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1.0 INTRODUCTION

Production of Coal Bed Natural Gas (CBNG) in thewBer River Basin of Wyoming
began in the mid-1980s. CBNG production involvesnping water out of a producing coal
seam in order to decrease pressures and thuddscitiesorption of the gas. A byproduct of
CBNG production is produced water. Several optamesavailable for management of the water
including, but not limited to: underground injectiovells, surface and sub-surface irrigation,
direct surface discharge, and discharge into udliméltration impoundments. According to
statistics compiled by the Wyoming Department ofvitonmental Quality, Water Quality
Division (WDEQ/WQD) staff, discharges to infiltrai impoundments accounted for
approximately 64% of the CBNG produced water in@®igure 1). The focus of this study is
the potential for leachate to impact shallow gromattr beneath unlined infiltration
impoundments.

The WDEQ/WQD, Wyoming Pollutant Discharge Elimimati System (WYPDES)
Program regulates effluent water quality that scdarged to the infiltration ponds. As part of
the permitting process, WYPDES also requires theraipr to obtain approval from the
WDEQ/WQD Groundwater Section before discharginglpoed water to an impoundment. The
basis for the groundwater monitoring program i tih@ application of water to an oxidized
vadose zone containing soluble salts may resuthenmobilization and leaching of naturally
occurring salts into shallow groundwater aquifers.

The WDEQ instituted groundwater investigation amubnitoring requirements in
August, 2004. The objective of this project is¢wiew all of the compliance monitoring data

submitted through calendar year 2009 and to denernfi the requirements of the current



compliance monitoring plan are appropriate to pievprotection to shallow groundwater

aquifers in the Powder River Basin.

2.0 BACKGROUND

2.1 Project Setting

The structural Powder River Basin of Wyoming isadd_Cretaceous to early Tertiary age
asymmetrical syncline that extends from East-céMifgoming into southern Montana (Figure
2). Itis bounded on the south by the Laramie Raaryd the Hartville uplift, on the southwest by
the Casper arch, on the west by the Bighorn Moostand on the east by the Black Hills uplift.
The axis of the basin is located near its westeaingin and trends from southeast to northwest

(Flores, 2004). The project location does notudelthe portion that extends into Montana.

2.1.1 Geology

The geologic formations of interest in this studg the Quaternary-age unconsolidated
deposits, Eocene-age Wasatch Formation and thedeale-age Fort Union Formation. The
Wasatch Formation is exposed at the surface imégerity of the Powder River Basin, with the
exception of the basin margins where the Fort Ukiormation is exposed. The shallow valleys
throughout the basin are typically filled with ret@nconsolidated alluvial, colluvial, and eolian
material.

The depositional environment in which the Wasatod &ort Union formations were
deposited was a dynamic northwest flowing fluvigdtem that included braided, anastamosed,
and meandering streams in the basin center tha feerby alluvial fans at the basin margins
(Flores, 2004). The Wasatch and Fort Union Fomnatiin the study area are primarily
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comprised of sediments including fine grained diays and siltstone, fine to coarse grained
sandstone, and coal. As a result of the dynantier@af the depositional system, the strata of

the Wasatch and Fort Union Formations are extrehstyontinuous and heterogeneous.

2.1.2 Hydrogeology

Groundwater in the Wasatch Formation generally mcaoucoal seams, in discontinuous
sandstone lenses, and in shallow alluvial sedimelndgal groundwater flow direction, gradient,
and hydraulic properties are highly variable thitomgf the Wasatch and Fort Union Formations.
Regional hydraulic conductivity is extremely slowedto the discontinuity of the sandstone beds
(Flores, 2004). Groundwater quality is also highdyiable in the shallow aquifers. In general,
groundwater in sandstone and siltstone is calciulfat® or calcium-bicarbonate-type, while

groundwater in coal is sodium-bicarbonate-type {@aand Ogle, 2002).

2.1.3 Soils
The soils of the Powder River Basin contain natyratcurring soluble salts which

derive from the minerals that make up the soils tnedexposed rocks in the area (Richards,
1969). During the process of chemical weatherihgse salts are released and become soluble.
The salts are then redistributed throughout thevimisurface water and groundwater. Because
the Powder River Basin receives little precipitatithe salts may not be transported deep into
the soil because much of the precipitated watep@edes and leaves the salts behind (Richards,
1969). The utilization of unlined infiltration gitfor disposal of CBNG produced water may

facilitate the flushing of the salts within the sulface.



2.2 Current Compliance Monitoring Program Requirements

CBNG operators in the Powder River Basin of Wyomihgve been monitoring
groundwater and collecting data since new poligkteffect in August 2004. Because CBNG
development and the associated impacts from wadeagement were relatively new at the time,
current policy was based on very little empiricatal

Current approval from the WDEQ/WQD Groundwater ®ectconsists of either a
groundwater monitoring exemption or a groundwatengliance monitoring plan that requires a
Water Quality Rules and Regulations, Chapter 3 RedomConstruct (permit). The permitting
requirements are based on the quality of the uyiderlaquifer(s). In accordance with Water
Quality Rules and Regulations, Chapter 8, groundmiat classified in order to apply standards
to protect water quality as follows: Class | (dotiesise), Class Il (agricultural use), Class Il
(livestock use), and Class IV (industrial use).

If no groundwater is encountered to the requirguttdef investigation during the initial
drilling program, the operator can request a grawatdr monitoring exemption from the WQD.
Likewise, the operator can obtain an exemptionl@s€ IV groundwater is encountered. If Class
[l groundwater is encountered during the initialbsurface investigation, the operator must
obtain a permit and an approved compliance monigomplan prior to discharging to the
impoundment. A typical groundwater compliance maniity plan consists of quarterly sampling
of groundwater in one well at each impoundment (Seepliance Monitoring and Siting
Requirements for Unlined Impoundments Receiving Ik Methane Produced Water;
http://deq.state.wy.us/wqd/groundwater/index.asp)nder current policy, the WQD does not
allow discharges to occur to produced water impowras located over Class | and Class Il

aquifers.



2.3 Groundwater Investigation and Monitoring to Date
Between August 2004, and December 2009, approxiyn2@l3 impoundments with

nearly 2300 associated monitoring wells or borimgse evaluated for potential groundwater
impacts (Figure 3). Of the 2013 impoundments, caanpke monitoring plans and permits were
issued for 273 impoundments, and groundwater mongcexemptions were issued for 1484
impoundments. Approximately 146 impoundments (Wiff0 associated monitoring wells)
which overlie Class Ill groundwater are activelge®ing or have received CBNG produced
water and are included in this study (Figure 4he Temaining proposed sites did not receive a
permit or exemption for a variety of possible reeso Compliance data are reviewed by the

WDEQ/WQD for compliance and summary statisticsaaleulated on a quarterly basis.

3.0 RESEARCH OBJECTIVES

The primary objective of this project is to condacthorough review of five years of
groundwater compliance monitoring data to determineéhe requirements of the current
compliance monitoring plan are appropriate for @ction of shallow groundwater aquifers in the
Powder River Basin. A comprehensive, critical esviof the analytical and hydrogeologic data
is essential to evaluate current impacts to groatelivand to anticipate risks to groundwater

from the continuing operation of unlined CBNG impdments.

4.0 METHODS
The criteria examined in this five-year groundwatata review include the following:
» geologic setting of impoundments and associatedtoramg wells

* hydrogeologic setting of shallow aquifers



» groundwater geochemical trend
» spatial distribution of impoundments and wells

* volume of water and duration of discharge to eagtoundment

Following is a discussion of the methods used t@ntjty, characterize and analyze each

parameter listed above.

4.1 Surface and Bedrock Geology

Surface and bedrock geology rasters at a scalé:10,000 were imported into a
Geographic Information System (GIS) workmap for gpadial analysis. Monitoring well
locations were layered on top of the geology mapse GIS layers were used to delineate

bedrock monitoring well completions and the geataggtting of each impoundment.

4.2 Hydrogeology

Three hydrogeologic settings were identified duttimig study. Classification was based
on the thickness of low permeability material oyery the water-bearing zone, and the level to
which the groundwater rises in the well casingalation to the top of the water-bearing zone.
Low permeability material are any material desatibs “claystone” or “shale” in the geologists’
lithology logs. For purposes of this project, fbkkowing definitions are used:

Type A (confined) aquifers are defined as having more than five &éédw permeability

material overlying the water-bearing zone, andstia¢ic water level rises at least five feet above



the top of the water-bearing zone (Figure 5). Tihe foot cut-off is somewhat arbitrary and
accounts for some inaccuracies in the boring logsreatural fluctuations of static water levels.

Type B (unconfined) aquifers are defined as having no low permeabifitgiterial
overlying the water bearing zone, and the statitenigvel is either at or below the level of the
top of the water-bearing zone (Figure 5).

Type C (unconfined with overlying low permeability material) aquifers are defined as
having more than five feet of low permeability makoverlying the water-bearing zone, and
the static water level is either at or below theeleof the top of the water-bearing zone (Figure
5). From a risk perspective, Type C aquifers avasiered to be more ‘protected’ from
infiltration (by the overlying material) thaanconfined aquifers, but do not exhibit the same
degree of geochemical stability as the confinedfacs, and were split into a separate category
for these reasons.

Lithology and well completion logs were compiled fall 170 compliance monitoring
wells (Appendix A). For each borehole, the thickmef overlying low permeability material
was tabulated and recorded in an Excel spreadéhppendix B). The static water level (both
depth to water and static water elevation) were esorded in Appendix B, and the difference
between the depth to water and depth to the tofhe@fwater-bearing zone were calculated.
Because static water level is not a constant, fredessional judgment was used to ensure that
the calculation was based on static water leveds Were as close as possible to background
conditions and just prior to the date of initiascharge.

Every effort was made to keep interpretations tmiaimum and to ensure that the
analyses remain as objective as possible. Asudtréselve wells did not clearly fit into one of

the three hydrogeologic setting categories (fomaety of reasons, the most common of which
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was a lack of an accurate boring log) and wereetbeg not included in any hydrogeologic

setting analyses.

4.3 Geochemistry

Time-concentration plots, which illustrate trenas &tatic water level, total dissolved
solids (TDS), sulfate, and selenium were creatadalb 170 compliance monitoring wells
(Appendix C). Four geochemical trend categoriesevigentified, and each well was assigned to
a category based on the observable trend in the-¢oncentration plot. For purposes of this
study, the categories for geochemical trend incktdele (Figure 6),upward trend (Figure 7),
flushed (Figure 8), andmproved (Figure 9).

Stable geochemistry is defined as having a standiewdhtion of less than 200 mg/L for
TDS and sulfate (Figures 10 and 11). Monitorindl Wata that exhibit an upward trend have a
standard deviation greater than 200 mg/L for TD& suifate, and a positive slope for TDS and
sulfate concentrations on the time-concentratiartsplalthough the angle of the slope varies.
Monitoring well data that exhibit a flushing trerghow an increase in TDS and sulfate
concentrations followed by a decrease in conceatrsit and typically a return to near
background water quality. The degree of flushmgariable. Some trends show a sudden spike
followed by a sudden drop in TDS and sulfate cotregions while other flushing trends are
very subtle. The trend patterns for the data éixatbit improved water quality typically show a
steady decrease in TDS and sulfate concentrationsighout the life of the well, although the
angle of the slope varies. The stable category quasntified, while the remaining three are

qualitative only.
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4.4 Spatial Distribution

All compliance monitoring wells were plotted in aS3dayer overlying bedrock geology,
topographic maps, and aerial photos. Wells wersbsyized by geochemical trend and were
plotted to examine relationships between geograghicgeologic setting of the monitoring wells

and impoundments with changes in groundwater gualit

4.5 Discharge Duration

CBNG operators are required by permit to reportdhge that each reservoir initially
receives discharge to the WDEQ/WQD Groundwateri@gctAlthough it is not implied that an
impoundment receives continuous discharge, forpimpose of this study, discharge duration

was simplified to the number of months elapsedesthe initial discharge date.

4.6 Analysis

After details for the above parameters were cordpilplotted, and analyzed, a
comprehensive analysis was conducted which accdunterelationships among geochemical
trend and geology, hydrogeologic setting (includihickness of low permeability material,

depth to water-bearing zone, and pressure headtjdm, and time in operation.

5.0 RESULTS AND DISCUSSION

The majority of the effort put into this project svaledicated to data compilation,
hydrogeologic and geochemical characterization, @Epping, and analysis based on aquifer

and geochemical classifications.

12



Final products of this project include:

* a compilation of all compliance monitoring well cplations and borehole logs
(Appendix A),

* a database containing well completion, lithologgctarge duration, geochemical
trend, and other pertinent information for each pbamce monitoring well
(Appendix B),

» time-concentration plots of TDS, sulfate, selenianud static water level for the
life of each compliance monitoring well (Appendi¥ @nd

* a GIS workmap detailing well location, geochemitadnd, and spatial and

geologic setting.

Following is a discussion of the results of thisugrdwater data review.

5.1 Surface and Bedrock Geology

Of the 170 monitoring wells that were studied, 3¢ eompleted in unconsolidated or
alluvial sediments, 133 are completed in bedrookl, lags are not available for 3. Of the 133
bedrock wells, 94 are screened across sandstonacrd4s coal, 7 across siltstone, and 8 are
screened across two or more lithologies. Of thdrdick wells, 44 are completed in the Fort
Union Formation and 89 are completed in the Was&ioimation, as determined by well

location relative to surficial geology (Section 4Flgure 4).
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5.2 Hydrogeology

The distribution of hydrogeologic settings for albmpliance monitoring wells is as
follows: 67 Type A (confined), 70 Type B (uncordd) and 21 Type C (unconfined with
overlying low permeability material) (Figure 12,bla 1). As mentioned before, twelve wells
did not clearly fit into any category for a variety reasons including, but not limited to, the
absence of an adequate lithology log or well cotigue or lithology logs that were not detailed
enough to make a determination.

As expected, all alluvial wells fell into the Ty@ (unconfined) category. Several
relationships in regards to mean thickness of lewngability material, mean depth to the top of
a shallow aquifer, and mean depth to static watezllare tabulated in Table 2. For example, the
static water level is, on average, 36.4 faledve the top of the water bearing zone in Type A
(confined) systems, and 25.5 féetow the top of the water bearing zone in Type B (ufioeal)
systems. These relationships are expected, aqbgugur approach to defining and classifying

hydrogeologic settings.

5.3 Geochemistry

Of the 170 wells that were studied (in all hydrdgga settings), 72% (122 wells)
exhibited stable groundwater chemistry, 12% (2dsyshow TDS and sulfate concentrations on
an upward trend, 6% (10 wells) have flushed, and (&@owells) exhibit an improvement in
water quality (Figure 13, Table 1). Groundwateoademical trend did not fit clearly into any

category for 8 wells.
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It is extremely important to note that the quaMatclassifications are only based on

trends, and_do not in any waynply magnitude or cause of changes to groundwguetity, as

these need to be examined on an individual basis.

5.4 Spatial Distribution

CBNG produced water impoundments and associatedtonog wells are scattered
throughout the entire Powder River Basin, but témde clustered into CBNG development
areas or federal plans of development (PODs) (Eighr Many factors including access and

landowner agreement dictate the siting of CBNG poed water impoundments.

5.5 Discharge Duration and Volume

Quantifying discharge duration and volume proved b® very difficult, due to
inconsistencies in discharge reporting. The Wyar@il and Gas Conservation Commission
requires operators to report rates and volumesradyzed water from each production well.
Total volumes of water produced per well, theref@e fairly accurate. However, how that
water is managed (i.e., which outfalls it may betse at a given time) is quite variable.

While WYPDES requires reporting of daily maximundanonthly average flows at each
outfall, these discharges may not accurately remtethe discharge history of an individual
outfall.  Water from multiple wells is commonlguted and re-routed among multiple outfalls
in a CBNG production area. It is common pract@edompanies to distribute the total volume
of water pumped from a group of production welledy among all outfalls that are plumbed

into those wells when reporting discharge volumes.

15



In addition, companies have different field methods measuring flow. Some
companies have continuously recording flow metérsaeh outfall whereas other companies
measure flow once a month with a bucket and stogwatMeasurements made with either
method may be reported as daily maximum or as nhoatrerage.

Because some companies measure discharge at tfal ouhile others measure
discharge at the production well, and some compgaoantinually collect data while others
collect a flow reading once a month, discharge tihmaand volume records are highly
inconsistent and can be very inaccurate. Becau¥®DMES combines flow data from many
outfalls to estimate mass loading of electricaldwartivity and sodium, they are not necessarily
interested in accurate flow measurements from eatfall.

For the reasons above, discharge volumes for eapbundment were not included as

part of any comprehensive analysis in this study.

5.6 Data Analyses

After all of the borehole logs and well complesonere accumulated, relevant data were
compiled into a database and each well was claddiy geologic setting, hydrogeologic setting,
and geochemical trend. The relationships betwesslogy, hydrogeology, and changes in
groundwater quality were then investigated.

Following is a discussion of each analysis. Ndtat teach analysis investigates the
importance of local geology and hydrogeology wheedjzting changes in groundwater

chemistry.

16



5.6.1 Geochemical Trend and Hydrogeologic Setting

With four geochemical trend categories and thregrdgeologic settings, 12
combinations are possible. Two primary methodsewesed for illustrating the relationships
between hydrogeology and geochemistry: 1) theildigton of hydrogeologic settings within
each geochemical trend group (Figure 14), and )dtktribution of geochemical trends within

each hydrogeologic setting (Figure 15).

5.6.1.1 Geochemical Trend

Stable
Of the 122 wells that exhibit a stable geochemioahd, 50% (61 wells) are found in

Type A (confined) systems, 33% (40 wells) in TypéBconfined) systems, and 11% (14 wells)

in Type C (unconfined with overlying low permeatyiimaterial) systems (Figure 14, Table 1).

Upward Trend

Of the 20 wells that exhibit an upward geochemioahd, 70% (14 wells) are found in
Type B (unconfined) systems, 20% (4 wells) in Ty@e(unconfined with overlying low
permeability material systems, and 5% (1 well) yp& A (confined) systems (Figure 14, Table

1).

Flushed

Of the 10 wells that exhibit a flushed trend, 67% wells) are found in Type B
(unconfined) systems, 22% (2 wells) in Type C (uriteed with overlying low permeability

material) systems, and 11% (1 well) in Type A (@oed) systems (Figure 14, Table 1).

17



Improved Water Quality

Of the 10 wells that exhibit an improvement in wajaality, 80% (8 wells) are found in
Type B (unconfined) systems, 20% (2 wells) are tbumType A (confined) systems, and 0% (O
wells) are found in Type C (unconfined with ovenlgi low permeability material) systems
(Figure 14, Table 1).

It is not assumed that all wells that show an impment in water quality have been
influenced by infiltration of CBNG produced wateOther possible explanations for the trend
are poor initial well development, a response todhd of a very long drought, or other changes

in natural conditions.

5.6.1.2 Hydrogeologic Setting

Type A (confined)
Of the 67 wells that are completed in a Type A {o@d) system, 91% (61 wells) exhibit

stable geochemistry, 1.5% (1 wells) exhibit geodsem on an upward trend, 1.5% (1 well)
exhibit flushed geochemistry, and 3% (2 wells) extimproved water quality (Figure 15).

The four wells that are completed in Type A (coafih systems and exhibit unstable
geochemistry warrant analysis on an individual $dmscause of their inconsistency with the
strong trends that are evident throughout thisystudl variety of possible explanations exist for
the discrepancies including, but not limited to:opawell construction, poor initial well
development, local structure and/or faulting, adequately logged borings resulting in a mis-

interpretation of hydrogeologic setting.
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Type B (unconfined)

Of the 70 wells that are completed in an Type Bc@nfined) system, 57% (40 wells)
exhibit stable geochemistry, 20% (14 wells) exhdgbchemistry on an upward trend, 11% (8
wells) exhibit improved water quality, and 7% (5l\sgeexhibit flushed geochemistry (Figure 15,

Table 1).

Type C (unconfined with overlying low permeability material)

Of the 21 wells that are completed in a Type C ¢@ufioed with overlying low
permeability material) system, 67% (14 wells) extsbable geochemistry, 19% (4 wells) exhibit
geochemistry on an upward trend, 10% (2 wells) mkfiushed geochemistry, and 0% (0 wells)
exhibit improved water quality (Figure 15).

Individual investigations should also be perforni@dthe six wells completed in Type C
systems that exhibit unstable geochemical tren#isirther investigation may help delineate

which characteristics contribute to the distinatigss of this category.

In general, the results of these analyses are peacted with the Type B (unconfined)
aquifers exhibiting more unstable geochemistry gnedmajority of Type A (confined) systems
showing stable geochemistry. Note that these amalylo not include discharge duration or
volume, depth to groundwater, or several othervesie factors. Therefore, the relationships
observed do not imply that the cause of all changesater quality is directly attributable to

infiltration of CBNG produced water.
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5.6.2 Correlations between increased TDS, Sulfate and Selenium

In general, a strong correlation exists betweeaneimses in TDS and sulfate for all
hydrogeologic settings (Table 3). This is expecbetause gypsum (calcium sulfate) is a
common evaporate deposit found throughout the Powrieer Basin. The dissolution of
gypsum is largely accountable for increases in aD& sulfate.

The correlation between TDS/sulfate and seleniunoisas straight-forward, but patterns
emerge when sites are grouped and analyzed by hiidnogeologic setting and geochemical
trend (stable vs. non-stable). A very strong datien exists between an increase in selenium
and TDS/sulfate for Type B (unconfined) sites (EaB). However, the correlation between
increased TDS/sulfate and selenium does not exisiyfpe A (confined) settings (Table 3).

The lack of correlation, coupled with the stabldura of mid-basin, deep, Type A
(confined) settings implies that infiltration of G is not the cause of increased selenium in
confined aquifers. Instead, the rise in seleniuay ime due to sampling technique, lab error, or
changes in oxidation/reduction potential as a texfulell installation.

As implied by the lack of correlation between ireged TDS/sulfate and selenium in
Type A (confined) wells, without further field instgation and analysis, one cannot assume that
the cause of every change in groundwater qualitglinsctly related to infiltration of CBNG

produced water.

5.6.3 Geochemical Trend and Spatial Distribution
Wells that exhibit stable geochemistry are scattéheoughout the Powder River Basin
and are found in both the Fort Union Formation Whakatch Formation and in all hydrogeologic

settings (Figure 17).
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Many of the wells that exhibit geochemistry on gmvard trend or flushed are located in
the northern section of the basin and are complietéart Union bedrock (Figures 18 and 19).
However, several sites are located in the cenwdign of the basin. Each site that indicates
impacts from infiltration of CBNG produced watermants investigation on an individual basis.
Some shallow aquifers fluctuate due to natural g¢ms. Also, faulty well construction cannot
be discounted as a primary conduit for groundwat@tamination at some sites.

Approximately 88% of the wells that indicate an nmygement in groundwater quality are
located in the northern portion of the Powder RiBasin (Figure 20). Again, an explanation for

changes in groundwater quality would require amviddal study of each site.

5.6.4 Sites Exceeding Groundwater Quality Standards

Of 170 wells, 4% (7 wells) have ever exceededsctdaise standards for TDS or sulfate
and selenium, 3% (5 wells) have exceeded classefstandards for selenium only, and 3% (5
wells) have exceeded standards for TDS and suwifdie(Figure 16). Two of the selenium-only
sites are located in the central portion of theirbasd are completed in a Type A (confined)
water-bearing zone in the Wasatch Formation. Stheee are no other indicators, it is very
unlikely that the cause of the increased selenitisuah sites is attributable to infiltration from
the overlying CBNG infiltration impoundment. Onetlother hand, the sites in the northern
portion of the basin that have exceeded standadd'DS, sulfate and selenium are likely
resultant from infiltration of CBNG produced wathssolving the in-situ salt deposits.

As of the end of the fourth quarter of 2009, 3% wB8lls) of the 170 compliance

monitoring wells were out of compliance for excerdclass of use standards for sulfate and
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TDS; 1.8% (3 wells) were out of compliance for eedtiag class of use standards for selenium

only.

6.0 CONCLUSIONS

The following conclusions are based on the analg§ése data submitted to date:

1. Groundwater in Type B (unconfined) systems is marlnerable to changes in water
quality, whether resulting from infiltration of CBB produced water or variations in
natural recharge. The results are varied withgitmeindwater quality in the majority of
the monitoring wells remaining stable, while othesisow changes in groundwater

chemistry, some positive and some negative.

2. Groundwater quality in mid-basin Type A (confinedlls has typically remained stable,
and no Type A (confined) wells have shown an exaered of State groundwater
standards for the parameters analyzed in this sttty the exception of selenium (2

wells).

3. To date, a small percentage of monitoring welloWwepermitted impoundments have
shown changes in groundwater quality that exceesteSgroundwater standards.
However, although this is a 5-year study, many h& impoundments have received
discharge for less than 5 years. A maximum digghduration of 6 years and a mean of
37 months may not be enough data to draw conclssaiout potential changes to
groundwater quality, especially in deeper geolagtiings. The typical “lifespan” of a

CBNG produced water impoundment is 5 to 8 years.
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4. The requirements implemented by the WQD in Augd604 have provided sufficient
subsurface information to establish groundwater gitance monitoring plans for each
permitted impoundment in order to protect the &ashallow groundwater resources.
Based on the data analyses, a more rigorous mmgtprogram is not necessary at this
time. However, operators may be required to Ihstdditional monitoring wells to
investigate the extent of groundwater contaminatin@t may result from the operation of

the impoundment.

7.0 ONGOING AND FUTURE WORK

This study is a baseline analysis of common treards summary statistics for five years of
groundwater monitoring of shallow aquifers undentyi unlined CBNG produced water
impoundments. Future work may include several mde¢ailed analyses that focus on
understanding the causes for trends that becandergvduring this study. Future work may

include:

e Carbon Isotope Sampling and Analysis:Research on dissolved inorganic carbon for
use as a CBNG produced water tracing tool is bemgducted at the University of
Wyoming. The WDEQ/WQD Groundwater Section staf§ bagun utilizing the tool to
determine whether or not produced water has reashatiow groundwater and is the
cause of observable changes in groundwater qualitgse by case studies of carbon
isotope work in conjunction with fate and transpamialysis may prove very useful for

determining risk to groundwater from overlying ingpaments.
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Shallow Geophysical Techniques The Groundwater Section is working with the US
Department of Energy to attempt to delineate shaljpoundwater plumes emanating

from unlined impoundments using non-invasive gespta/l (resistivity) techniques.

Discharge Duration Analysis An attempt should be made to correlate the disgh
duration with geochemical trends. Discharge daratwhich is simplified as the number
of months an impoundment has been in operationthehat has received continual
discharge or not, will be used in a very generabsgo demonstrate the locations of the
earliest development and the subsequent expans$i@BNG development throughout

the basin.

Depth to Groundwater Analysis Correlation of depth to water and geochemicahdr

will be calculated for each hydrogeologic setting.

Extent of Contamination Investigations Individual sites that showed significant water
quality changes will be investigated to determinge textent of groundwater

contamination. Several such studies are curremitierway.

24



FIGURES

Managed Surface
irrigation

8o/

UIC Subsurface

Urip imigatiion

5%

Figure 1: Distribution of CBNG produced water for calendar year 2008
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Figure 2: Project location; compliance monitoring vell locations
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Figure 3: All sites investigated;
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Figure 4: Compliance monitoring wells and bedroclgeology
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Figure 5: Example of a well completed in each hyageologic setting
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Figure 6: Example of ‘stable’ TDS and sulfate corentrations
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Figure 7: Example of TDS and sulfate concentratiosion an ‘upward trend’

30




6000

et S04 s 504 Limiit === TDS =====TDg Limit
5000

4000 /

-]
2000 I‘ M

1000

Concentration (mg/L)

0 : : : :
Jan-04  Aug-04 Feb-05 Bep-05 Mar-06 Oct-06 Apr-07 Nov-07 Jun-08 Dec-08 Jul-09

SampleDate

Figure 8: Example of ‘flushed’ TDS and sulfate cocentrations
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Figure 9: Example of ‘improved’ TDS and sulfate concentrations
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Figure 12: Number of wells completed in each hydgeologic setting
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Figure 13: Number of wells that reflect each geo@&mical trend.
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Figure 14: Number of wells in each hydrogeologic #ng, categorized by geochemical
trend
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Figure 15: Number of wells in each geochemical tnel group, categorized by hydrogeologic
setting
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Mixed alluvium and colluvium ¢ Selenium only

Figure 16: Geospatial distribution of wells in whch geochemical parameters have ever
exceeded class of use standards.
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- Fort Union Formation
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Figure 17: Geospatial distribution of monitoring wells completed in shallow aquifers (all
types) exhibiting a stable geochemical trend.
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Figure 18: Geospatial distribution of monitoring wells completed in shallow aquifers (all
types) exhibiting an upward geochemical trend.
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Figure 19: Geospatial distribution of monitoring wells completed in shallow aquifers (all
types) exhibiting a flushed geochemical trend
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Figure 20: Geospatial distribution of monitoring wells completed in shallow aquifers (all
types) exhibiting improved water quality.
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TABLES

Hydrogeologic Setting
Type A | TypeB | TypeC | ? | TOTAL
= Stable 61 40 14 7 122
E | Upward trend 1 14 1 20
25 Flushed | 1 5 2 |2 10
§ = Improved 2 0 10
© 2| 2 1 6
TOTAL 67 70 21 11

Table 1: Summary statistics for hydrogeologic and geochemical groupings

Type A Type B Type C
Aquifer Type Bedrock Alluvial/Colluvial | Bedrock Bedrock
(# of wells) (67) (34) (36) (21)
Depth to Aquifer 90.1 ft 2.6 ft 11.3 ft 68.6 ft
Depth to Water 53.7 ft 14.8 ft 45.1 ft 94.1 ft
Thickness of
confining 33.8 ft 0 0.4 ft 24.1 ft
material

Table 2: Average aquifer characteristics

Hydrogeologic setting
Type A Type B Type C
T w TDS and Sulfate 0.62 0.86 0.84
= 8 TDS and Selenium 0.03 -0.01 0.05
8 | | sulfate and Selenium 0.20 0.00 -0.07
£ e DS and Sulfate 0.98 0.95 0.93
g 5 3 DS and Selenium 0.03 0.66 -0.21
© “ | sulfate and Selenium -0.14 0.52 -0.20

Table 3: Summary of r? values for correlations between maximum increase
(maximum concentration minus baseline concentration) for sulfate, TDS,
and selenium.
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