

It is generally accepted that both high sodium 
adsorption rations and/or low electrolyte concentrations 
create soil structural problems; however, we still do not 
have reliable criteria and standards for predicting how these 
parameters quantitatively affect structural stability and 
hydraulic conductivity (K) of soils (Rhoades, 1972). The 
mechanisms that cause these problems have been postulated 
to be: 1) swelling of soils, 2) clay dispersion and subsequent 
plugging of conducting pores by dispersed clay, and 3) failure 
of soil aggregates. However, the literature demonstrates 
divergence of opinions relative to the importance of these 
mechanisms. McNeal and Coleman (1966) andjayawardane 
(1979) determined that clay swelling was the dominant 
mechanism reducing K in sodic soils. Research by Rhoades 
and Ingvalson (1969), Frenkel and others (1978), Pupisky 
and Shainberg (1979), Shainberg and others (1981), and 
Yousaf and others (1987) showed that clay dispersion was 
the dominant mechanism responsible for the reduction in 
K. Other scientists such as Waldron and Constantin (1970) 
and Cass and Sumner (1982) concluded that the reduction 
in K was primarily related to aggregate slaking caused by 
internal swelling pressure or from shearing stresses. 

As noted previously, the chemistry associated with 
sodic and saline conditions in soils is very complex. The 
complexities of sodicity and salinity with regard to the 
management of soil materials will be discussed in some 
detail in the following review of the literature. The 
objective of this work is to show that an understanding 
of the chemistry associated with sodic/saline conditions 
relative to water/soil interactions can lead to the successful 
use of CBNG-produced waters for improving vegetation 
production in various vegetation communities. 

Impact of sodicity /salinity on infiltration 
rate and hydraulic conductivity 

Hydraulic conductivity is less sensitive to sodic 
conditions as compared to the infiltration rate (IR). The 
primary factor responsible is the influence of mechanical 
energy resulting from the impact of raindrops at the surface. 
This mechanical energy promotes the disintegration of 
aggregates and the dispersion of clays, resulting in the 
formation of a structural crust. Crusts are formed as a result of 
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the physical disintegration of aggregates, while compaction 
is caused by the impact of the water droplets and chemical 
dispersion of clays near the surface. Smectitic soils are very 
sensitive to reduced IR, even at very low ESP levels (ESP<3). 
A very important factor in the degradation of IR is that 
rainfall contains very low levels of salts. Therefore, rainfall is 
responsible for leaching electrolytes from the surface, leaving 
the surface materials more susceptible to dispersion. K is 
much less susceptible to degradation, except at the surface, 
mainly because of the reduced impact of mechanical forces 
and the electrolyte levels that often occur (Shainberg and 
others, 1992). The mineral phase associated with arid land 
materials usually readily weathers, providing electrolytes to 
the system and enhancing its ability to maintain structure. 

This discussion supports the fact that topdressing 
placed over sodic materials will alleviate the development of 
poor physical conditions in the sodic materials. The surface 
layer of material (topdressing) eliminates the mechanical 
energy input from raindrop impact and/or surface water 
flow and the low electrolyte water that would promote 
aggregate slaking and clay dispersion. Weathering of the 
surface layer and the underlying sodic materials would result 
in increased electrolyte levels in solution that would prevent 
dispersion; and the Ca+2 present in the solution would tend 
to self-remediate the sodic condition. 

The effect of exchangeable magnesium on 
the physical properties of soils 

The USSL staff (1954) grouped Ca and Mg together 
as similar ions beneficial in developing and maintaining soil 
structure. However, evidence now exists that shows that Mg 
can cause the deterioration of soil structure under certain 
conditions. Studies have shown that Na-Mg soils developed 
lower K characteristics than Na-Ca soils under similar 
conditions. Research has demonstrated that Mg can impact 
K through direct effects (specific effects) and through the 
ability of Mg+2 to cause higher exchangeable Na+1 levels to 
develop in the soils as compared to Ca+2 (Chi and others, 
1977; Emerson and Chi, 1977). 

Alperovitch and others (1981) showed that well-
weathered soils that do not contain CaCO s are impacted by 
the specific effect of Mg+2. Reduction in K and enhanced 
clay dispersion resulted when Na-Mg soils were leached with 
distilled water (simulated rain water). The theory behind this 
finding was that clays saturated with Mg+2 are chemically 
more stable and do not release electrolytes into solution. 
As a result, the lack of weathering products will allow the 
system to disperse more easily when leached with water that 
contains low concentrations of electrolytes. In the same study, 
exchangeable Mg+2 was found not to have a specific effect 

on the K and clay dispersion in calcareous soils. In these 
soils, Mg+2 enhances the dissolution of CaCO„, increasing 
the solution electrolyte concentrations and preventing the 
dispersion of clays and the reduction of K. 

Model for sodic soil behavior 
In the past, soil scientists have used a model involving 

the electrical diffuse double-layer theory to explain sodic 
soil behavior. This explanation was usually conducted 
using pure clay minerals in saturated systems. However, in 
natural systems, complex clay systems are bound together 
into aggregates with silt and sand particles by inorganic 
and organic compounds and are usually not suspended in 
water. The slaking of aggregates and the dispersion of clays 
requires forces other than those that operate in colloidal clay 
suspensions. Rengasamy and Sumner (1998) have developed 
a model that describes the processes that take place during 
the wetting of a dry soil aggregate (Figure 1). Their model 
will be presented herein as a realistic approach describing 
the influences of sodicity and salinity on the physical nature 
of natural soil systems. 

The model consists of four stages. Dry soil aggregates 
are held together by inorganic and organic compounds and 
associated bonds that produce very strong attractive forces. 
The forces involved include Lifshitz-van der Waals, ionic 
bonds, hydrogen, hydrophobic,' and hard-soft acid-base 
reactions. As diy aggregates are wetted, solvation or hydration 
forces become important. The stability of aggregates, and 
hence the pore systems, depends on attractive and repulsive 
forces resulting from intermolecular and electrostatic 
interactions between the soil solution and soil particles 
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Figure 1. Stages that take place during the wetting of a dry ag
gregate. 
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(Rengasamy and Olsson, 1991). When an aggregate is 
placed in contact with water, the interactive forces low^er the 
potential energy of water molecules, thus releasing energy 
for structural changes and as heat. Aggregate slaking, clay 
swelling, and clay dispersion are the major mechanisms that 
occur during these transformations. 

Thus, as an aggregate is hydrated, the initial attractive 
forces between clay particles decrease. As hydration 
increases, the distance between particles increases. In 
general, if the clay particles are saturated with Ca or Mg, 
additional hydration does not increase the interparticle 
distance beyond a few nanometers, resulting in a net force 
that is attractive and the aggregates are held together by 
hydrated cations. The swelling resulting from these reactions 
will occur even with high electrolyte concentrations. Slade 
and Quirk (1991) found that the change in separation to 1.5 
nm is not affected by electrolyte solution (crystalline s\veiling) 
and that the separation from 1.5 to 1.9 nm is an osmotic 
process that includes electrolyte concentrations, charge 
density, and the location of the charge in the clay minerals. 
If the clays are saturated by monovalent cations such as Na, 
the clay particles are separated beyond 7 nm dependent on 
the ionic strength and the existence of soft-hard acid-base 
reactions. This results in clay dispersion, shown as Stage 3 
in F i g u r e 1. Stage 3 can also be reached when a source of 
mechanical energy is applied to the clay domains that have 
undergone limited separation. Mechanical energy resulting 
from raindrop impact and surface water flow can overcome 
the attractive forces, causing the system to separate. Once 
the system is completely dispersed the electrostatic repulsive 
forces, as predicted by the electrical double-layer theory, 
become important to the physical nature of the system. 
A dispersed clay system will become flocculated as the 
difference in the electrical potentials in the inner and outer 
solutions approach zero and as the clay particles approach 
each other. The repulsive pressure is balanced by osmotic 
pressure, and the van der Waals attractive forces become 
dominate. At this point, the clays become flocculated, as 
identified as Stage 4 (Figure 1). 

Since much of the research regarding sodic/saline 
conditions has been conducted using saturated aqueous 
systems, some concern exists for whether these studies 
apply to unsaturated conditions. Since low water content 
results in low repulsion forces, unsaturated systems would 
be expected to have higher attractive forces as compared to 
saturated systems. Rengasamy and Sumner (1998) indicated 
that spontaneous dispersion takes place when sodic clay is 
impacted with water of very low electrolyte concentration. 
However, water content below saturation results in limited 
swelling and incomplete separation of clay particles 
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with the interparticle distance depending upon the water 
content. Therefore, aggregate slaking and clay dispersion 
in unsaturated systems would be limited as compared to 
saturated systems for specific SAR/EC conditions. Russo 
and Bresler (1977) demonstrated this fact in their study 
evaluating hydraulic conductivity with regard to cationic 
ratio (Na+1/(Ca+2)1/2 (R), electrolyte concentrations (C), 
and volumetric water content (8). This study showed that 
under specific combinations of these variables the value 
of the cationic ratio can be estimated for a given hydraulic 
conductivity. For example, under saturated conditions with 
C = 0.02 N (approximate irrigation field soil) it is possible 
to maintain K > 0.5 cm/s as long as R < 14. Under the 
same conditions (C and K), but in unsaturated soils the 
corresponding value for R is 20. This study shows that water 
of poorer quality (higher sodicity) can be applied when 
unsaturated conditions are maintained during irrigation. 
These studies demonstrate that the negative effect of high 
SAR and low solution electrolyte levels decreases in dryer 
soils. 

Project objectives 
The project was designed to evaluate the chemistry of 

produced waters generated at various locations in the PRB 
with regard to salinity and sodicity and to determine how 
such waters will impact the physical and chemical nature of 
soils in the vicinity of active production. The research will 
determine if very poor quality water can be used to improve 
crop production when used for irrigation projects (sites that 
will receive irrigation for extended periods of time). It is 
anticipated that irrigable sites can easily handle quantities 
of water required to meet evapotranspiration requirements 
along with the leaching fraction needs. However, water 
blending (combining CBNG water with good quality surface 
waters) may be required, especially at sites where soils are 
considered to be questionable for irrigation purposes. 

The specific objectives of the project were to: (1) 
assess the characteristics of CBNG-produced water and 
several representative irrigable soils in the PRB; (2) assess 
the interaction between CBNG-produced waters and soils 
through leaching studies; and (3) design field trials to verify 
laboratory assessments of the emironmental impact of land 
disposal of CBNG-produced water. 

Methods 
The technical approach proposed for this study is 

based on a combination of laboratory and fieldwork. Year 
1 activities covered the literature review, characterization 
of the baseline soil conditions at the two potential research 
sites, characterization of CBNG produced water to be used 
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at the field irrigation site, characterization of surface water 
samples collected from potentially impacted resources in the 
immediate area of the irrigation site, conducting leaching 
studies, and design of the field plots. 

A detailed literature review was completed to ensure 
that the methods and procedures outlined in the Technical 
Approach represent the "state of the art" rather than 
duplication of work already completed. This information 
will be incorporated into a document describing the use of 
amendments to develop synthetic soil materials suitable for 
plant growth. 

Laboratory research - column studies 
Soils materials for the laboratory studies were collected 

from the Leiter Ranch located near Ucross, Wyoming. The 
materials were collected and placed in 5-gallon buckets and 
shipped to Western Research Institute's (WRI's) laboratory 
in Laramie, Wyoming. The materials were stored at 
temperatures of about 4 °C (39.2 °F) until used. The 
materials were also stored at field moisture conditions until 
prepared for analyses. 

A laboratory study was conducted to determine 
saturated hydraulic conductivity of soil cores prepared using 
materials from the Leiter Ranch location. Soil amendments 
and water treatments were used in the laboratory column 
study to modify the soil/water conditions to determine if 
irrigation with highly sodic CBNG-produced water could 
be accomplished without negative impacts to the hydraulic 
conditions of the soils. The treatments evaluated included 
combinations of irrigation waters, soil amendments, and 
water treatment. The combination of treatments consists 
of the following: (1) irrigating with Piney Creek water; (2) 
irrigating with a blend of 1/2 Piney Creek water and 1/2 
CBNG-produced water; (3) irrigating with CBNG-produced 
water; (4) soil amendment treatments include no treatment, 
gypsum, sulfur, gypsum + sulfur and irrigating with CBNG-
produced water; and (5) irrigating with CBNG water treated 
with gypsum (injection) and sulfuric acid (injection). 

CBNG-produced water was percolated through 
reconstructed soil columns for time periods of 4500 minutes 
(75 hours). The resulting hydraulic conductivities associated 
with the various treatments were determined. The laboratory 
set-up for the column studies is shown in F i g u r e 2. 

Results and discussion 

Laboratory column study 
The hydraulic conductivity (K) relationships associated 

with the samples collected and the various soil and water 
treatments are presented in F i g u r e s 3 and 4 for the Leiter 

Brown and Johnston 

Figure 2. Laboratory set-up for the column studies. 

Ranch and a mixture of A horizon materials collected from 
several locations at the Leiter Ranch, respectively. Data 
presented in F i g u r e 3 is associated with the A horizon 
of the soil profile sampled at the Leiter Ranch. The data 
provided in this figure represents 4 reps of 2 treatments 
including the Leiter Ranch soil with and without the 
application of gypsum at the surface. The data show much 
higher K values for the treated soils materials versus the 
untreated materials. This expected result is associated with 
the increased salt levels in the soil materials caused by the 
dissolution of the added gypsum and likely the addition 
of calcium to the system, which would tend to reduce the 
amount of sodium able to adsorb to the cation exchange 
sites associated with the soil materials. In addition, because 
the soils collected from the Leiter Ranch contained high 
percentage of clays, the impacts associated with the addition 
of gypsum as an amendment would be expected to be more 
radical compared to materials containing less clay such as 

Lieter2-I A Horizon 
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Figure 3. Hydraulic conductivity values for the treated and un
treated A-Horizon materials collected from the Leiter Ranch study 
site using CBNG water produced from the Leiter CBNG production 
area. 
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Figure 4. Hydraulic conductivity values for the treated and untreat
ed A-Horizon materials collected from several soils located near 
the Leiter Ranch study site using CBNG water produced from the 
Cooksley Ranch CBNG production area. 

the materials collected from the mixed A-horizon materials 
(Figure 4). 

Results associated with the mixed A-horizon materials 
shown in Figure 4 provide somewhat of a different result. 
Initially, the hydraulic conductivities associated with the 
untreated soil materials were higher than those associated 
with the treated soil samples. This appears to be opposite 
of the results found for the Leiter Ranch soil materials. 
However, near the end of the 4500-minute leaching period 
both the untreated and the treated samples appear to be 
characterized with comparable low K values. However, 
the rate of reduced K associated with the untreated soil 
materials appears to be high as compared to the treated 
soil material. It should be noted that one of the treated and 
one of the untreated samples show much higher K values. 
However, at the end of the 4500-minute leaching study, the 
K values associated with the treated sample appear to be 
leveling off while the K values associated with the untreated 
sample appear in decline. The differences shown between 
the Leiter Ranch A-horizon material and the mixed A-
horizon materials may be related to the fact that the mixed 
A-horizon material contained less clay and more sand 
compared to the Leiter Ranch material. The differences 
in texture may delay the effects of clay swelling on the K 
values. As noted previously, the K values associated with the 
untreated mixed A-horizon material would be expected to 
decrease with an extended leaching period while K values 
associated with the treated materials would be expected to 
level off and possibly increase. 

An additional leaching study was conducted using 
the soil materials collected from the Leiter Ranch study 
site. In this study, the K evaluations of the soil materials 
were conducted using only CBNG produced water and 

Clear Creek water. In addition, amended soil material 
was evaluated using CBNG water. The results of these 
evaluations are presented in F i g u r e 5. The data show that 
the K values associated with CBNG produced water decrease 
substantially if gypsum is not applied to the soil material. In 
fact, the data show that the K values associated with the 
application of gypsum to the soil material results in better 
infiltration using CBNG methane produced water compared 
to applying Clear Creek water to the soil material. These 
data show that using gypsum as a soil amendment can allow 
the use of CBNG produced water in a managed irrigation 
system. This information provides the justification for the 
development of a field pilot study to demonstrate that the 
use of amendments may allow the use of CBNG produced 
water for irrigation of cropland and upland rangeland. 

Saturated paste extracts were determined for the core 
materials following the leaching periods to acquire a sense of 
the impact of amendments and CBNG produced water on 
the chemical nature of the soil materials. The information 
collected from this analysis also provided an indication of 
how hydraulic conductivity changes with regard to the 
chemistry of the soil materials (Table 1). The K of the 

Hydraulic Conductivity of Leiter Field #1 (!!oar Crock 
Gypsum 2 5 Um 
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Figure 5. Hydraulic conductivity (K) of the Leiter Ranch soil mate
rial using CBNG produced water and Clear Creek water and the K 
associated with use of CBNG produced water with treated Leiter 
Ranch soil materials. 

soil materials that were leached with Clear Creek water 
remained veiy high as compared to the soil cores receiving 
CBNG water and CBNG water with either soil or water 
treatments. Of the soil cores that received CBNG water 
with or without soil or water treatments, the cores treated 
with a surface application of gypsum were characterized 
with the highest K. This was a very interesting result since 
the EC of this treatment was rather low and the SAR values 
were comparable to the other leachates from treated soil 
materials. The primary reason for this result is thought to be 
associated with the presence of the gypsum at the surface, 
which more efficiently provided salt and Ca at levels required 
to reduce the slaking of aggregates and the dispersion of 
clays at the surface of the soil cores. 
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Table 1. Hydraulic conductivity and the resulting chemistry of saturated paste extracts collected from the 

materials used 

Sample 
Leiter A 2/8 mix 

Leiter A 2/8 mix 

Leiter A 2/8 mix 

Leiter A 2/8 mix 

Leiter A 2/8 mix 

Leiter A 2/8 mix 

Leiter A 2/8 mix 

Leiter A 2/8 mix 

Leiter A 2/8 mix 

Leiter A 2/8 mix 

Leiter A 2/8 mix 

Leiter A 2/8 mix 

Leiter A 2/8 mix 

Leiter A 2/8 mix 

Leiter A 2/8 mix 

Leiter A 2/8 mix 

Leiter A 2/8 mix 

Leiter A 2/8 mix 

Leiter A 2/8 mix 

in the column studies after 

Water 
CC 

^ccT1 

CC 

CC 

CBNG 

CBNG 

CBNG 

CBNG 

CBNG 

CBNG 

CBNG 

CBNG 

CBNG 

CBNG 

CBNG 

CBNG 

CBNG 

CBNG 

CBNG 

Treatment 
-
-
-
-
-
-
-

2.5 t/ac surface gyp 

2.5 t/ac surface gyp 

2.5 t/ac surface gyp 

2.5 t/ac surface gyp 

H2S04 1.68 ml/gal 

H2S04 1.68 ml/gal 

H2S04 1.68 ml/gal 

H2S04 1.68 ml/gal 

Gyp 193 mg/gal 

Gyp 193 mg/gal 

Gyp 193 mg/gal 

Gyp 193 mg/gal 

the treatment s 
pH 
s.u. 
8.38 

8.48 

8.47 

8.45 

8.97 

9.12 

8.34 

8.76 

8.99 

8.91 

8.91 

8.94 

9.41 

8.91 

9.07 

9.01 

9.04 

8.98 

9.06 

EC 
dS/m 
1.21 

1.21 

1.27 

1.21 

1.47 

1.48 

1.39 

1.61 

1.68 

1.76 

1.89 

3.88 

4.61 

4.13 

3.75 

4.83 

4.51 

4.86 

4.37 

pplica 
Mg 

ppm 
57.71 

57.02 

56.80 

56.25 

10.18 

11.05 

9.27 

11.02 

7.95 

14.30 

13.58 

17.29 

15.25 

15.03 

TZ571 

30.39 

29.79 

29.75 

29.54 

tion. 
Na 

ppm 
110.24 

es^T1 

77.88 

63.83 

330.65 

352.61 

308.30 

375.43 

405.28 

444.13 

412.71 

393.93 

421.96 

406.28 

352.85 

572.07 

528.65 

574.56 

481.58 

Ca 
ppm 

144.38 

140.65 

138.88 

134.11 

25.14 

26.47 

16.61 

32.71 

20.06 

29.11 

23.86 

43.21 

41.68 

41.01 

36.00 

43.37 

37.37 

51.52 

43.02 

SAR 

1.96 

1.19 

1.41 

1.17 

14.05 

14.52 

15.02 

14.49 

19.37 

16.84 

16.70 

12.80 

14.21 

13,79 

12.89 

16.28 

15.64 

15.77 

13.84 

alkalinity 
meq/l 
7.27 

6.96 

7.71 

6.93 

14.60 

15.48 

14.10 

17.38 

18.19 

17.44 

15.15 

7.40 

6.25 

6.25 

5.78 

24.19 

23.54 

24.57 

21.84 

K 
cm/s 

1.87E-03 

1.88E-03 

1.74E-03 

1.85E-03 

7.53E-05 

6.65E-05 

6.86E-05 

7.20E-04 

6.89E-04 

4.70E-04 

6.65E-04 

1.15E-04 

2.02E-04 

1.29E-04 

1.02E-04 

1.00E-04 

6.79E-05 

2.20E-04 

5.95E-05 

The quantity of salt deposited in the soil materials 
and the chemical nature of the materials resulting from 
the various treatments is also shown in Tab le 1 with the 
complete data set provided in A p p e n d i x A. Salinity values, 
represented by EC, were relatively low for materials leached 
with Clear Creek water and CBNG produced water, and 
for soil materials surface treated with gypsum. Materials 
leached with water treated with sulfuric acid and gypsum 
were characterized with relatively high salt levels. The 
sulfuric acid treatment would be expected to increase salt 
levels in the soil materials by removing alkalinity from the 
CBNG produced water resulting in less precipitation of 
Ca and possibly Mg, and by increasing the dissolution of 
calcite present in the soil materials. The gypsum treatment 
increased salt levels likely due to the enhanced dissolution 
of gypsum because of the fine-grain nature of the gypsum 
particles and the more intimate relationship between the 
particles and water. 

The pH levels of the soil materials leached with CBNG 
water treated or untreated were about the same with values 
near 9, while the saturated paste extracts of soil materials 
leached with Clear Creek water were lower at values near 
8.5. Such pH values usually result in relatively low Ca levels 

in solution as calcite dissolution decreases substantially as 
pH values increase. 

Soil materials leached with CBNG-produced water 
all were characterized with rather high SAR values. The 
materials leached with CBNG-produced water without 
treatment had SAR values similar to the materials treated 
with surface applications of gypsum or water treated with 
either acid or gypsum. Calcium levels tended to decrease 
with the addition of CBNG-produced water undoubtedly 
as a result of the high levels of alkalinity associated with the 
CBNG water. High alkalinity enhances the precipitation of 
calcite. However, the levels of Ca found in the soils leached 
with water treated with either sulfuric acid or gypsum 
appeared to be higher compared to samples leached 
with untreated water or samples treated with a surface 
application of gypsum. As noted previously, the addition of 
sulfuric acid to the water is expected to remove bicarbonate 
from the water prior to the leaching process. As a result, 
the bicarbonate will not be available to react with soluble 
Ca forming calcite and enhancing the amount of Ca found 
in solution. The reason for the relatively high levels of Ca 
associated with the soil materials leached with CBNG water 
with injected gypsum is likely associated with the increased 
reactivity of the gypsum applied in this manner. The 
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alkalinity found in the saturated paste extract did not seem 
to react with the relatively high levels of Ca found in the soil 
solution. The reason for this finding will require additional 
evaluation. However, the result might be explained by some 
work accomplished by Rhoades (1968). This study showed 
that the increases in Ca + Mg content produced by mineral 
weathering processes were greater than the decreases 
produced by lime precipitation processes caused by the 
interaction of Ca+2 and HCCy 1 in solution. The dissolution 
of minerals present in the soil environment may provide 
Ca+2 to solution at rates larger than the formation of calcite 
by the Ca+2 and HCO^ 1 reaction. 

Magnesium levels found in the leachates also varied 
significantly. The levels of Mg were highest in leachates 
resulting from the application of Clear Creek water to the 
soil materials. The lowest Mg levels were associated with 
the soils leached with CBNG water without treatment, 
which compared closely to the leachates resulting from the 
soils treated with a surface application of gypsum. The 
decreased levels of Mg found in the saturated extracts may 
be associated with the precipitation of Mg compounds 
from solution primarily carbonates and probably due to the 
removal of Mg from the soil core during leaching. The Mg 
levels associated with soil materials treated with acid were 
slightly higher compared to the surface gypsum application, 
while the levels found in leachates associated with the gypsum 
injection water treatment were much higher compared to 
the other treatments. In the case of acid treated water, the 
increase in soluble Mg levels may be associated with the 
dissolution of carbonates containing rather high levels of 
Mg such as magnesite and dolomite. The high levels of Mg 
resulting from the application of water injected with gypsum 
may be associated with Mg being present in the gypsum 
used for the treatment. 

The Na levels found in the leachates tended to match Mg 
levels. The highest increase in Na levels was associated with 
water injected with gypsum with lesser amounts associated 
with acid injected water and the surface application of 
gypsum. Leachates associated with soil materials treated 
with CBNG water without treatment yielded the lowest 
concentrations of Na. All soil cores receiving CBNG 
produced water were characterized with high Na levels 
present in the saturated paste extracts. There does not 
appear to be any indication that Na levels were impacted 
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by leaching of Na from the cores. The prevention of Na 
accumulation might be expected to occur due to adsorption 
competition with Ca and Mg. 

Baseline evaluations 
Detailed baseline evaluations were conducted at two 

potential research locations for the use of CBNG-produced 
water for managed irrigation. The first step in the baseline 
process was to map the soils at each site using a very detailed 
scale. The detailed soil survey including soil analysis for each 
of the study locations is presented in A p p e n d i x B The 
results of the soil survey were to be used to determine the best 
site for the research project. The soil survey indicated that 
the Cooksley Ranch study site was the preferred irrigation 
site primarily because of the texture of materials present at 
the site. However, in this case the final site determination 
was; based on water availability rather than the baseline 
conditions characterizing the sites. The availability of 
water at the Leiter Ranch was questionable. Therefore the 
Cooksley Ranch site became the official study site for the 
project. 

The CBNG water quality data is shown in Tab le 2. 
The CBNG water is characterized with a SAR of about 24 
and a relatively low EC of 1.4 pS/cm. The quality of this 
water falls in the middle of road compared to other CBNG 
waters common to the PRB. A more complete data list is 
presented in A p p e n d i x C. 

The baseline infiltration characteristics of the soils 
at Cooksley Ranch were conducted using a double-ring 
infiltrometer and the tension infiltration unit as noted in 
the methods section. The data collected using the tension 
infiltrometer were found to be more repeatable as compared 
to the data generated using the double ring unit. Repeatability 
of data collected using the double-ring infiltration unit was 
a major problem as data collected within a few feet was 
sometimes an order of magnitude different. Therefore 
the tension infiltrometer data will be used for comparisons 
between treatments in the field plots. 

Infiltration measurements were collected at four 
locations in each treatment plot. The data show seemingly 
high variability of infiltration rate associated with each plot. 
However, in the area of soil physics the variability shown 
in this data set are very typical and rather good. F i g u r e s 

Table 2. Water analysis for baseline conditions. 

Sample ID 
Clear Creek 
Piney Creek 
Fowler 11-18 

PH 
s.u. 
8.3 
8.3 
8.3 

EC 
uS/cm 

954 
636 

r~T38CT 

TDS 
mg/L 
760 
470 
910 

ALK 
mg/L 
201 
207 
802 

SAR 

1.1 
0.7 

24.3 

HCCV 
mg/L 
226 
237 
853 

mg/L 
9.3 
7.5 

61.5 

CI 
mg/L 
4.2 
2.5 
12.8 

F 
mg/L 
0.19 
0.19 
0.94 

SO;2 

mg/L 
H302 

137 
I < L T 

Ca 
mg/L 
105 
74.8 
8.9 

Mg 
mg/L 
45.4 
29.5 
3.9 

K 
mg/L 
5.8 
5.8 
3.1 

Na 
mq/L 
55.1 
28 1 
344 

Fe 
mg/L 

90 
100 

\~~^-
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6 and 7 are photographs showing the field infiltration 
determinations using the tension infiltrometer. 

Field site characterization and field plot 
design 

Detailed Order II soil surveys were completed 
at two locations in the Powder River Basin to evaluate 
soil suitability for application of CBNG product water 

Figure 6. Determination of field infiltration rates using a tension 
infiltrometer. 

Figure 7. The tension infiltrometer unit used for field determina

tions. 

(Appendix B). Test-pits were excavated and soil profiles 
described to aid in the classification of predominant soil 
types and suitability for water application within each 
location. Soil samples were collected from representative 
profiles and analyzed for chemical and physical parameters. 
Analyses included pH, electrical conductivity (EC), calcium, 
magnesium, sodium, and textural class with percent sand, 
silt, and clay. In addition, tension infiltrometer and double 
ring permeameter tests were completed within each location 
area to estimate hydraulic conductivity and bulk density was 
determined by excavation. Using the above information, 

the Cooksely location was selected as the research plot for 
CBNG product water application. 

Water samples collected from CBNG sources were 
placed in 5-gallon containers for laboratory testing using 
techniques reducing the incorporation of oxygen into the 
water during collection. Field determinations included T, pH, 
EC, and Eh. Samples collected for characterization purposes 
were filtered using 0.45 |tm filters where required and 
maintained at near 4 °C during shipment to the laboratory. 
Sample containers were preconditioned as required by EPA 
(Environmental Protection Agency) methods for the various 
constituents. Water to be used for laboratory studies was 
held in cold storage until used. 

The experimental design of the field test locations 
is provided in F i g u r e s 8 and 9. The research plot 
was designed using randomization of the locations of 
amendment applications and irrigation water type. Soil 
samples were collected and analyzed within each study plot 
to characterize baseline soil chemistry (pH, EC, Ca, Mg, 
Na, SAR, S0 4 , HCO„, and CO.). In addition, baseline 
soil hydraulic properties were determined, including the 
determination of saturated hydraulic conductivity using 
a tension infiltrometer and soil water retention functions, 
using gravimetric techniques. A split-plot in space statistical 
design was selected for the Cooksley project area. This design 
allows for analysis of interactions between soil and product 
water treatments on soil chemical and physical properties. 
Randomized study plots were established within the project 
area and baseline chemical and physical soil properties were 
measured. Chemical analysis included pH, EC, calcium, 
magnesium, sodium, sulfate, chloride, and alkalinity. 
Unsaturated K was measured using tension infiltrometer 
measurements at -10 and -6 cm tensions. Saturated K 
was estimated using Wooding's equation for unconfined 
infiltration rates into a soil from a circular source. Baseline 

Surface Treatments 

□ Gypsum 
| ) Gypsum + Sulfur 
| 1 No Treatment 

I Sulfur 

.Jk. 
Figure 8. Diagram showing the location of soil amendments at the 
Cooksely irrigation study site. 
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Figure 9. Diagram showing the locations of the CBNG water treat

ments at the Cooksely irrigation study site. 

data were analyzed statistically to determine variation 
between treatment plots prior to treatment application. 

A major concern associated with irrigation using 
CBNG produced water is the potential of contaminating 
adjacent surface water resources and ground water aquifers 
at die irrigation site. As a result, monitoring locations were 
established to assess potential contamination of adjacent 
surface water resources that might result from the CBNG 
irrigation activities. Surface water quality monitoring 
locations have been established on Piney Creek and the 
irrigation ditch that flows east through Jack Cooksley's 
property to monitor any impact that the irrigation activities 
may have on adjacent surface water resources. Monitoring 
locations are positioned upstream of the CBNG irrigation 
research project and along the eastern boundary of Jack 
Cooksley's property. Baseline water samples were collected 
from the four locations and the samples were analyzed for 
pH, EC, TDS, alkalinity Ca, Mg, Na, K, SO,, CI, CO s , and 
H C 0 3 . Periodic monitoring, including sample collection 
and analysis, will continue throughout the research study 
period. Frequent monitoring of water pH and EC will 
be conducted using field measurement devices. Water 
monitoring locations are shown in F i g u r e 10 by the blue 
diamonds. A Gee passive capillary lysimeter was installed 
along with dielectric soil moisture probes to evaluate leaching 
fraction, drainage water quality, and irrigation efficiency. 
Groundwater monitoring will be constructed in the alluvial 
aquifer located beneath the research plot area to determine 
whether or not irrigation water is impacting the aquifer. 

Soil treatments will be applied to the plots prior to 
the initiation of irrigation activities. Soil treatments were 
elemental sulfur at 0.5 t/acre, gypsum at 1.5 t/acre, sulfur (0.5 
t/acre) plus gypsum (1.5 t/acre), and no treatment. Product 
water treatments included the removal of bicarbonate using 
a sulfuric acid injection system, injection of solution grade 

Figure 10. Surface water monitoring locations associated with the 
Cooksely irrigation study site. 

gypsum, blending with typical irrigation water, no treatment, 
and typical irrigation water as the control. 

Conclusions 
The project was designed to evaluate the chemistry of 

produced waters generated at various locations in the PRB 
with regard to salinity and sodicity and to determine how 
such waters will impact the physical and chemical nature 
of soils in the vicinity of active production. The research 
will determine whether poor-quality CBNG-produced 
water can be used to improve crop production when used 
for irrigation. The data collected from the laboratory studies 
showed that the use of amendments allows the application 
of CBNG produced water to soil materials without reducing 
the K characteristics as compared to soils leached with Clear 
Creek water. The data also provides an indication that the 
application of soil amendments to the surface of the soil 
prior to the application of CBNG-produced water may 
cause less impact on K as compared to water treatments. 
Additional research is required before tiiis observation can 
be substantiated. Information developed in the laboratory 
research activities provides justification for the development 
of a field pilot study to demonstrate whether or not 
amendments will allow the use of CBNG produced water 
for irrigation of cropland and upland rangeland without 
detrimental impact to the physical and chemical conditions 
of treated soils. The field study will also assess whether or 
not irrigation with CBNG produced water can be done 
without impact to the surface and groundwater resources 
at or near irrigation sites. The field study was implemented 
with funding provided by die Western Research Institute's 
Jointly Sponsored Research Program with the United States 
Department of Energy that is governed by Cooperative 

. 
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Agreement DE-FC26-98FT40323. Wolverine Energy is 
the commercial client contributing funding and in-kind 
contributions to the project. The field component of the 
project will be reported by Western Research Institute in 
cooperation with the U.S. Department of Energy and 
Wolverine Energy. 
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