Appendix 5 - Objective 5: evaluate compatibility between coalbed methane product water and
irrigable soils and/or landscapes which might be considered for commercially based, large-scale
land applied disposal or utilization of coalbed methane product water;

Power Point Presentation - File title: Soil Physical and Chemical Responses

Title: Effects of saline-sodic water on soil chemical and physical properties, with emphasis
on potentially irrigable soils of the lower Powder and Tongue River watersheds.

Author: Kimberly Hershberger, Montana State University

Content: 42-frame power point presentation summarizing results of controlled laboratory
studies assessing the effects of modestly saline-sodic water on soil chemical and
physical properties of selected soil materials; overall goal of these studies was to
determine the suitability of irrigating with modestly saline sodic waters (simulated
coalbed methane product water), while still maintaining the sustainability of the soil.
Presentation summarizes two laboratory experiments which subjected soils of varying
clay content and clay type to diverse wetting/drying regimes using two water regimes
simulating diverse salinity-sodicity combinations. Complete details provided in
appendix document of same title, Appendix 6 - Completed Thesis.
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Kim Hershberger

My Study

Assess the effects of modestly saline-sodic water on
soil chemical and physical properties of selected
soil materials.

Overall Goal-Determine the suitability of irrigating
with modestly saline-sodic waters. while still
maintaining the sustainability of the soil.

Two laboratory experiments which subjected soils of
varying clay content to diverse wetting/drying

regimes using two water qualities.




Irrigable Acreages within the Buffalo
Rapids lrrigation District

Soil Laxonomy fexture | Acres

Series

Cherry | Fine-silty. mixed. frigid Typic Ustochrepts I 6052 4

Marias | Fine. smectitic. frigid Chronic Haphsturts

Spinekop | Fine-loamy, mixed. superactive, frigid
Aridic Haplustepts

Trembles | Coarse-loamy. mixed. calcareous. rigid
Typic Ustitluvents

Havre Fine-loamy. mixed calcareous frigid Ustic sil/sicl
Torifluvents

Busby Coarse-loamy. mixed Borollic Camborthids fsl
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For mora information contact
| Kimbery Robinson
3 kimrOt@hotmail.com




FEXTURAL CLASSEES
|- Clay % 0-11% - Loamy Sand. Sandy Loam. Loam
2- Clay % 12-22% - Sandy Loam. Loam, Silt Loam

0 2 )

3- Clay % 23-33% - Loam. Clay Loam. Silty Clay Loam

4- Clay %0 34+ - Silty Clay Loam, Silty Clay. Clay
Soil Samples defined on the textural triangle
100
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Water Quality Targets

POWDER RIVER
EC=1.56 dS/m
SAR = 4.54
pH = 8.03

CBM (PRODUCT WATER)
EC =3.12 dS/m
SAR = 13.09
pH = 8.22

Wetting Regimes

| X Wet/Dry with P.R.

| X Wet/Dry with CBM

5X Wet/Dry with P.R.

5X Wet/Dry with CBM

5X Wet/Dry with P.R. followed by leaching
with 1 pore volume distilled water

5X Wet/Dry with CBM followed by leaching

with | pore volume of distilled water




Study of Soil Chemical
Responses

Treatment effect on soil
chemistry was evaluated by
monitoring the resultant
saturated paste extract EC
and SAR and comparing
results with baseline
conditions,

Comparisons made by
analyzing data based on
their textural class

Methods

Soil materials were saturated according to the
water quality x wetting regime treatment
combinations.

[ X treatments-following wetting soils were oven
dried.

SX treatments-intermediate dryving cvceles for 24
hours at 95 deg F: following fifth wetting soils
were oven dried.




For 3X=+d. after fifth
drying to 95 deg. F. soils
were placed on wire
mesh racks where ~1
pore volume of D.1.
water was poured on the
surface of cach sample.
|.cachate water was
allowed to drain for 24
hrs. Following drainage
period. soils were oven
dried.

Resultant Mean Saturated Paste Extract EC and

SAR for Textural Classes (across all treatments)

Mean Mean
EC (dS/m) SAR

Textural Class

308 3 606 a
3.39 a 6.04 a
3.28 a 5.34'a

3.78 b 791 b




Resultant Mean Saturated Paste EC and SAR for
| reatment Combinations (across all textures)

Water Quality Mean EC | Mean SAR
Treatment (dS/m)
Base | | 0.82 a
IX PR, | BT 5.94 b
1 X CBM ' 246 ¢ 392b
5XPR. | iz 4941
SXP+d | 49 | 3.02e | 486B
| 5X CBM S EEEOs L | 1131 %
e L 49 | 573 10.85 ¢
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/ / | Ayers and Westcot (1976)|

No Reduction in
Infiltration o

26
/ SAR=1.46 (EC) + 1.20
R2=.54
!.Iilllﬂﬁ

8
g
:
a
\i

SAR (soil)

-
=1

~ 1% WoliDry-P.R.
A1X Wel/Dry-CBM
# 5X Wot/Dry-CBM
0 5X Wet/Dry-CEM + Distillod
5% WaliDry-P.R.
15X Wet/Dry-P.R. + Distille

10 12

EC (dS/m)

Soil Chemistry Conclusions

[ .Repeated irrigation with saline-sodic water will
result in a general increase in the soil salinity and
sodicity.

2 Repeated irrigation or dispersal of CBM product
water 1o II‘II"‘II)IL land is likely to result in elevated
soil salinity levels substantially higher than
published thresholds for some irrigated crops.
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3. Soil solution salinity will equilibrate at an L.C value
approximately 2-3 times the EC of the applied
water: soil solution SAR appears to equilibrate at a
level comparable to the SAR of the applied water as
long as leaching occurs.

. Application of salt-free water following elevation of

soil solution salinity and SAR through repeated
wetting effectively reduced soil solution salinity
while having little or no effect on sodicity.

5. The lowering impact of rainfall on EC and SAR 1s
more predominant when salt concentrations arc
high. and in coarser-textured soils.

). The greatest increases in EC and SAR upon wetting
with either CBM or P.R. water were in coarser-
textured soils.

In few instances of this study were soil solution
salinity x sodicity combinations measured which
exceed these thresholds following single wetting
events. In essentially all instances where saline-
sodic water was repeatably applied. the resulting soil
solution salinity and sodicity were significantly
clevated to levels i close proximity to the

previously published EC x SAR standards.
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8. Results of this study appear to be consistent with
previously published reports of the relationship
between exchangeable sodium percentage (ESP)
and solution SAR. 1.¢.. SAR = 0.8 x ESP
(approximately). Utilizing an ESP threshold of 15.
the majority of treated soil samples exceeding this
value resulted from alternate wetting regimes with

CBM product water followed by simulated rainfall.

Soil Physical Properties Study
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Methods

Soil water retention was measured at 1/10 - 15 -bars of applied
pressure

Water content was measured after soils had undercone treatment
combinations (same as the soil chemistry study treatments

For 1 X treatments. soils were saturated for 24 hrs betore pressure was
applied

For 53X treatments. soils were placed on wire racks for wet/dry cycles
and transferred to pressure plates for the final wetting period

14



Methods cont.

A
-

5X+d-Same procedure
as the 5X
Final wetting on the
plate consisted of DI
application

Mean Gravimetric Water Content at Applied

Pressure Potentials for each Textural Class (across all

treatment combinations)

Texture | -1/10 bar | -1/3 bar -5 bar
0.25 a 0.11a 0.05 a

021b 0.10Db

0.28 ¢ Wla e

0.18d

=15 bar

0.04 a
0.08 b
Geldve
0.14d
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Mean Gravimetric Water Content at Apphied
Pressure Potentials for each Treatment
Combination (across all textures)

WQ Treatment ( -15 bar

[Eh RN Sria 0 20 2ia f:09 a

[IXCBM | 037a 0.22a | a | 0.09a
[ sxPR. |035b]023a| 22 | 0092
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'sxCBM | 035b | 0232 | [ 0.122a | 0.095
| SX C+d | 0i3a & | S | | 12a | 0.092
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Difference in Pw from Baseline (1X P.R.)
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[
LA — 35— ]

3

Textural Class
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¥ 5X Wet/Dry-CBM + distilled

g H20/ g dry soil

2

3

Textural Class
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Textural Class #1

+ X Wet/Dry-P.R.

& X Wat/Dry-CBM
5% Wat/Dry-P.R.

» BXWet/Dry-P.R. + distilied

= 5X Wet/Dry-CBM

» 5X Wat/Dry-CBM + distilled)|

—

L] a
Matric Potentlal (h) (-bars)

Textural Class #2

+ 1XWeat/Dry-P.R.
= 1XWel/Dry-CBM

5XWet/Dry-P R,

= BXWel/Dry-CBM

« BXWet/Dry-P.R. + distiled | |

& 5XWat/Dry-CBM + distilled [

8 10
Matric Potandial {h) (- bars)

Textural Class #3

 1XWetDry-F R.
= 1 X WetDry-CBM
SXWeUDry-P R.

= B WetDry-P R. + distilled

= BX VCEM
« 5XWeUDry-CBM + distlled

10

Matric Potential (h) (-bars)

Textural Class #4

+ 1X Wel/Dry-P.R.

u 1X Wet/Dry-CEM
EXWet/Dry-P.R,

« BXWet/Dry-P.R. + distiiled

x 6X Wet/Dry-CBM

= 5X Wet/Dry-CBM + distilled

10

Matric Potentlal (h) (-bars)
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Soil Physical Properties
Conclusions

Water content associated with matric potential
differed significantly due to predominant soil
texture at all matric potentials investigated in this
study.

Significant differences in water holding capacity
of coarser-textured soils occur due to water quality
treatment more often at greater matric potentials.
[n finer-textured soils differences in water holding
capacity due to water quality treatment are more
likely to occur at lower potentials.

Significant changes in water holding capacity duc

o water quality treatment are only on the order ol

0.02-0.04 g H,0/g dry soil. The change reflected

a decrease in water holding capacity in textural

classes 1 & 2 and an increase in water holding
capacity in textural class 3.

Reductions in water retention in coarser-textured
soils are attributable to the loss of large pore
spaces.

20



5. The addition of saline-sodic water had the
areatest effect on soil physical properties
when the soil 1s near saturation. Changes
in water holding capacity are likely to
have non-discernible impact on irrigation
suitability.

Successive wetting/drying cycles can
cause aggregate coalescence and the loss
of interaggregate porosity: this appeared
to occur more often in the coarser-textured
soils.

Although statistically significant differences were
detected among water quality treatments.
differences were not large enough to have a
significant ecological impact.

CBM product water applied at these levels did not
have a consistent significant impact on soil
physical properties. i.c.. water-holding capacity.

21



Power Point Presentation - File title: Bauder-Drakel.ppt

Title: Coalbed methane product water: landscape distributions, management and handling
strategies, chemistry and reactions with soil materials.

Author: James W. Bauder, Montana State University

Content: 37-frame power point presentation providing an overview of the physical, geologic,
and water chemistry conditions associated with coalbed methane extraction industry
within the Powder River Basin; introduction to water x landscape issues, principles of
dispersion of clay soils when exposed to sodium-rich water, chemical reactions of
coalbed methane product water, and summary of selected soil responses to frequent
and infrequent wetting with simulated coalbed methane product water.



CBM development potential in
U.S. as of 2002

Washington Powder River P“',‘P,,"r‘,",';’gi?n"“

fields

Cemral

Juan  paton
1 500 MILES

500 KILOMETERS

A little
background
and some
essential
foundation
information
— then we'll
begin

Bbl - barrels = 42 gal
Mcf = thousand cu. ft.
CBM = CBNG

cfs = cu. ft/sec




North
Dakota

South
Dakota

Belle Fourche
Ri\fer

North Platte

b A i A MR ik

Powder River Basin

Approximately 35,000
square kilometers

Principle watershed for
the Powder River, Tongue
River, East Rosebud
Creek

Approximately 70% of the
U.S. proposed CBM
development in next
decade scheduled here
7.5% of all U.S. natural
gas production is CBM

e pr i e e U




Background

Information

Extraction of CBM
requires withdrawal of
large amounts of saline-
sodic water from coal
seams containing
methane.

Projections call for
disposal or management
of one quarter million
acre-feet of product
water annually in the
Powder River Basin

(80 x Bozemans).

Common signature =
salinity x sodicity

CBM Produced Water in the
Rocky Mountain Region

» More than 3.5 billion barrels of produced
water in 2002

+ Wyoming = 1,901,087,161 (63% of total
produced water)

* New Mexico = 593,053,102
» Colorado = 250,986,180
- Utah = 145,213,852

« Montana = 113,365,939
*Based on 2002 Production Data, 42 gallons/bbl







Ephemeral channel discharges
challenged and downstream water rights
holder prevalled e

AR - Arguments Ioss of channal

i integrity; forfeiture of priority

TRIBUTARY TO LITTLE water right; loss of beneficial
POWER RIVER use opportunity

Current CBM Product Water
Management

Discharged into a stream channel -
meeting permitted standards
Impounded

Holding pond, infiltration pond,

“0 discharge” pond
Land applied to crop or range land

In Montana - two permitted discharges
directly to the Tongue River




Water quality and quantity

Quality Quantity
- A typical CBM well
produces about 13 gpm
Elevated salinity of production water
. By 2010 well numbers
are expected to
increase to 30,000 wells
Elevated sodicity . Production water
volume is expected to
increase to 400,000
gpm

Generalizations about CBM
Product Water Quality

Range in TDS of PRB CBM product water is 270-2,730 ppm,
average is 740 ppm; median is 838 ppm

Drinking water standard is 500 ppm
Livestock water standard is 5,000-10,000 ppm
SAR range of 5-68.7, median 8.8; threshold =12

EC (SP) ranges from < 0.5 to > 10 dS/m across basin; threshold
=3.0dS/m




CBM product water in the Powder
River Basin - knowns

Trend of increasing sodium adsorption ratio
(SAR), electrical conductivity (EC) and total
dissolved solids (TDS) progressing north and
west through the basin (Rice et al., 2000).

Most wells in the northern section are above the
limits for salinity and sodicity (Rice et al., 2002)
wi/r to irrigation suitability .

North
Dakota

South
Dakota

Belle Fourche

Circle size is River

Proportional to TDS

Number is SAR

North Blatte Figure compliments of John Wheston,

Montzna Bureau of Mines and Geology
River
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MSU CBM Product Water
Management Team Goals

Understand the chemistry,
quantity, and distribution of CBM
product water in the Powder River
Basin.

Assess the interaction between
surface dispersed CBM product
water and soil, water, plants,
groundwater and land resources.

WSRO e “_T”"_'F‘T"f_'l_?ff!]

Conduct research to help
define CBM product water
management strategies
which will ensure
sustainability of Montana’s
soil, plant, and water
resources while allowing for
CBM development.

What is sodic water and
why is it considered sodic?

The sodicity of water is expressed as the
Sodium Adsorption Ratio (SAR)

Sodic water is any water with a SAR greater
than 12. Sodic water is not necessarily saline.

Sodic soil is one with an exchangeable sodium
percentage (ES)) greater than 15%.




What are the common difficulties with the
use of sodic water for irrigation?

Use of sodic water for irrigation can be risky
business on soils having significant amounts of
swelling clay. On such soils:

sodium changes soil physical properties, leading to
poor drainage and crusting, which can affect crop

growth and yield.

Irrigation with sodic water on sandy soils does not
cause crusting and poor drainage. However, if the
water is saline-sodic, it may affect crop growth and

yield.

REDUCED HYDRAULIC CONDUCTIVITY
-Shainberg and Letey, 1984

RELATIVE HYDRAULIC CONDUCTIVITY
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0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500 5,000
EC (umhos/cm) :

Hanson etal, 1999. Agricultural Salinity and Drainage. University of California, Davis

Sodium Adsorption Ratio (SAR)

SAR = Na*1
[ (Ca'2 + Mg*2) /2]

where Na*!, Ca*2, and Mg*? refer to
soluble ionic concentrations in
mmol L
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GROUND - WATER QUALITY
ALONG FLOW PATHS IN THE
FORT UNION FORMATION

Ca, SOs: Moderate - High TDS, Low SAR

Na, SO4: Moderate - High TDS, Increasing SAR

Na, HCOs: Moderate TDS, High SAl

Courtesy of John Wheaton, MBMG

Primary geochemical processes controlling ground-water

quality
in the Fort Union Formation aquifers of Montana
(Slide 1 of 2)
CaCO, + H* Ca? + HCOjy

H * from dissociation of H,CO, or from oxidation
of FeS,
TDS increases 70 mg/L per 1 mmole/L H*

4FeS, + 150, + 14H,C 4Fe(OH), + 880,* + 16H*
TDS increases 51 mg/L per 1 mmole/L O,

4Na* (clay) + Ca?* + Mg?* Ca, Mg (clay) + 4Na*
TDS increzses 50 mg/L (average)
per 1 mmole/L Ca or Mg

12



Primary geochemical processes controlling ground-water qualit|
in the Fort Union Formation aquifers of Montana
(Slide 2 of 2)

Sulfate reduction in anaerobic conditions

Also, Water quality may be an exploration tool:

$0,>~ + 2CH,O bacterha H,O0 + CO, + HCO; + HS-
TDS decreases 66 mg/L per 1 mmole SO,

SO,2 + CH, _snaerobic bacters M8 + HCOy + OH-

General Chemistry:

« CBM product water is sodium
bicarbonate rich. When discharged
to the surface or applied to the soil,
sodium bicarbonate undergoes the
following reaction:

———

NaHCO, H*+ CO3- + Na"*

13



» Free carbonate (CO;) in solution is now
available to bind with calcium in the
surface water or soil to form calcium
carbonate (CaCO,):

Ca** + CO,~ — CaCoO,

= Calcium carbonate is relatively insoluble
and precipitates from solution, thereby
increasing the SAR.

« The dissolution of sodium bicarbonate
also causes the pH to increase with the
formation of sodium hydroxide:

Na** + H* + CO;~ — CO, + NaOH-

14



Discharge standards as of April 25", 2003 :

=« Irrigation Season
Powder River
= Max EC 2.5 dS/m
= Max SAR 6.0

Tongue River
= Max EC 1.5 dS/m
= Max SAR 4.5

« Non-rrigation Season
Powder River
= Max EC 2.5 dS/m
= Max SAR 9.75

Tongue River
= Max EC 2.5 dS/m
= Max SAR 7.5

Resultant Mean Saturated Paste EC and SAR for

Treatment Combinations (across all textures)

Water Quality Mean EC | Mean
Treatment (dS/m) SAR
Base 49 0.82a 2.56 a
1XP.R. 49 1.51b 594 Db
1X CBM 49 246 ¢ 3.92b
5XP.R. 49 3.21d 4.94 b
5X P+d 49 3.02e 4.86 b
5X CBM 49 6.93 f 11.31.¢
5X C+d 49 9.73.9 10.85 ¢
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Impacts on Shallow Groundwater
and Streams

Direct discharge of
CBM product water

Seepage of CBM
water stored in
ponds and
reservoirs

Will there be any
water quality '
impacts to alluvial

._“- " % T o T— A J)":‘-_'” ‘

water? Photo courtesy of Northern Plains Resource Council

CBM Holding Pond

ﬁl—#—l—\.l—-

Infiltration of CBM
Water from Surface Discharge

Creek conveyance losses
are >80% of CBM discharge
(BLM, 2000; AHA, 2000)

Ephemeral drainages of SE
PRB lose 0.43 to 1.44 acre-
feet per mile (USGS, 1987)

Powder River conveyance
loss is 0.31 cfs per valley
mile (Rankl and Lowry, 1980)

Infiltration averages ~82% of
conveyance loss

18
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Power Point Presentation - File title: Hayes and Gay sites-Bauder

Title: Case studies of soil solution changes (salinity and sodicity) as a consequence of long-
term dispersal of coalbed methane product water on selected landscapes of the
Tongue River and Powder River alluvial channel.

Author: Jason Drake and James W, Bauder, Montana State University

Content: 13-frame power point presentation summarizing salinity and sodicity profiles below
multiple sampling sites of the Powder River and Tongue River alluvial corridor with
long-term histories of coalbed methane product water dispersals, compared to
adjacent sites not receiving coalbed methane product water dispersals.






SAR v. Soil Depth — Al's Barley, 9/2003
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EC (dS/m paste extract) v. soil depth — Al’s Barley, 9/2003
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SARv. Soil depth - Beehive site, 9/2003
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EC (dS/m) v. soil depth — Schoolhouse site, 9/2003
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SAR v. soil depth — Schoolhouse site, 9/2003
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EC, dS/m v. soil depth - Beehive Site, 9/2003
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File title: Drake Pressure Plate Studies

Title: Soil physical property response to wetting and drying cycles with different saline-sodic
water qualities; contrast of three different soil materials

Author: Jason Drake, Montana State University

Content: 9-graph Excel presentation (total data set included), illustrating soil water storage
(gravimetric water content) between saturation and permanent wilting point of three
soils when subjected to 1 and 5 time wetting with three contrasting water qualities
representing in-stream, modestly saline-sodic, excessively saline-sodic water sources.
Contrasting soil materials consist of silty clay loam initially with elevated salinity x
sodicity; silty clay loam initially with low salinity x sodicity; sandy clay loam with
initially low salinity x sodicity.
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Power Point Presentation - File title: Little Powder Trend Analysis

Title: Assessment of Coalbed Methane Product Water Intervention on Water Quality
Parameters of Significance in the Little Powder River at Weston, Wyoming

Author: Keri Garver, Montana State University

Content: 46-frame power point presentation detailing the background, methods, approach
and outcomes of intervention analyses for waters of the Little Powder River, Weston,
Wyoming. The first 17 frames provide extensive background on the geology,
lithology of coal bearing seams and water bearing coal seams of the Powder River
Basin. Additionally included in the introduction is a collection of visual illustrations
of coalbed methane product water management currently in place in the Powder
River Basin, Wyoming portion. Complete details provided in appendix document of
same title, Appendix 6 - Completed Thesis.
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