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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 agency thereof, nor any of their
employees, makes any warranty, express 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 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 its 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.



Abstract

The Tennessee Valley Authority (TVA), the Electric Power Research Institute (EPRI), and the
Department of Energy - National Energy Technologies Laboratory (DOE-NETL) are evaluating
and demonstrating integration of terrestrial carbon sequestration techniques at a coal-fired
electric power plant through the use of Flue Gas Desulfurization (FGD) system gypsum as a soll
amendment and mulch, and coal fly ash pond process water for periodic irrigation. From
January to March 2002, the Project Team initiated the construction of a 40 ha Carbon Capture
and Water Emissions Treatment System (CCWESTRS) near TVA’s Paradise Fossil Plant on
marginally reclaimed surface coal mine lands in Kentucky. The CCWESTRS is growing
commercial grade trees and cover crops and is expected to sequester 1.5-2.0 MT/ha carbon per
year over a 20- year period. The concept could be used to meet a portion of the timber
industry’s needs while simultaneously sequestering carbon in lands which would otherwise
remain non-productive. The CCWESTRS includes a constructed wetland to enhance the ability
to sequester carbon and to remove any nutrients and metals present in the coal fly ash process
water runoff. The CCWESTRS project is a cooperative effort between TVA, EPRI, and DOE-
NETL, with a total budget of $1,574,000. The proposed demonstration project began in October
2000 and has continued through December 2005. Additional funding is being sought in order to
extend the project.

The primary goal of the project is to determine if integrating power plant processes with carbon
sequestration techniques will enhance carbon sequestration cost-effectively. This goal is
consistent with DOE objectives to provide economically competitive and environmentally safe
options to offset projected growth in U.S. baseline emissions of greenhouse gases after 2010,
achieve the long-term goal of $10/ton of avoided net costs for carbon sequestration, and
provide half of the required reductions in global greenhouse gases by 2025. Other potential
benefits of the demonstration include developing a passive technology for water treatment for
trace metal and nutrient release reductions, using power plant by-products to improve coal mine
land reclamation and carbon sequestration, developing wildlife habitat and green-space around
production facilities, generating Total Maximum Daily Load (TMDL) credits for the use of
process water, and producing wood products for use by the lumber and pulp and paper industry.

Project activities conducted during the five year project period include:

Assessing tree cultivation and other techniques used to sequester carbon

Project site assessment

Greenhouse studies to determine optimum plant species and by-product application
Designing, constructing, operating, monitoring, and evaluating the CCWESTRS system
Reporting (ongoing)

The ability of the system to sequester carbon will be the primary measure of effectiveness,
measured by accessing survival and growth response of plants within the CCWESTRS. In
addition, costs associated with design, construction, and monitoring will be evaluated and
compared to projected benefits of other carbon sequestration technologies. The test plan
involves the application of three levels each of two types of power plant by-products - three
levels of FGD gypsum mulch, and three levels of ash pond irrigation water. This design
produces nine treatment levels which are being tested with two species of hardwood trees
(sweet gum and sycamore). The project is examining the effectiveness of applications of 0, 8-
cm, and 15-cm thick gypsum mulch layers and 0, 13 cm, and 25 cm of coal fly ash water for
irrigation. Each treatment combination is being replicated three times, resulting in a total of 54
treatment plots (3 FGD gypsum levels X 3 irrigation water levels x 2 tree species x 3 replicates).
Survival and growth response of plant species in terms of sequestering carbon in plant material



and soil will be the primary measure of effectiveness of each treatment. Additionally, the ability
of the site soils and unsaturated zone subsurface materials will be evaluated for their
effectiveness at treating the irrigation water for various pollutants.

Year 1

In Year 1 of the project, greenhouse tests and field testing evaluated (1) Tolerance of certain
tree species to soil-borne boron; (2) Tolerance of certain tree species to water-borne boron; and
(3) Optimum depth of FGD gypsum by-product to serve as mulch. Results suggested that using
the Paradise power plant FGD waste water as a source of irrigation without first diluting the
boron (B) concentration will require careful planning and management. Year 1 findings
suggested that:

(1) FGD water should be blended to 4 mg B/l or less prior to use.

(2) Trees should be allowed to become fully established before applying diluted irrigation water.

(3) Soil should not be saturated with boronated waste water.

(4) B and nitrogen (N) in leaves should be initially monitored to help schedule irrigation and
fertilization.

(5) Accumulation of B in the soil profile should be monitored.

(6) Periodic irrigation with low B water should be considered to prevent toxic levels of B
accumulation in the soil.

(7) A search should continue for more tolerant trees and crop management techniques to
reduce the risk of irrigating with boronated waste water.

Results from the B leaching study indicated that if wastewater containing B was drip-irrigated to
match evapotranspiration during the growing season, most of the applied B would be retained in
the upper part of the rooting zone during the growing season. Since B is somewhat mobile at
the study site, winter precipitation likely would leach much of the B out of the rooting zone,
resulting in lower levels of soil B at the beginning of each growing season. With this type of
pattern, application of 25 cm ( 9.84 in) of water containing 7 mg B/l irrigation water (e.g., fly ash
pond water) would result in an accumulation of about 7 mg B/kg soil in the rooting zone by the
end of each growing season. During the first part of each growing season, significantly less than
an additional 7 mg B/kg soil would have accumulated. The greenhouse B tolerance study
indicated that sycamore, eastern cottonwood, sweet gum, and red maple will tolerate 10 mg
B/kg soil reasonably well for about one growing season or less. Some B leaf damage would
probably occur during the last part of the growing season and concentrate in the autumn leaf
litter to be leached out by rainfall during the winter months. The combined results of the
greenhouse B tolerance study and the field B leaching study suggested that sycamore,
cottonwood, sweet gum, and red maple would tolerate an annual application of 25 cm fly ash
pond water reasonably well, but that 25 cm of FGD wastewater (~70 mg B/I) would be very
damaging to the trees.

Year 1 project expenditures were $241,601.
Year 2

Based on a 2001-2002 field study and April-November 2002 inspections of replicated test plots
FGD gypsum placed on actively growing fescue, the Project Team determined that the full-scale
demonstration should be tested with zero, 10 cm, and 20 cm depths of the FGD gypsum for
mulch. FGD gypsum was applied as mulch at three levels: no mulch, low mulch = 10 cm depth
and high mulch = 20 cm depth. The 40.5-hectare research area was subdivided into nine zones,
each covered with one of the three levels of FGD gypsum mulch replicated three times. Exact



application levels applied to each zone were randomly chosen. FGD gypsum was applied in 3.7-
m wide strips, separated by 1.2-m wide strips of existing grass cover crop. 34,500 m* of FGD
gypsum was placed over a three month period from December 2001 to February 2002 at 10 cm
and 20 cm depths. The total cost for placing the material was $159,000, or about $4.61/m>. It is
thought that the total cost is approximately one third higher than a “best case” estimate due to
weather delays and inexperience at working with FGD gypsum as an agricultural amendment.

After extensive Year 1 greenhouse testing of a number of tree species for tolerance to B, and
consideration of other factors such as drought tolerance, growth rate, and commercial value,
sycamore (Platanus occidentalis L.) and sweet gum (Liquidambar styraciflua L.) were chosen as
the optimum species for planting. Two rows of two-year-old tree seedlings were planted in
February-March 2002 in each 3.7-m wide row of gypsum treatment (except in plots with zero
gypsum treatment) at 2.44 m X 2.44 m spacing. This planting pattern resulted in a 2.4-m wide
strip of gypsum on one side of a tree row, and 0.6-m wide strip of mulch plus 1.2 m of grass plus
a second 0.6 m of mulch on the opposite side of a row. Within each of the nine zones of FGD
gypsum treatment, three irrigation treatments were replicated randomly. Within each of the 27
irrigation areas (3 replicates of the nine possible gypsum-irrigation level combinations), half of
the area was planted to sycamore and half to sweet gum, in a split-plot design. This resulted in
54 treatment plots of approximately 0.75 hectares each.

Tree planting of ~63,000 sycamore and sweet gum seedlings began 2-23-02 and was
completed 3-7-02. In May 2002, a survivorship survey was conducted in all plots for both tree
species indicating that the percent survivorship for both species was greater than 85%. In
September 2002, seedling survival and vigor was poor across the entire study area. Sycamore
average survival rate (27%) was over twice that of sweet gum (12%), and the percentage of
healthy sycamore seedlings was considerably higher (17% vs. 4%). Both species performed
best under the high mulch treatment and worst under the zero mulch treatment. The high mulch
application was more effective in reducing weed competition, especially from tall fescue and
lespedeza species. Foliage was collected in June 2002 from all plots at the CCWESTRS site
and analyzed for nutrients, B and a number of metals.

In addition to the 54 test plots conducted as part of the general field study, small field
experiments were conducted March-April, 2002 on a variety of tree species to test for boron
tolerance. The small field test cell tree species did not perform adequately. Therefore, they were
not considered for field use. The primary reason for the laboratory plot was to evaluate potential
survival of the species under actual field conditions. Several relevant observations were
observed.

Due to various reasons and decisions, the irrigation system was not installed in 2002 as
planned. One of the reasons was the initial poor performance of the seedlings, which showed
significant leaf damage and symptoms of boron toxicity and heat stress, presumably from the
FGD gypsum mulch. Rather than subject the trees to additional B stress from irrigation with
water from the FGD pond, it was decided to allow the trees to adapt to conditions in a slower
manner. Although rainfall was adequate through June 2002, July and August rainfall was below
normal and temperatures were above normal. Competition from weeds was, however,
particularly intense in many plots. Temporary irrigation with non-industrial fresh water was done
in August 2002, however poor tree survival prompted a decision to cease irrigation and to
replant the site in 2003.

August 2002 measurements indicated that on the zero mulch plots, above-ground biomass was
reduced considerably from baseline levels (from 6.45 T/ha to an average of 2.82 T/ha),
probably largely the result of bush-hogging the entire study area in late spring 2002.



Monthly precipitation and temperature were monitored. Monthly precipitation at the CCWESTRS
site was higher during seedling establishment, while the summer months experienced below
normal precipitation from May through early August. Temperatures for the year were
characterized as “much above normal”.

Soil moisture data was measured in early August 2002 indicating that the soil moisture in the
zero mulch and mulched test plots was below the wilting point of about 9%. During this same
period, soil moisture in the FGD mulch exceeded the wilting point. Later soil moisture
measurements in August and October, however, indicated that soil moisture was adequate. Soil
surface temperatures in the very dark FGD mulch were in excess of air temperatures (they were
hot to the touch), but no actual subsurface soil temperature readings were obtained.

In preparation for replanting activities scheduled for late February of 2003, surviving seedlings
and all weedy vegetation were treated with contact and pre-emergent herbicides in late fall.
After treatment efficiencies were documented, additional spraying was required in the few areas
missed in the initial treatment. Herbicidal treatments were effective in greatly reducing fescue
and lespedeza cover across most of the study area.

Year 2 project expenditures were $446,897.
Year 3

In February 2003, the entire site was bush-hogged to remove standing dead debris and
facilitate planting. After inspecting and selecting quality seedling stock from state nurseries in
Kentucky and Tennessee, replanting began on 2-11-03 and was completed on 3-12-03. Cursory
survivorship estimates in early spring indicated that greater than 90% of the seedlings had
survived and broken dormancy. By August, a more quantitative survey would reveal that
sycamore and sweet gum survivorship was greater than 80%, as compared to 27% and 12%
respectively in 2002.

Installation of the drip irrigation system began in early March as tree planting was being
completed. As designed, the irrigation system has the capacity to apply of up to 5 cm of
irrigation water per week to all plots at an average rate of 1,413 liters per minute. The system
was divided into two zones, with Zone 2 receiving one-half of the amounts of water that is
applied to Zone 1. The irrigation water is pumped from an adjacent ash settling pond and is
distributed through 1,107 drip lines that total 104,880 meters in length. Automated, daily checks
and routine maintenance of the system insured proper operation throughout the growing season
and resulted in targeted soil moisture regimes within each treatment. Runoff generated by the
irrigation system was minimized through the strategic placement of straw bales and barriers.

Fourteen pressure vacuum lysimeters were installed at seven locations within the site in August
2003 to evaluate the efficiency of the vegetation, soils and underlying geology in removing
metals and nutrients from the incoming irrigation water. The lysimeters were set at 1.5 m and
5.0 m depths for collecting samples of unsaturated zone flow-through as the irrigation water
migrates vertically through the soil column. Samples were collected from the lysimeters in
August and September 2003. Sample analyses were not performed during this reporting
period, but will be completed for a full suite or metals, non-metals, nutrients, and field
parameters.

Abundant spring precipitation, effective weed control, and the installation of the irrigation system

greatly improved seedling survival and vigor for both species in 2003. As seen in 2002,
differences in seedling survival and vigor were also related to species differences and the level
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of mulch. Both species reacted favorably to higher irrigation rates, but differed significantly in
respect to mulch depth. Survival rates of sycamore seedlings were only slightly reduced in
higher mulch plots while the percentage of sweet gum survival dropped as mulch depth
increased. Overall, seedling vigor (visual estimate) appeared high for both species throughout
all treatments. Foliage samples taken in mid-summer revealed sufficient macronutrient levels in
both species except for calcium which was low in all treatments. Calcium (Ca) concentration
seems to be slightly improved by mulching but not by irrigation. Boron is within normal range for
zero mulch/zero irrigation treatments, but very high for both treatments with high irrigation
(mulching also seems to increase B levels even further). Although boron levels are high,
sycamore seedlings show no signs of any toxicity. Sweet gum seedlings do not look as healthy
as sycamore, but their appearance does not point to any particular nutrient limitation or excess

In August 2003, measurements of above ground biomass were taken following herbicidal
treatments (applied the previous fall and spring), bush-hogging and replanting. The above
ground biomass consisted almost entirely of weed cover, since the tree seedlings planted
earlier in the year were still quite small and widely spaced. For all plots, the mean above ground
biomass had been reduced considerably from the baseline levels of 6.45 T/ha (2001) and 2.40
T/ha (2002) to a mean of 0.99 T/ha.

Year 3 project expenditures were $286,366.
Year 4

In April 2004, visual estimates of seedling survivorship indicated that essentially all of the
seedlings had survived from 2003. Irrigation of the site was conducted from May to November
and resulted in phenomenal growth of both the herbaceous cover and seedlings. As a result,
the mean above ground biomass level had climbed dramatically from 0.99 T/ha (2003) to 5.42
T/ha.

As in the previous year, foliage samples taken in mid-summer revealed sufficient macronutrient
levels in both species except for calcium which was low in all treatments. Calcium (Ca)
concentration seems to be slightly improved by mulching but not by irrigation. Boron is within
normal range for zero mulch/zero irrigation treatments, but very high for both treatments with
high irrigation (mulching also seems to increase B levels even further). Although boron levels
are high, sycamore seedlings show no signs of any toxicity. Sweet gum seedlings appeared
much healthier than in the proceeding year. Foliar discoloration in sweet gum seedlings (as
seen in 2003) was limited primarily to low-lying, poorly-drained portions of the site and did not
point to any particular nutrient limitation or excess.

Soils were more intensively sampled and evaluated during 2004. Soils were sampled shortly
after the cessation of irrigation activities in November 2003 and again in April 2004 in order to
access possible changes in soil chemistry as a result of irrigation and winter/spring rains. In
general, mulching with FGD materials resulted in an overall increase in calcium, sulfur, and
boron throughout the soil profile.

Year 4 project expenditures were $127,500.
Year 5

The seasonal operation of the drip irrigation system began in early May and ended in mid-
October (five weeks earlier than in previous years) due to a complete pump engine failure. Due
to the degree of senesce observed in both tree species and the assumed adequacy of the
existing soil moisture levels, a decision was made to forego obtaining a new engine until the
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beginning of the 2006 growing season. It was apparent from observations made during the year
that the irrigation was enhancing growth of both the herbaceous cover and seedlings, especially
sycamores. Precipitation at the site during 2005 was below normal. Plots not receiving
irrigation continued to experience seedling mortally, especially those planted in sweet gum. The
decline in biomass of sweet gum was offset by the increases in biomass of the sycamores and
herbaceous layer. As a result, the mean above ground carbon level continued to climb to 6.34
MT/ha.

As in the previous years, foliage samples taken in mid-summer revealed sufficient macronutrient
levels in both species except for calcium which was low in most treatments. Calcium (Ca)
concentration seems to be slightly improved by mulching but not by irrigation. Manganese (Mn)
concentrations were slightly deficient in some plots and may be attributed to its low availability
in soils with a high soil pH, high organic matter or poor drainage. Boron was within normal range
for zero mulch/zero irrigation treatments, but very high for both treatments with high irrigation
(mulching also seems to increase B levels even further). Although boron levels were higher than
in previous years, sycamore seedlings showed no signs of boron toxicity. Boron levels in sweet
gum seedlings were lower than in 2004 and could possibly be attributed to the overall
stagnation in growth and lower plant uptake.

Below-ground biomass was measured in all plots during December. The average amount of
carbon being stored below ground (roots and soil by depth increment across all treatments) in
2005 indicated a shift in carbon distribution with depth, as well as an overall decline in root
carbon as compared to baseline estimates made in 2001. Baseline C in coarse roots in the 0 to
30cm interval was estimated at 1.65 T/ha in 2001. 2005 estimates of the same root fraction
(including some fine roots) indicated a 67% decrease or 0.545 T/ha. Similar declines in root C
were observed in the 30 to 60 cm and 60 to 90 cm depth intervals as well. This decline in the
carbon stored in the roots may be due to shifts in the vegetation type (from a fescue dominated
system to one dominated by Lespedeza and planted trees) or possibly affected as a result of
herbicide treatments to remove vegetation prior to mulching and planting trees. In the base line
estimates made in 2001, 90% of the root carbon was found in the 0 to 30 cm depth interval. In
2005, carbon measurements revealed that only 63% of root carbon is in the surface
representing a shift in depth distribution that may also be attributed to vegetation changes.

FGD and soil from all plots were sampled at two depths (0-25cm and 26-50 cm) in conjunction
with below-ground biomass determinations. The sampling of the FGD gypsum was in response
to the observation that plants (primarily in the herbaceous layer, but includes trees) are rooting
directly in the mulch in many plots. Most nutrients were at acceptable levels for plant growth,
although soil potassium and phosphorous in all plots were considered to be at deficient levels
for optimum growth. Boron, calcium and sulfur concentrations are all higher in the FGD than the
mineral soil, but do not differ significantly by either mulch or irrigation treatment as in the soil.
Boron concentrations are significantly impacted by irrigation treatments, while calcium and
sulfur concentrations are tied directly to mulch treatments. The results of the higher irrigation
treatment is the continued accumulation of B in the top 50 cm of the soil profile that is
significantly higher than in either the zero or low irrigation treatments Calcium and sulfur
continue to leach from the FGD mulch as indicated by the significant difference between their
concentrations in the mulched and non-mulched plots.

Analysis of the surface and pore water data indicated that the irrigation source for the
CCWESTRS site (coal ash pond) had levels of antimony, arsenic, cadmium, cobalt, chromium,
copper, lead, mercury, nickel, selenium, and thallium at or below their Minimum Detection Limit.
Levels of boron, calcium, magnesium and sulfate were slightly elevated and remained fairly
constant as the water moves through the irrigation system, with only slight increases in sulfate
and magnesium. After on-site application as irrigation water and subsequent percolation
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through the FGD mulch and upper soil horizons, levels of nitrogen, iron, magnesium, and sulfate
increase, while boron decreases. Boron levels decrease and indicates that boron, at least
initially, is being removed from the water and is potentially accumulating in the FGD mulch and
upper horizons soil horizons. Boron levels in surface waters are similar to levels found in the
ash pond (irrigation source). This may indicate the existence of surface runoff of the irrigation
water or shallow lateral movement (via the upper layers of mulch and soil) of boron into the
ponds. lron and manganese levels in the ponds are similar to levels found in the irrigation water
and are lower than groundwater levels. Surface water levels of magnesium, sulfate, ammonia
and calcium are roughly midway between irrigation source and groundwater levels.

Year 5 project expenditures were $116,000.
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1.0 Introduction
1.1 General project overview

The ability of plants and microbes to remove and immobilize carbon dioxide from the
atmosphere is a phenomenon which has long been recognized as a means of temporarily
sequestering carbon, (e.g., Delcourt and Harris, 1980; Emanuel et al., 1980; Ausmus et al.,
1976; Harris et al., 1975; Reichle et al., 1973). Consequently, utilities and other organizations
(e.g., UtiliTree Carbon Company) are studying, proposing, and using afforestation techniques as
a means of removing carbon dioxide from the atmosphere. However, most of these projects are
geographically located in areas far removed from human-made carbon sources. Furthermore,
these afforestation systems are not closely integrated with sources of anthropogenic carbon
production. As a result, previous demonstrations of afforestation have not benefited from the
use of industrial by-products, such as flue gas desulfurization (FGD) gypsum, which may
enhance plant growth and subsequently, carbon sequestration.

In this project, the Tennessee Valley Authority (TVA), the Electric Power Research Institute
(EPRI), and the Department of Energy - National Energy Technologies Laboratory (DOE-NETL)
are evaluating and demonstrating integration of terrestrial carbon sequestration techniques with
use of byproducts and wastewater from a coal-fired electric power plant. The industrial
byproducts used during the demonstration include gypsum and process water from FGD and
coal fly ash sluice system. The gypsum will be used as a soil amendment and the process water
for periodic irrigation of the trees.

The integrated system is referred to as the “Carbon Capture and Water Emissions Treatment
System” (CCWESTRS, or “C-kwesters”). The CCWESTRS was constructed near TVA’s
Paradise Fossil Plant (PAF) in Kentucky on adjacent marginally reclaimed surface coal mine
lands located next to PAF. PAF is a 3-unit, 2,558 Mw, power station which burns bituminous
coal and currently has FGD systems on Units 1 and 2, and a selective catalytic reduction
system (SCR) (Srivastava et al. 1997; Khan et al., 1997) for nitrogen oxide control on Unit 2. All
three PAF units will eventually have FGD and SCR systems.

The CCWESTRS demonstration system is constructed on gently rolling reclaimed coal mine
lands consisting of mine spoil overlying Pennsylvanian age bedrock. The lands are partially
vegetated, predominantly with grasses and other herbaceous plants, but have a relatively low
productivity potential. The lands were reclaimed by returning the spoil to the mined-out areas,
grading where necessary, and planting with grasses. These reclamation methods met the
standards of the time, however, higher standards have since been established and areas
reclaimed under the current regulatory standards are generally more productive.

During the demonstration, the CCWESTRS system will be used primarily as a means of growing
commercial grade trees for use in either the lumber or pulp and paper industry. Vegetation will
be a mix of deciduous hardwoods and cover crops. The cover crops will be used to prevent soil
erosion as the trees mature. Due to the emphasis on the use of commercial grade trees, the
project participants believe that the carbon captured will remain sequestered for a longer period
of time than in most projects of this nature. For example, carbon sequestration is expected to be
higher in CCWESTRS than in projects where the vegetation is allowed to die and decay or in
projects where the vegetation is used as a fuel in co-fired electrical production facilities. The
CCWESTRS system is expected to sequester between 1.5 to 2.0 metric tons of carbon per year
per hectare of land over a twenty year period. Given the large amounts of reclaimed mined land
available in the Eastern United States, the Project Team believes the CCWESTRS concept
could be used to meet a significant proportion of the timber industry’s needs, while
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simultaneously sequestering significant levels of carbon in lands which would otherwise remain
relatively non-productive.

In addition to trees and cover crops, the CCWESTRS system will include surface-flow, aerobic,
marsh-type wetlands to enhance the ability of the systems to sequester carbon and remove
nutrients and metals present in the coal fly ash process water runoff. In addition to the wetlands,
existing impoundments within or adjacent to the demonstration site will be enhanced through
vegetative plantings, de-channelization, and erosion repair as necessary.

The CCWESTRS project is a cooperative effort between TVA, EPRI, and the Kentucky
Department for Natural Resources. TVA provided $ 423,000 in project funding, the PAF
byproducts, the reclaimed mine lands, project management, technical expertise, and operating
personnel. EPRI provided $ 423,000 in funding and expertise in economic and technical
analysis. DOE-NETL provided $ 729,000 in funding along with project management and
technical assistance.

The proposed demonstration project began in October 2000 and is anticipated to continue
through December 2005, a period of approximately five years. The primary goal of the project is
to determine if the concept of integrating power plant processes with local carbon sequestration
systems will enhance carbon sequestration cost-effectively. The project participants believe this
goal is consistent with the following DOE objectives:

e Provide economically competitive and environmentally safe options to offset projected
growth in U.S. baseline emissions of greenhouse gases after 2010,

e Achieve the long-term goal of $10/ton of avoided net costs for carbon sequestration, and

¢ Provide half of the required reductions in global greenhouse gases by 2025.

Other potential benefits of the demonstration include:

e Developing a passive technology for water treatment for trace metal and ammonia release
reductions,

e Using power plant byproducts to improve coal mine land reclamation and carbon
sequestration,

e Developing wildlife habitat and green-space around production facilities,

¢ Generating Total Maximum Daily Load (TMDL) credits for the use of process water, and

e Producing wood products for use by the lumber and pulp and paper industry.

Project tasks to be conducted during the five year project period include:

Task 1. Reviewing and assessing relevant terrestrial carbon sequestration literature.
Task 2. Conducting project site assessment.

Task 3. Conducting greenhouse studies on optimum plant species and FGD depths.
Task 4. Designing the CCWESTRS system.

Task 5. Constructing the system

Task 6. Monitoring

Task 7. Reporting

During the monitoring phase of the project, the Project Team will examine the effectiveness of
three applied thicknesses of FGD gypsum and irrigating with three levels of coal fly ash process
water on the CCWESTRS system. The ability of the system to sequester carbon will be the
primary measure of effectiveness. This characteristic will be measured by accessing survival
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and growth response of terrestrial and aquatic plants, and by quantifying the change in C
sequestered in the plants and soils within the CCWESTRS system. In addition, the costs
associated with the design, construction, and operation of CCWESTRS at other sites will be
evaluated and compared to projected benefits of other carbon sequestration technologies.

TVA plans to continue to operate the CCWESTRS system after the demonstration, to conduct
follow-up tests on the system, and to issue periodic reports. Currently TVA is planning to
reexamine system performance up to the year 2013. If additional funding becomes available,
additional work will be conducted.



2.0 Executive Summary

The Tennessee Valley Authority (TVA), the Electric Power Research Institute (EPRI), and the
Department of Energy - National Energy Technologies Laboratory (DOE-NETL) are evaluating
and demonstrating integration of terrestrial carbon sequestration techniques with use of
byproducts and wastewater from a coal-fired electric power plant. Flue Gas Desulfurization
(FGD) system gypsum will be used as a soil amendment and the coal fly ash process water will
be used for periodic irrigation an integrated system named the “Carbon Capture and Water
Emissions Treatment System” (CCWESTRS). In 2002, construction was initiated on the
CCWESTRS near TVA’s Paradise Fossil Plant (PAF) on adjacent reclaimed surface coal mine
lands in the state of Kentucky.

The CCWESTRS demonstration system is being constructed on 40 hectares of gently rolling,
partially vegetated, low productivity land. During the demonstration, the CCWESTRS system will
be used primarily as a means of growing commercial grade trees for use in either the lumber or
pulp and paper industry. Vegetation will be a mix of trees and cover crops. The CCWESTRS
system is expected to sequester between 1.5 to 2.0 metric tons of carbon per year per hectare
of land over a twenty year period. The CCWESTRS concept could be used to meet a significant
proportion of the timber industry’s needs, while simultaneously sequestering significant levels of
carbon in lands which would otherwise remain relatively non-productive.

In addition to trees and cover crops, the CCWESTRS system will include surface-flow, aerobic,
marsh-type wetlands to enhance the ability of the systems to sequester carbon and remove
nutrients and metals present in the coal fly ash process water runoff. In addition to the wetlands,
existing impoundments within or adjacent to the demonstration site will be enhanced through
vegetative plantings, de-channelization, and erosion repair as necessary.

The CCWESTRS project is a cooperative effort between TVA, EPRI, and the Kentucky
Department for Natural Resources. TVA will provide $ 423K in project funding, the PAF
byproducts, the reclaimed mine lands, project management, technical expertise, and operating
personnel. EPRI will provide $ 423 in funding and expertise in economic and technical analysis.
The Kentucky Department of Natural Resources will review the technical approach and will
provide assistance in local implementation. DOE is funding the project with $729K.

The proposed demonstration project began in October 2000 and will continue through
December 2005, a period of approximately five years. Additional funding will be sought in order
to extend the project.

The primary goal of the project is to determine if the concept of integrating power plant
processes with local carbon sequestration systems will enhance carbon sequestration cost-
effectively. The project participants believe this goal is consistent with the following DOE
objectives:

¢ Provide economically competitive and environmentally safe options to offset projected
growth in U.S. baseline emissions of greenhouse gases after 2010,

e Achieve the long-term goal of $10/ton of avoided net costs for carbon sequestration, and

e Provide half of the required reductions in global greenhouse gases by 2025.

Other potential benefits of the demonstration include:

¢ Developing a passive technology for water treatment for trace metal and ammonia release
reductions,



e Using power plant by-products to improve coal mine land reclamation and carbon
sequestration,

¢ Developing wildlife habitat and green-space around production facilities,

e Generating Total Maximum Daily Load (TMDL) credits for the use of process water, and

e Producing wood products for use by the lumber and pulp and paper industry.

Project activities to be conducted during the five year project period include:

e Reviewing and assessing tree cultivation and other techniques to be used to sequester
carbon at the site,

o Conducting a project site assessment,

Conducting greenhouse studies to determine which plant species to use and developing

recommendations for byproduct application,

Designing the CCWESTRS system,

Constructing the system,

Operating the system and monitoring system progress and,

Writing a final report.

During the monitoring phase of the project, the Project Team will examine the effectiveness of
applying three levels (0, 10 cm, and 20 cm) of gypsum and irrigating with three levels (0, 13 cm,
and 25 cm) of coal fly ash process water on the CCWESTRS system. The ability of the system
to sequester carbon will be the primary measure of effectiveness. This characteristic will be
measured by accessing survival and growth response of terrestrial and aquatic plants within the
CCWESTRS system. In addition, the costs associated with the design, construction, and
operation of CCWESTRS at other utilities will be evaluated and compared to projected benefits
of other carbon sequestration technologies.

In Year 1 of the project, greenhouse tests and field testing evaluated the following:

(1) Tolerance of certain tree species to soil-borne boron (B)
(2) Tolerance of certain tree species to water-borne B
(3) Optimum depth of FGD gypsum byproduct to serve as mulch

Using the Paradise power plant FGD waste water as a source of irrigation on tree seedlings
without first diluting the B concentration will require careful planning and management. It is
suggested that:

(1) The FGD water should be blended to 4 mg B/l or less prior to use.

(2) Allow trees to become fully established before applying diluted water.

(3) Do not saturate the soil with boronated waste water.

(4) Initially monitor B and nitrogen (N) in leaves to help schedule irrigation and fertilization.

(5) Monitor the accumulation of B in the soil profile.

(6) Schedule leaching irrigation with low B water to prevent B accumulation in the soil.

(7) Continue to search for more tolerant trees and crop management techniques to
reduce the risk of irrigating with boronated waste water.

Overall, results from this B leaching study indicate that if wastewater containing B is drip-
irrigated to match evapotranspiration during the growing season, most of the applied B will be
retained in the upper part of the rooting zone during the growing season. Since B is somewhat
mobile at our study site, winter precipitation likely will leach much of the B out of the rooting
zone, resulting in lower levels of soil B at the beginning of each growing season. With this type

Xi



of pattern, application of 25 cm (9.84 in) of water containing 7 mg B/l irrigation water (e.g., the
fly ash pond water) would result in an accumulation of about 7 mg B/kg soil in the rooting zone
by the end of each growing season. During the first part of each growing season, significantly
less than an additional 7 mg B/kg soil will have accumulated. The greenhouse B tolerance study
indicated that sycamore, cottonwood, sweet gum, and red maple will tolerate 10 mg B/kg soil
reasonably well for about one growing season or less. Some B leaf damage would probably
occur during the last part of the growing season and concentrate in the autumn leaf litter to be
leached out by rainfall. The combined results of the greenhouse B tolerance study and the field
B leaching study suggest that sycamore, cottonwood, sweet gum, and red maple will tolerate an
annual application of 25 cm (~10 in) fly ash pond water reasonably well, but that 25 cm (~10 in)
of FGD wastewater (~70 mg B/l) would be very damaging to the trees.

Based on a field study of replicated plots placed on actively growing fescue, the Project Team
determined that the full-scale demonstration should be tested with zero, 10 cm, and 20 cm
depths of the FGD gypsum for mulch. A depth of 10 cm for the mulch appeared to be adequate.

The preliminary test plan involves the application of three levels each of two types of power
plant by-products -- three levels of FGD gypsum mulch, and three levels of coal fly ash pond
irrigation water. This design produces nine treatment levels (3 X 3), which will be tested with two
species of hardwood trees (i.e., sweet gum and sycamore). Each treatment combination will be
replicated three times, resulting in a total of 54 treatment plots (3 FGD gypsum levels X 3
irrigation water levels x 2 tree species x 3 replicates). Survival and growth response of plant
species in terms of sequestering of carbon in plant material and soil will be the primary measure
of effectiveness of each treatment.

In year 2 of the project, construction of the CCWESTRS site began with the placement of the
FGD gypsum mulch and tree planting.

After extensive greenhouse testing of a number of tree species for tolerance to B, and
consideration of other factors such as drought tolerance, growth rate, and commercial value,
sycamore (Platanus occidentalis L.) and sweet gum (Liquidambar styraciflua L.) were chosen as
the optimum species for planting. The planting of ~63,000 sycamore and sweet gum seedlings
began 2-23-02 and was completed 3-7-02. Two rows of two-year-old tree seedlings were
planted in February-March 2002 in each 3.7-m wide row of gypsum treatment (except in plots
with zero gypsum treatment) at 2.44 m X 2.44 m spacing. This planting pattern resulted in a 2.4-
m wide strip of gypsum between rows of trees on one side of a row and 0.6-m wide strip of
mulch plus 1.2 m of grass plus a second 0.6 m of mulch between rows on the opposite side.
Within each of the nine zones of FGD gypsum treatment, the three irrigation treatments were
planned to be replicated randomly. Within each of the 27 irrigation areas (3 replicates of the
nine possible gypsum-irrigation level combinations), half of the area was planted to sycamore
and half to sweet gum, in a split-plot design. This resulted in 54 treatment plots of approximately
0.75 hectares each.

By May 2002, a survivorship survey was conducted in all plots for both tree species indicating
that the percent survivorship for both species was greater than 85%. In September 2002,
seedling survival and vigor was poor across the entire study area. Sycamore average survival
rate (27%) was over twice that of sweet gum (12%), and the percentage of healthy sycamore
seedlings was considerably higher (17% vs. 4%). Both species performed best under the high
mulch treatment and worst under the zero mulch treatment. The high mulch application was
more effective in reducing weed competition, especially from tall fescue and lespedeza species.
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Laboratory experiments conducted March-April, 2002 on a variety of tree species were tested
for boron tolerance in addition to the 54 test plots conducted under field conditions. The
laboratory test cell tree species did not perform adequately. Therefore, they were not
considered for field use. The primary reason for the laboratory plot was to evaluate potential
survival of the species under actual field conditions. Several relevant observations were
observed.

August 2002 measurements indicated that on the zero mulch plots, above-ground biomass was
reduced considerably from baseline levels (from 6.45 T/ha to an average of 2.82 T/ha),
probably largely the result of bush-hogging the entire study area in late spring 2002.

Due to various reasons and decisions, the irrigation system was not installed in 2002 as
planned. One of the reasons was the initial poor performance of the seedlings, which showed
significant leaf damage and symptoms of boron toxicity and heat stress, presumably from the
FGD gypsum mulch. Rather than subject the trees to additional B stress from irrigation with
water from the FGD pond, it was decided to allow the trees to adapt to conditions in a slower
manner. Although rainfall was adequate through June 2002, in July and August rainfall was
below normal and temperatures were above normal. Temporary irrigation with non-industrial
fresh water was done in August 2002, however poor tree survival prompted a decision to cease
irrigation and to replant the site in 2003.

Monthly monitored precipitation at the CCWESTRS site was higher during seedling
establishment, while the summer months experienced below normal precipitation from May
through early August. Monitored temperatures for the year were characterized as “much above
normal”.

Soil moisture data was measured in early August that indicated that the soil moisture in the zero
mulch and mulched test plots was below the wilting point of about 9%. During this same period,
soil moisture in the FGD mulch exceeded the wilting point. Additional soil moisture
measurements in August and October, however, indicated that soil moisture was adequate. Soil
surface temperatures in the very dark FGD mulch were in excess of air temperatures (they were
hot to the touch), but no actual subsurface soil temperature readings were obtained.

In year 3 of the project, the site was replanted, an irrigation system was installed and lysimeters
were added to the study design to measure soil pore water.

Replanting was preceded by the removal of competing vegetation through herbicide
applications and bush-hogging of the entire site. After inspecting and selecting quality seedling
stock from state nurseries in Kentucky and Tennessee, replanting began 2-11-03 and was
completed 3-12-03. Cursory survivorship estimates in early spring indicated that greater than
90% of the seedlings had broken dormancy. By August, a more quantitative survey would reveal
that sycamore and sweet gum survivorship was greater than 80%, as compared to 27% and
12% respectively in 2002.

Installation of the drip irrigation system began in early March as tree planting was being
completed. As designed, the irrigation system has the capacity to apply of up to 5 cm system
was divided into two zones, with Zone 2 receiving one-half of the amounts of water that is
applied to Zone 1. The irrigation water is pumped from an adjacent ash settling pond and is
distributed through 1,107 drip lines that total 104,880 meters in length. Automated, daily checks
and routine maintenance of the system insured proper operation throughout the growing season
and resulted in targeted soil moisture regimes within each treatment.
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Fourteen pressure vacuum lysimeters were installed at 7 locations within the site in August
2003 to evaluate the efficiency of the vegetation, soils and underlying geology in removing
metals and nutrients from the incoming irrigation water. The lysimeters were set at 1.5 m and
5.0 m depths for collecting samples of unsaturated zone flow-through as the irrigation water
migrates vertically through the soil column. Two sets of samples were collected from the
lysimeters in August and September 2003. Sample analyses were not performed during this
reporting period, but will be completed for a full suite or metals, non-metals, nutrients, and field
parameters.

Abundant spring precipitation and the installation of the irrigation system greatly improved
seedling survival and vigor for both species in 2003. As seen in 2002, differences in seedling
survival and vigor were also related to species differences and the level of mulch. Both species
reacted favorably to higher irrigation rates, but differed significantly in respect to mulch depth.
Survival rates of sycamore seedlings were only slightly reduced in higher mulch plots while the
percentage of sweet gum survival dropped as mulch depth increased. Overall, seedling vigor
(visual estimate) appeared high for both species throughout all treatments. Foliage samples
taken in mid-summer revealed sufficient macronutrient levels in both species except for calcium
which was low in all treatments. Calcium seems to be slightly improved by mulching but not by
irrigation. Boron is within normal range for zero mulch/zero irrigation treatments, but very high
for both treatments with high irrigation (mulching also seems to increase B levels even further).
Although B levels are high, sycamore seedlings show no signs of any toxicity. Sweet gums do
not look as healthy, but their appearance does not point to any particular nutrient limitation or
excess

In August 2003, measurements of above ground biomass were taken following herbicidal
treatments (applied the previous fall and spring), bush-hogging and replanting. The above
ground biomass consisted almost entirely of weed cover, since the tree seedlings planted
earlier in the year were still quite small and widely spaced. For all plots, the mean above ground
biomass had been reduced considerably from the baseline levels of 6.45 T/ha (2001) and 2.40
T/ha (2002) to a mean of 0.99 T/ha.

In year 4 of the project, irrigation was continued in order to enhance seedling growth. Soil
chemistry, soil water chemistry and seedling health were evaluated.

In April 2004, visual estimates of seedling survivorship indicated that essentially all of the
seedlings had survived from 2003. Irrigation of the site was conducted from May to November
and resulted in phenomenal growth of both the herbaceous cover and seedlings. As a result,
the mean above ground biomass level had climbed dramatically from 0.99 T/ha (2003) to 5.42
T/ha.

As in the previous year, foliage samples taken in mid-summer revealed sufficient macronutrient
levels in both species except for calcium which was low in all treatments. Calcium (Ca)
concentration seems to be slightly improved by mulching but not by irrigation. Boron is within
normal range for zero mulch/zero irrigation treatments, but very high for both treatments with
high irrigation (mulching also seems to increase B levels even further). Although boron levels
are high, sycamore seedlings show no signs of any toxicity. Sweet gum seedlings appeared
much healthier than in the proceeding year. Foliar discoloration in sweet gum seedlings (as
seen in 2003) was limited primarily to low-lying, poorly-drained portions of the site and did not
point to any particular nutrient limitation or excess.

Soils were more intensively sampled and evaluated during 2004. Soils were sampled shortly
after the cessation of irrigation activities in November 2003 and again in April 2004 in order to
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access possible changes in soil chemistry as a result of irrigation and winter/spring rains. In
general, mulching with FGD materials resulted in an overall increase in calcium, sulfur, and
boron throughout the soil profile.

In year 5 of the project, irrigation was continued and differences between the two selected tree
species became evident as sycamores flourished and sweet gums were challenged by site
conditions.

The seasonal operation of the drip irrigation system began in early May and ended in mid-
October. It was apparent from observations made during the year that the irrigation was
enhancing growth of both the herbaceous cover and seedlings, especially sycamores.
Precipitation at the site during 2005 was below normal. Plots not receiving irrigation continued
to experience seedling mortally, especially those planted in sweet gum. As in the previous
years, foliage samples taken in mid-summer revealed sufficient macronutrient levels in both
species except for calcium which was low in most treatments. Boron was within normal range
for zero mulch/zero irrigation treatments, but very high for both treatments with high irrigation
(mulching also seems to increase B levels even further). Although boron levels were higher than
in previous years, sycamore seedlings showed no signs of boron toxicity. Boron levels in sweet
gum seedlings were lower than in 2004 and could possibly be attributed to the overall
stagnation in growth and lower plant uptake.

The decline in biomass of sweet gum was offset by the increases in biomass of the sycamores
and herbaceous layer. As a result, the mean above ground carbon level continued to climb to
6.34 MT/ha. Below-ground biomass was measured in all plots during December. The average
amount of carbon being stored below ground in 2005 indicated a shift in carbon distribution with
depth, as well as an overall decline in root carbon as compared to baseline estimates made in
2001. This decline in the carbon stored in the roots may be due to shifts in the vegetation type
(from a fescue dominated system to one dominated by Lespedeza and planted trees) or
possibly affected as a result of herbicide treatments to remove vegetation prior to mulching and
planting trees. In the base line estimates made in 2001, 90% of the root carbon was found in
the 0 to 30 cm depth interval. In 2005, carbon measurements revealed that only 63% of root
carbon is in the surface representing a shift in depth distribution that may also be attributed to
vegetation changes.

FGD and soil from all plots were sampled at two depths (0-25cm and 26-50 cm). The sampling
of the FGD gypsum was in response to the observation that plants (primarily in the herbaceous
layer, but includes trees) are rooting directly in the mulch in many plots. Most nutrients were at
acceptable levels for plant growth, although soil potassium and phosphorous in all plots were
considered to be at deficient levels for optimum growth. Boron, calcium and sulfur
concentrations are all higher in the FGD than the mineral soil, but do not differ significantly by
either mulch or irrigation treatment as in the soil. Boron concentrations are significantly
impacted by irrigation treatments, while calcium and sulfur concentrations are tied directly to
mulch treatments. The results of the higher irrigation treatment is the continued accumulation of
B in the top 50 cm of the soil profile that is significantly higher than in either the zero or low
irrigation treatments Calcium and sulfur continue to leach from the FGD mulch as indicated by
the significant difference between their concentrations in the mulched and non-mulched plots.

Analysis of the surface and pore water data indicated that the irrigation source for the
CCWESTRS site (coal ash pond) had levels of antimony, arsenic, cadmium, cobalt, chromium,
copper, lead, mercury, nickel, selenium, and thallium at or below their Minimum Detection Limit.
Levels of boron, calcium, magnesium and sulfate were slightly elevated and remained fairly
constant as the water moves through the irrigation system, with only slight increases in sulfate

XV



and magnesium. After on-site application as irrigation water and subsequent percolation
through the FGD mulch and upper soil horizons, levels of nitrogen, iron, magnesium, and sulfate
increase, while boron decreases. Boron levels decrease and indicates that boron, at least
initially, is being removed from the water and is potentially accumulating in the FGD mulch and
upper horizons soil horizons. Boron levels in surface waters are similar to levels found in the
ash pond (irrigation source). This may indicate the existence of surface runoff of the irrigation
water or shallow lateral movement (via the upper layers of mulch and soil) of boron into the
ponds. lron and manganese levels in the ponds are similar to levels found in the irrigation water
and are lower than groundwater levels. Surface water levels of magnesium, sulfate, ammonia
and calcium are roughly midway between irrigation source and groundwater levels.

Year 1 project expenditures were $241,601. Year 2 project expenditures were $446,897.

Year 3 project expenditures were $286,866. Year 4 project expenditures were $127,500.
Year 5 project expenditures were $116,000.
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Carbon Capture and Water Emissions Treatment System (CCWESTRS) at Fossil-Fueled Electric Generating Plants

3.0 Experimental methods description
The project is divided into 7 tasks:

Task 1 - Review and Assessment

Task 2 - Site Assessment

Task 3 - Greenhouse Study

Task 4 - Engineering Design of CCWESTRS
Task 5 - Construction of CCWESTRS

Task 6 - Monitoring

Task 7 - Reporting

In Year 1 of the project, progress occurred as planned on Task 1, Task 2, Task 3, Task 4, and
Task 7. In Years 2 - 5, progress occurred as planned on Tasks 1-7. Progress on each task is
described in the following sections with respect to the experimental or planned design, results,
discussion, conclusions, and recommendations. All plants are referred to in this report as
common names with scientific names listed in Appendix 1.

4.0 Task 1. Review and Assessment

This task consisted of initial literature reviews, detailed planning of the greenhouse, preliminary
field, and final experimental studies. Literature searches and reviews were conducted to identify
past and existing projects or studies related to this proposal with regard to silvicultural
approaches to the reclamation of disturbed land, irrigation aspects, ammonia and boron toxicity,
gypsum soil amendment, and other relevant topics to complete the project design. Results of
these literature reviews are described in subsequent sections. An extensive bibliography of
literature related to terrestrial carbon sequestration is found at the end of this report.

This task developed in detail the proposed experimental plan, which will evaluate the
effectiveness of the application of three levels of FGD gypsum and three levels of coal fly ash
pond water on the reclamation of mine spoil land with an herbaceous cover crop. Survival and
growth response of plant species in terms of sequestering of carbon in plant material and soil
will be the primary measure of effectiveness. The approach provides a three-by-three-by-two
experimental design as outlined in Table 1. Each treatment combination will be replicated three
times, resulting in a total of 54 treatment plots (3 gypsum levels x 3 water levels x 2 species
mixes x 3 replications). The same design would be applied to both species. Treatment plots are
currently estimated to be about 0.75 ha in area. All treatments will receive lime and N-P-K
fertilization as the need indicated by soil and foliar tests. Quantities of FGD gypsum and irrigant
to be used in the high and low treatments are based upon results of greenhouse research
described later in this report.

High FGD Low FGD Control (no FGD
Gypsum Gypsum Gypsum)

High irrigation X X X

Low irrigation X X X

Control (no water) | X X X

Table 1. CCWESTRS Treatment design.
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4.1 Boron Literature Reviews

One of the major challenges of the project resulted from the presence of significant
concentrations of B in the proposed irrigation water. Under Task 1, the Project Team developed
an experimental plan to test the tolerance of various tree species with respect to soil and irrigant
B. The plan and results of these tests are described in a following section of this report.

Boron is of greatest interest in this project because it is highly soluble, present in the proposed
irrigation water (i.e., the Paradise Fossil Plant FGD process and ash pond water) at average
concentrations of about 7 mg/l (ash pond water) and 58 mg/l (FGD water), and considered
phytotoxic at sufficient concentrations. The B concentration in the final fly ash pond discharge is
about 4.2 mg/l. The following is a brief review of key literature sources concerning the likely
extent that B in these wastewater sources will be phytotoxic if used to irrigate trees.

4.1.1 Boron Tolerance

At low concentrations, B poses no threat to environmental health and is required in soils at
continuous levels for optimum plant growth and seed production (Brown and Shelp, 1997).
Leyshon and Jame (1993), Van der Leeden et al. (1990), and Bond et al. (1973) each provide
the same lists of plants that are classified as tolerant, semi-tolerant, and sensitive along with
limits for B in irrigation water and/or soil water. Sposito and Calderone (1988) summarized the
literature for vascular plants including about 42 species of trees and have provided the most
complete list found. These lists include trees and mostly agronomic crops. Examples of more
tolerant species are alleppo pine, turnips, sugar beets, and cotton. Examples of moderately
tolerant plants are Arizona cypress, barley, peas, corn, potato, tobacco, and tomato. Examples
of sensitive species are American elm, black locust, live oak, incense cedar, peach, grapes,
kidney beans, and figs (Appendix 1). In general, the plant tissue B concentration is 10 or more
times higher in dicots than in monocots and even higher in dicots with a latex system (e.g.,
dandelion and poppy). This suggests that dicots are more tolerant of high B levels than
monocots. Little B sensitivity data were found for specific tree species. In general, B toxicity
tends to predominate in xeric habitats where B is not leached out of the soil. Trees usually aren't
grown in these dry areas unless they are irrigated. This may account for the lack of published
information on B toxicity for trees.

Leyshon and Jame (1993) indicated that the upper limit for B in irrigation water for the most
tolerant species is 4 mg/l. The upper B limit is slightly lower in Van der Leeden et al. (1990) and
Bond et al. (1973). Non-fruit producing hardwoods (e.g., walnut and American elm) are listed as
sensitive with a B limit in irrigation water of about 1 mg/l. No data are listed for pines. Leyshon
and Jame (1993) provide the most specific definition for tolerance: "Relative tolerance is based
on B in irrigation water at which B toxicity symptoms were observed when plants were grown in
sand culture. This does not necessarily mean reduction in yield."

These levels are obviously much lower than ~58 mg/l of B in the Paradise FGD wastewater or
even the ~4.2 mg/l of B in the Paradise fly ash pond water. It is quite possible that somewhat
higher B levels than 1 to 4 mg/l in irrigation water can be tolerated without reducing growth
significantly or killing the plants. Also, some B likely will leach out of the rooting zone during the
winter months in Kentucky, more so than in drier areas where irrigation is widely practiced. This
should facilitate using somewhat higher B concentrations in irrigation water than is possible in
drier areas. The concentration of B in irrigation water that trees can tolerate without adversely
affecting growth likely will depend on how much B is applied per hectare per year as discussed
in the next section.
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4.1.2 Soil Boron Loading Rates and Tolerances

The Boron Fact Sheet (2000) provides a good overview of soil and plant B. Of all the
micronutrients, B has the narrowest range between deficiency and toxicity. What may be an
effective fertilizer rate for plants on one soil type (e.g., clay) may well lead to toxicity on another
(e.g., sand). In order to correct B deficiencies, about 0.5 to 5 kg/ha of boron normally is added.
Up to 5 kg/ha of boron is required to correct B deficiencies on pine trees. Soils with more than 5
mg/kg soil of water soluble boron may supply toxic quantities of B to plants; this corresponds to
about 10 kg/ha boron in the top 15 cm of sail, a typical depth to which B would be mixed in the
soil by tillage. Adding 25 cm of water containing 70 mg/l B would add about 170 kg/ha B or 17
times more B than generally required to induce B toxicity symptoms. Although visual B toxicity
symptoms can be readily induced by excessive B application from fertilizers, significant yield
reductions seldom are associated even with slight to moderate visual symptoms in the field.
Most excessive fertilizer applications likely would be no more than twice the recommended rate.
However, a 17X rate would be expected to cause a significant reduction in yields and ultimately
kill the plants. Under Kentucky conditions, winter rainfall likely will leach some of the B below
the rooting zone, but the Boron Fact Sheet (2000) strongly suggests that adding 170 kg/ha B
every year during the growing season likely will cause severe B toxicity to trees and any cover
crop that would be considered for the CCWESTRS field demonstration. In a study where fly ash
was distributed over land, B concentrations increased to phytotoxic levels in the top 20 cm of
soil. However, after 82 cm of accumulated rainfall, B levels fell to below 1 mg/kg (Gangloff et al.
1997).

On the other hand, adding 25 cm of water containing 4.2 mg/l B would add about 10 kg/ha B,
enough to barely produce a borderline level of toxicity for many plants.

Boron toxicity data are limited for trees. Toxicity has been observed from native sources of B,
but in forest trees B toxicity has been observed most often from applications of borax used as a
soil sterilizer, fire retardant, wood preservative, herbicide, or as a fertilizer on resistant crops
(Stone 1967). Unwitting use of B-containing fertilizers intended for alfalfa or sugar beets (crops
with a relatively high B fertilizer requirement but less than 5 kg/ha B) have injured coniferous
nursery stock on sandy soils; this indicates that even relatively low B loading rates that are
beneficial to alfalfa or sugar beets can be detrimental to trees in some cases. Orchard pecan
trees 20 to 30 years old showed leaf injury when excess B applications were made 8-11 m away
from the trunk.

As a point of reference, 1 ha-cm of water with a concentration of 70 mg/l B contains about 6.8
kg B. In order to significantly enhance tree growth and carbon sequestration via improved water
supply, several centimeters of water will need to be applied during a given growing season.
Application of 25 cm of FGD wastewater per year (a reasonable amount relative to irrigation
water requirements) would provide about 170 kg/hal/year B. As indicated in the Boron Fact
Sheet (2000), this is much more B than is generally required to correct B deficiencies and is
also much more B than is considered safe without causing phytotoxicity. Seventy mg/l B of
irrigation water is at least an order of magnitude too high to be used to enhance growth of any
trees and/or cover crops proposed to be grown in the CCWESTRS project and that options are
needed for removing or diluting B in the wastewater before it is used for irrigation. The fly ash
pond water (~4.2 mg/l) appears to be more nearly in the range that plants can tolerate.
However, more site-specific information than exists in the literature is needed as a basis for
designing the CCWESTRS field demonstration. Laboratory-scale tree B tolerance and B
leaching studies were conducted to provide more site-specific information about how to best
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use the FGD waste water and fly ash pond water for irrigating trees in the CCWESTRS field
demonstration.

4.2 Apparent Contradiction with Reeds and Cattails Growing in FGD Channel

The Project Team observed that reeds, cattails, and other similar species grow in a ditch that
conveys Paradise FGD wastewater containing high concentrations of B to the fly ash pond. This
could be interpreted as a contradiction to the literature cited above concerning the predicted
phytotoxicity of B in the FGD water.

A partial explanation is that reeds and cattails tolerate very high levels of B, higher levels than
many upland plants appear to tolerate. Terry and Whiting (1999) reported in a microcosm
wetland study that cattail survived for the duration of the study (54 days) in water containing
approximately 45 mg/l B. Cattail dry matter was about 90% of that produced in water without B.
Fourteen wetland species were tested. Cattail was one of seven that survived and one of three
that produced dry matter comparable to that in the control without B. Some aquatic plants have
necessarily developed mechanisms for tolerating constituents that tend to be harmful to upland
plants. Some of these mechanisms are root avoidance, compartmentalization, chelation, and
precipitation in the rhizosphere and/or within the plant itself. These mechanisms have not been
developed as extensively by upland plants adapted to well-drained soils.

The mechanism of B tolerance for the existing plants growing in the FGD channel is unknown.
Mechanisms for B tolerance and ecotype adaptation to ecosystems can involve more than the B
plant physiology. It is possible that B is being adsorbed at or just below the water-ditch interface
at Paradise whereas the primary root activity is below the B adsorption zone. It is quite possible
that various constituents from the wastewater have accumulated near the water-soil interface
that in turn are capable of adsorbing B. Iron and aluminum hydroxides and finely divided lime
can all adsorb B.

4.3 Boron Treatment Literature Review

The Project Team reviewed potential technologies to remove B from the irrigant. Because the
amount of irrigant required for CCWESTRS is a large volume (> 10 million liters), and we
require a low-maintenance, low-cost system in order to minimize cost impacts to the overall
carbon sequestration economics, the literature review concentrated on passive treatment
system potential for B removal. Numerous B removal technologies exist and include B
exchange resins, reverse osmosis, the formation of anionic clay layers, polymer-assisted
ultrafiltration, and remediation. However, no information on the successful use of passive
treatment systems (e.g., constructed wetlands, rock or sand filters, bio-filters, etc.) was
identified.

lon exchange is the most extensively used method of B removal from aqueous solutions
(Badruck et al., 1999; Mevyers et al. 2000). lon exchange involves water flowing through a
synthetic resin material such as Amberlite IRA 743, Diaion CRB 02, and Duolite ES 371. lons in
the water are exchanged for other ions fixed to the resin. Removal of ions such as B can be
achieved using ion exchange but once the resins become saturated and cannot bind the
unwanted ion to be removed, it must be regenerated using a process called stripping to restore
the ion-exchange ability to the resin. Although effective to purify water to very high standards,
ion exchange regeneration uses strong acids and bases of which must be disposed. The resin
beds can be permanently fouled and enhance bacterial growth, and capital and operation and
maintenance costs are very high. lon exchange is not practical or cost effective to remove B for
irrigation in a CCWESTRS-type scenario.
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Reverse osmosis is a membrane separation process in which feed water flows along the
membrane surface under pressure. Purified water permeates the membrane and is collected,
while the concentrated water, containing dissolved and undissolved material that does not flow
through the membrane, is discharged to a drain. Reverse osmosis systems remove salts,
microorganisms and many high molecular weight organics at nominal levels of 95-98%.
Physicochemical characteristics of B make its removal much less efficient, on the order of 80-
85% of the influent B. Reverse osmosis is less expensive than ion exchange, does not require
much energy to operate the system, and the membranes last for long periods of time. However,
operation and maintenance costs make reverse osmosis impractical for a CCWESTRS-type
project.

The formation of anionic clay layers has proven effective in removing B from coal ash leachate
(Reardon and Valle, 1997). Dolomite (Ca-Mg(CQOs).) and hydrated lime (Ca(OH),) are added to
the coal ash. The addition of the two substances results in an anionic clay composed of double
metal hydroxide layers consisting of net positive charges. The metal hydroxides result from the
reaction:

Ca(OH)y(s) +CaMg(COs), (s) > 2CaCOs(s) + Mg(OH), (s)

The anionic elements in the fly ash water accumulate along the metal hydroxide layers. In water
at pH > 9, B exists as a negatively charged oxyanion, borate, BO3>. At lower pH the anionic clay
is ineffective due to the fact that B exists as boric acid, H3;BO3;. The maijority of B in a coal
combustion stream, including the FGD water, exists as borate condensates on the surface of
ash particles. In its aqueous borate form, B is best removed by the addition of both lime and
dolomite. The addition of dolomite alone fails to produce the necessary pH levels to remove B.
However, the addition of lime alone results in hexagonal crystal structures composed of fly ash
trace elements and lime called hydrocalumite (CajAl,CO3(OH).*5H,0) and hydrotalcite
(MgsAl,CO3(0OH)46*4H,0). The crystal layers in the anionic clay are separated by H,O and
carbonate layers. Anions in the coal ash leachate are attracted to the positively charged Al*3,
Ca*?, Mg™ cations in the crystal structure. Aqueous borate concentrations may be even further
reduced since borate may be substituted for carbonate in the intermediate anionic clay layers.
One issue with the anionic clays is that they must be maintained at high pH levels. Hydrotalcite
is stable to near neutral pH but hydrocalumite is only stable at alkaline pH levels.

In another related study, Goldberg and Forster (1991) found that B sorption on calcareous soils
and calcite peaked at pH 9.5. They suggest that soil calcite acts as an important sink for B in
calcareous soils that may play an important role in attenuating phytotoxic B concentrations from
irrigation waters. The applicability of alkaline addition or treatment of the FGD water will be
further investigated in this project.

Phytoremediation of B could occur through the use of hyperaccumulating plants at the
CCWESTRS site. In a study conducted in microcosm wetlands with 13 cm of substrate and 6
cm of water column above the substrate, B was removed at a rate of 245 mg/m?%day (Whiting
and Terry, 1999). Although B was removed in these microcosms, in order to treat ~ 27 I/min of
water with a concentration of 58 mg/l B, a wetland with an area of about 3.8 ha would be
required. Thalia, cattail, and rabbitfoot grass were the most tolerant plant species in the study
that resulted in the highest B removal. Reed (1988) documents a Florida water hyacinth
experiment in which the subtropical waterweed was successful in removing up to 36% of
aqueous B. Phelps et al. (2002) suggests that B removal may be accomplished by the
incorporation of B with algal cells or by the formation of insoluble B precipitates mediated by
mineral-precipitating bacteria. EPRI (1998) evaluated a constructed wetland facility to treat acid
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drainage from a coal ash disposal facility. Boron, a constituent in the acid drainage, was not
removed to any degree by the wetland.

4.4 Other Terrestrial C Sequestration Projects

A complete review of terrestrial carbon sequestration projects is beyond the scope or need for
this project. The CCWESTRS project is unique in that it proposes to integrate certain
operational features of a fossil-fueled electric power generation plant with improved carbon
sequestration, including using FGD byproducts for mulching and irrigation. The literature search
uncovered no similar documented project anywhere in the world.

A related project is being conducted by the Oak Ridge National Laboratory and Pacific
Northwest National Laboratory to study the use of soil enhancers made from coal plant fly ash,
paper mills, and sewage treatment facilities to improve the natural carbon uptake of lands
disturbed by mining, highway construction, or poor management practices (Palumbo, 2000).
Class C and class F fly ash samples tested under column (5mM CacCl,) and batch leaching
scenarios indicated variability in leachate composition between fly ash sources, especially with
regard to lighter elements including boron (Palumbo et al. 2004). Fly ash mixed with soil from
the TVA Paradise site and biosolid material or phosphate fertilizer showed a reduction in metal
concentration recovered from column leachate, indicating that fly ash together with additional
amendments, such as biosolids minimize leaching of metals. The primary goal is to identify and
quantify key factors leading to successful carbon sequestration and reclamation of degraded
lands. The results will be summarized in a set of guidelines containing practical information
about matching amendment combinations to land types and optimum site-management
practices. Long-term field studies will be designed and sites will be recommended for
demonstration and optimization.

Another related project is being conducted by Allegheny Energy, Inc., in partnership with the
DOE and the U.S. Office of Surface Mining, as well as several other local agencies and
organizations. This pilot project was designed to demonstrate the technical and economic
feasibility of revegetating strip-mined land for carbon sequestration, water quality enhancement,
and environmental stewardship value. The Limestone Run Revegetation Project will involve
planting more than 7,000 red and white pine seedlings and 0.2 ha of warm season, native
grasses on an 8 ha former strip mine site purchased by Allegheny Energy after it had been
mined and reclaimed. As part of the research, Allegheny Energy will mix fly ash from Armstrong
Power Station with the revegetated soil to measure its effectiveness in stimulating plant growth.
If proven effective, the application of fly ash could increase its marketability so that greater
quantities can be used beneficially, reducing the amount that is deposited in landfills (Myers
2001).

Several NETL-sponsored projects are underway that deal with terrestrial carbon sequestration
and power plant operations. Kronrad (2002) proposes to reclaim and reforest abandoned mine
lands in the Appalachian region to store carbon in trees and forest ecosystems. Palumbo (2002)
focuses on solid amendments from coal combustion, paper production, and biological waste-
treatment, with the primary objective to identify and quantify key factors leading to successful
carbon sequestration and reclamation of degraded lands. Roussopoulos (2002) proposes to
investigate the use of forest biomass and various waste materials, including coal combustion
byproducts, incorporated into the soil to restore its quality, increase long-term carbon
sequestration, and enhance short- and long-term productivity and sustainability.
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5.0 Task 2 - Site Assessment
5.1 Environmental Assessment and Permitting

TVA is required to conduct environmental reviews of its proposed actions in accordance with
the National Environmental Policy Act (NEPA). The Project Team completed an environmental
review in the form of a TVA Environmental Decision Record (EDR) in accordance with TVA’s
September, 1996 “NEPA Guidance for Implementing Process Improvements for Environmental
Review” (Tennessee Valley Authority, 2001). Additionally, the Project Manager contacted the
Kentucky Department for Environmental Protection (KDEP) regarding any need for modifying or
preparing environmental permits necessary for construction and operation of the CCWESTRS.
Paradise Fossil Plant (PAF) currently operates under Kentucky Pollutant Discharge Elimination
System permit KY0004201 which regulates discharge quality from the fly ash pond. Based on
the project plans provided, the KDEP approved the CCWESTRS project without any additional
permit or permit modification. Additionally, a Permit-By-Rule was obtained from the Kentucky
Division of Solid Waste regarding the addition of FGD gypsum by-product to the CCWESTRS
site. No additional permits or approvals have been identified, but if needed over the course of
the project, they will be properly addressed. Irrigation water will be collected in the fly ash pond,
and no permit modification was required from KDEP.

In December 2002 TVA completed the Installation of Flue Gas Desulfurization System on
Paradise Fossil Plant Unit 3 Draft Environmental Assessment, (Tennessee Valley Authority,
2002). In January 1999, TVA completed the Environmental Assessment (EA) — Paradise Fossil
Plant Units 1, 2, and 3 Selective Catalytic Reduction Systems for Nitrogen Oxide Control
(Tennessee Valley Authority, 1999). Most of the general information, detailed site information,
and conclusions contained in the January 1999 Environmental Assessment (EA) and in the
December 2002 EA is applicable to the CCWESTRS project. Some of the information is
referenced as support for the conclusions of the CCWESTRS EDR.

In 1996, TVA completed the Environmental Assessment (EA) — Development of Ash Disposal
Capacity at Paradise Fossil Plant (Tennessee Valley Authority, 1996). Most of the general
information and much of the detailed site information and conclusions contained in the 1996 EA
is applicable to the CCWESTRS project and is referenced as support for the conclusions of the
CCWESTRS EDR.

5.2 Site Selection and Assessment

The project Team conducted site technical assessments and preliminary engineering
assessments related to the test design, irrigant distribution and collection, and various site
characteristics. Project Team identified and reviewed existing data (internal TVA reports,
topographic and land ownership maps, Paradise environmental reviews, aerial photography,
and published reports for the site), identified data gaps, and collected additional data through
field surveys. These data included soil surveys, topographic and slope data, photographic
surveys, existing vegetation surveys, and baseline carbon budget.

5.2.1 General site description

The CCWESTRS site is located on the PAF reservation in Muhlenberg County, Kentucky. PAF
is on the left (southwest) bank of the Green River. The plant site extends south beyond
Hollmans Bend and the confluence of Jacobs Creek with the Green River. The plant is about
9.7 km northwest of Rochester and 2 km northeast of Drakesboro, KY. PAF is a 3-unit, 2558-
Mw, power station that burns bituminous coal and uses flue gas desulfurization (FGD) in Units 1
& 2, generating gypsum byproduct. In 2000, PAF began selective catalytic reduction (SCR)
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operations for nitrogen oxides (NO,) removal on Units 1 and 2, with future installation of SCR on
Unit 3 planned for summer 2003. To convert NO,, SCRs use ammonia to produce N, gas and

water; excess ammonia may slip through the airflow and be discharged with the FGD effluent.
Therefore, ammonia discharge limits could be imposed on the ash pond discharge. The ash
water also contains criteria metals that must be removed before discharge, including copper,
nickel, zinc, chromium, and others

The site consists of about 40.5 ha of gently rolling, previously coal-mined land (pre-SMCRA) in
the Interior Low Plateau physiographic province. Site slopes range from 0% to 12%. The land is
owned by TVA and is adjacent to land owned by Peabody Coal Company, Inc. Elevations range
from 116 m to 146 m above mean sea level. Annual average rainfall is 114 cm/year, and 13
cm/day is the highest 24-hour rainfall intensity with an average 10-year recurrence interval
(Choate, 1992). Mean annual temperature is 13.2° C, with winter mean at 2.1° C and summer
mean at 23.8° C. The mean annual lake evaporation for Paradise is 89 cm (U.S. Dept. of
Commerce, 1968). Figure 1 is an aerial photograph showing the CCWESTRS site and
surrounding area before construction of the CCWESTRS.

5.2.2 Surface water

There are no named streams, perennial streams, or formally named impoundments on the site.
Drainage occurs by overland flow through sheet flow, rills, gullies, and poorly defined channels,
and by subsurface infiltration and migration through undifferentiated mine spoil to nearby
surface impoundments, wetlands, and wet-weather seeps. Surface runoff is generally directed
to the PAF Fly Ash Pond, to small surface impoundments informally called the Potato Pond and
Pooh Bear ponds, or to an unnamed, enhanced marsh-type wetland (Figure 1). There were no
sustained or perennial seeps or springs observed on or near the site during 2001-2003,
although there are several wet weather seeps and moist areas that represent the interception of
perched or unsaturated zone groundwater with the ground surface.

Water samples from several locations on or near the site were collected on May 31, 2001 and
stored using EPA-approved grab-sampling techniques. Samples were shipped to the TVA
Environmental Chemistry Laboratory in Chattanooga, Tennessee and analyzed for constituents
described in the Groundwater section above. Surface water samples were taken from the FGD
discharge, the upper FGD channel weir midway between the FGD discharge and the Fly Ash
Pond, the lower FGD channel weir (where the FGD channel discharges into the Fly Ash Pond),
from a location in the Fly Ash Pond adjacent to the CCWESTRS site, from the “Catfish Pond”
west-southwest of the CCWESTRS site, from the “Catfish Pond” west-southwest of the
CCWESTRS site, and in the surface impoundment south of the CCWESTRS site (see Figure 1).
All samples were analyzed for aluminum, antimony, arsenic, beryllium, cadmium, chromium,
copper, iron, manganese, lead, mercury, nickel, zinc, silver, thallium, molybdenum, B, fluoride,
chloride, sulfate, acidity, alkalinity and total suspended and dissolved solids. Field
measurements included temperature, conductivity, pH, acidity, and alkalinity. Results of the
water baseline analyses are contained in Appendix 2. These baseline samples will be compared
to yearly samples taken at the same locations during or shortly after irrigation operation to
determine if groundwater or surface water migration into nearby surface waters is causing any
impact. It is not expected that any adverse impacts will occur due to the minor nature of the
operation. In fact, an improvement in local groundwater quality is a more likely result since we
will be irrigating with pretreated irrigant that will be of better quality than that present in the spoil
aquifer (see subsequent section on groundwater-5.2.5).
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Figure 1. Aerial photograph showing pre-construction CCWESTRS site and adjacent areas.
5.2.3 Soil

The CCWESTRS site is located on a pre-SMCRA reclaimed coal mine, and as such, is overlain
by undifferentiated mine spoil, characterized as having a large volume of fractured rock with
little soil development. Project Team Soil Scientists surveyed and sampled site soils in 2001 for
physical and chemical analyses. Three transects were established and sampled at 60.8 m
intervals along each transect to a targeted depth of 100-120 cm. A total of 28 locations were
sampled along the three transects. Although the targeted sample depth was 100-120 cm,
coarse fragments and large stones and boulders limited our ability to sample to the desired
depth at all sampling points. Coarse fragment (i.e., rock) content throughout the majority of soils
ranged from 35% to 70% of the soil volume, with very few locations being fragment-free. These
fragments consisted of relatively unweathered pieces of shale, sandstone, coal and limestone.
The average depth to auger refusal was 75 cm, with some locations being as shallow as 40 cm.
These shallow locations were sporadic and not consistent enough to map. With limited soil
water holding capacity and shallow soil depths, moderate to severe water deficits could be
common during much of the growing season without irrigation. The southern portion of the study
site contained some areas which appeared to be comparatively wetter as evidenced by gleyed
soils, hydrophilic vegetation and the presence of water at the time of sampling. It should be
noted that, although our ability to auger was restricted by the coarse fragment content, the
existence of continuous restrictive layers is rare and in most places there appears to be
sufficient soil among the coarse fragments to allow exploration by plant roots to the depth of a
meter or more.
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A subset of soil samples was analyzed at A&L Agricultural Laboratories in Memphis, TN for all
major nutrients (Table 2). Soil pH was more alkaline than expected, but was found to be typical
for many of the reclaimed mine sites in the area. Less than 10% of the total samples were
associated with the predominance of acid sandstone in some locations and highly leached
hydric soils in others. Earlier reclamation efforts included the addition of excessive amounts of
crushed limestone (inexpensive and locally available) in order to reverse the effects of acidic
drainage. Local sources of limestone are known to be rather high in calcium. The relative high
pH observed at all depths, would indicate that conifers will not perform well under these
conditions since almost all pine species suffer severe micronutrient deficiencies (iron, copper,
manganese, etc.) at these pH’'s and may have difficulty extracting phosphorus. Hardwood
species such as sycamore, Eastern cottonwood or hybrid poplar, red maple, sweet gum, and
chestnut oak should respond better to the neutral to mildly alkaline conditions.

Depth Soil pH |P(kg ha™) [K (kg ha™) [Ca (kg ha™)|Mg (kg ha™) [%OM |CEC
0-30cm |Mean [7.3 122.1 345.5 12723 1179 1.4 33.4
30-60cm |Mean |7.3 73.7 296.4 13824 1620 0.9 37.4
60-90cm [Mean |7.7 64 291.2 13899 2099 0.8 39.2

Table 2. Selected chemical analysis (by depth) for all soils at the CCWESTRS site.

Fertilizer recommendations (from A&L Laboratories) were based on the nutritional requirements
of hardwood species identified in the initial screening study. These recommendations are found
in Table 3. Since the proposed planting densities may limit accessibility within the site in the
near future (for broadcast fertilization), a double application of the less mobile elements (P and
K) was applied in November 2001. Nitrogen will be applied to the trees through the drip
irrigation system in 2003. An additional benefit of fertilization, is the possibility that soil pH may
be lowered slightly, which may be beneficial to tree species such as sweet gum.

Depth Lime N P205 K20 Mg
0-30cm Mean 0.0 56 31.2 60.7 0.0
30-60cm Mean 0.0 56 49.7 72.1 0.0

Table 3. Recommended yearly fertilization rates (kg ha™) for CCWESTRS soils based on soil
status/seedling requirements.

In 2002, selected physical parameters were characterized within the soil profile on the test site.
The percentage of rock within the soil has a direct influence on the soil’s ability to retain
moisture, as well as providing areas for plant root exploration. A track-hoe excavated pits at four
locations that were considered typical for the varying landforms found at the CCWESTRS site.
Along opposing sides in each pit, a clear piece of 30 mil plastic was extended from the surface
to a depth of 1.8 m and all areas of solid rock, coarse and finely fractured rock and soils were
traced onto the plastic surface. The volume percentage of each fraction was then determined
using a point intercept method. In areas considered to be soil (but still containing appreciable
rock material), cylindrical areas (500 to 1000 cm?®) within the pit face were excavated at 30, 60,
90 and 120 cm depth and all materials (rock, soil and roots) were carefully collected for
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processing in the laboratory. The volume of each excavated area was determined by filling each
with expanding foam. Once hardened, the foam was removed, cleaned of debris and its volume
determined by displacement in water under laboratory conditions. All root materials (used for
below ground carbon estimates) were removed from the soil by dry sieving, washed to remove
adhering soil particles, dried and weighed.

Results of the study show that large pieces of solid rock (primarily sandstone and shale) can
comprise as much as 29% of the entire soil profile, but averages as little as 5.5% (Table 4).
Coarse and finely fractured rock dominated by shale is similar (though elevated), but unlike the
solid rock, these areas can contain significant quantities of feeder roots (Figure 2). Within the
areas designated as soil, rock fragments (> 2mm diameter) still can comprise as much as
51.6% of the total volume.

Although the focus of this exercise was to quantify the amount and distribution of roots
throughout the soil profile for carbon estimates, it also documents how coarse-textured the soils
are and gives some insight into expected moisture retention and release. Periodic sampling of
soil moisture was conducted at random locations within the CCWESTRS site in 2002. Although
moisture release curves have not been developed specifically for the CCWESTRS soils, the
data collected from the pit study and gravimetric sampling during 2002 have helped construct a
moisture evaluation guide with which moisture release can be evaluated at the CCWESTRS
site.

Available water in the soil is that portion that can be absorbed by plant roots. It is the amount of
water released between in situ field capacity (i.e., the maximum water content before gravity
drainage starts) and the permanent wilting point (i.e., soil moisture content at which plants wilt
and fail to recover their turgidity when placed in a dark, humid atmosphere), and is equivalent to
soil matric potentials of -0.3 and -1.5 MPa, respectively. Field capacity can be estimated by
sampling the desired soil depth within two or three days preceding a sufficient rain event.
Although soil textures (and consequently soil moisture) within the CCWESTRS site do vary, the
field capacity of the top 40 cm of soil has been determined to be 15% (range 13 to 17%) by
weight. This value was determined by sampling in late October and early November 2002 when
sufficient precipitation had fallen at the site (Figure 2). Using these data as indicators of ideal
moisture conditions, sampling in early August revealed that soil moisture was limited with soil
moisture percentages ranging between 6 and 9 %. Soil moisture percentages this low would
indicate that the seedling roots were experiencing soil matric potentials at or near the
permanent wilting point. These data also indicate a relatively low available water capacity,
ranging from 6 to 11%.
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Figure 2. Photo of soil exploration pit face showing foam and feeder roots extending from
adjoining area of finely fractured rock.

Fraction of | % Solid Rock % Coarse % Finely % Soil
Profile Fractured Fractured Rock (and >2mm
Rock Fraction)
Mean 5.5 5.3 9.6 79.4 (24.6)
Minimum 0 1.7 0 50.6 (3.4)
Maximum 29.4 6.7 41.9 954 (51.6)

Table 4. Mean, minimum and maximum percentages of rock and soil from excavated soil
exploration pits at the CCWESTRS site.

5.2.4 Vegetation

A vegetative survey was conducted in May 2001 using 24 randomly selected plots (m?) along
five transects, including those established in our initial soil surveys. Species composition and
percent total coverage were determined for all herbaceous species within each m? sampling
plot. The number of woody plant species within the sampling template was recorded and the
contribution to the standing biomass was determined by prism count. In addition, the percent
bare soil was noted. After the tally of all species within the sampling area was taken, all
vegetation was clipped at ground level and surface litter collected and returned to the laboratory
for total biomass determinations.

Thirteen herbaceous species were identified within the 28 sample plots and their relative

abundance can be found in Table 5. Only 0.1 % of the CCWESTRS site is not covered in some
form of vegetation. In terms of species composition, all plots fell within two distinct groups that
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were dominated by either tall fescue or lespedeza, both of which were the predominate species
planted during reclamation of the site. The plots dominated by fescue rarely contained more
than one or two additional species because of fescue’'s ability to out-compete most other
vegetation, especially under conditions that are less than ideal. Plots dominated by lespedeza
varied somewhat in their species composition and ranged from completely pure stands to ones
quickly being overtaken by other species (pokeweed, thistle and prickly lettuce).

Although trees species like Eastern Red Cedar, Honey-Locust, Eastern Cottonwood, Eastern
Redbud, and Box-Elder are observed at the site, their relative contribution to the surface
vegetative cover is less than 0.01% percent.

Species Scientific Name % of Total
Cover

Broom Sedge Andropogon virginicus 1.6
Carolina Geranium Geranium carolianum 0.3

Tall Fescue Festuca arundinacea 59.6

Prickly Lettuce Lactuca scariola 5.1

Sericea Lespedeza Lespedeza sericea 8.3

Korean Lespedeza Lespedeza stipulacea 12.6

Sour Clover Melilotus indica 9.3

Moss Bryophytes 6.1

Virginia Creeper Parthenocissus 3.4

quinquefolia

Pokeweed Phytolacca americana 0.1

Thistle Cirsium sp. 1.2

Venus' Looking Glass |Triodanis perfoliata 0.3

Violet Viola sp. 0.1

Table 5. Species identified within the 28 sample plots and their relative abundance.

5.2.5 Geology and Geohydrology

The site is located in the western Kentucky coal fields in the Shawnee section of the Interior
Low Plateaus developed in the upland area. The CCWESTRS site is underlain by up to about
20 m of coal surface mining spoil consisting of sandy, silty, and gravelly clay mixed with coal
and occasional limestone. The groundwater is generally poor quality (high acidity and hardness
with elevated concentrations of metals, sulfate, and dissolved solids). Groundwater within the
mine spoil flows generally toward the Fly Ash Pond. Irrigant will be applied periodically during
the growing season via drip emitters at a rate of no more than about 25 cm per year. Detailed
geologic and geohydrologic descriptions are found in Lindquist and Danzig (1998).

5.2.6 Surveying
5.2.6.1 Plan layout

The primary consideration for treatment layouts was to attempt to follow the topographic lay of
the land so that rows were nearly level. Heavy equipment use for placement of FGD mulch and
water pressure control after installation of irrigation lines generated the need for more level
placement. In order to orient treatment tracts to accomplish nearly level ground placement, a
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spatially correct aerial orthophotograph was overlain with a 1-foot contour interval topographic
map graphic. The FGD mulch and irrigation treatments were draft dimensioned and oriented
parallel with contours on the photo.

5.2.6.2 Draft dimensioning

The treatments included three depths of mulching, three levels of irrigation, two tree species,
and three replicates of each treatment for a total of 54 plots. The general site allowed 40
hectares to be divided into three large rectangles that would accommodate consistent level-
contour placement. These three rectangles constituted the first tier of treatments covering
replication. The first tier rectangles were divided into three rectangles for the second tier of
treatments covering mulch depth. The second tier rectangles were divided into three rectangles
for the third tier of treatment covering irrigation level, and the third tier rectangles were divided
into two squares for the fourth tier covering tree species. The size of a plot is 0.74 hectares.
Latitudes and longitudes were generated for draft plot corners to the third tier level, i.e., corners
for 27 rectangles from the geographic information system spatial layer associated with the
orthophotograph. Numbers were assigned to the rectangles at each treatment tier level for use
during randomization of treatment locations. One second tier rectangle, mulch depth, was
divided in half and the halves were located on opposite sides of the site due to site topographic
constraints.

5.2.6.3 Random assignment

The first tier division of the site into three larger rectangles was for replication only and did not
require randomization. The second tier rectangles for three mulch depths were randomly
located within each of the replication (first) tier rectangles by generating one of zero, eight, or
fifteen centimeter depths from the Ferrara Pan ® Atomic Fireball Random Number Generator
(AFRNG) sequentially for the three second tier rectangles. If the 15 cm depth was generated
first, that depth was assigned to the first rectangle, and if followed by zero, that depth was
assigned to the second plot, and so on. The AFRNG was used in the same manner for the third
tier rectangles for irrigation depth application. This division yielded nine smaller rectangles
within the first tier. Zero, 13, and 25 cm annual depths of irrigation water were generated
sequentially for the nine plots within each first tier rectangle and so on. The fourth tier locations
for tree species were generated similarly by generating one species for one half of each third
tier rectangle with the other half of the rectangle selected for the second species.

5.2.6.4 Site survey control

Property boundaries for the TVA PAF plant site provided outer limits for the study site. The
property boundaries were available in latitude and longitude coordinates. The northwest corner
of the general study site was near a property boundary corner marked with a steel T post. Two
dirt roads known to lie within the TVA property boundaries originated at this corner and
paralleled the proposed study boundary to the northwest and to the southwest. These roads
(and the steel post) were used as the rough site survey control. A global positioning satellite
(GPS) receiving unit was used to verify the positions of the steel post and the roads.

5.2.6.5 Field layout
The latitudes and longitudes generated during draft dimensioning for the draft plot corners were
located in the field using the hand-held GPS unit. These points were roughly staked in the field

using color-coded wire stake flags. The points were then checked and adjusted by direct
measurement using a 30 m measuring tape.
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5.2.7 Baseline Carbon Storage

Changes in carbon storage on site will be carefully monitored throughout the study. Initial
assessments of carbon stored on site, prior to the initiation of experimental treatments, were
completed during this period and include measurements of (1) carbon stored in above-ground
vegetation—mostly grasses and lespedeza, and (2) carbon stored below ground, both as sail
carbon and as roots of the existing vegetation.

In the future, effects of treatments on above-ground carbon storage will be evaluated by
measurements of tree survival, height, and basal diameters at both one and two years after
planting. Amounts of woody biomass and carbon (C) sequestered will be estimated from these
data using standard forest growth project models. Herbaceous biomass and litter will also be
quantified after one and two years. Soils will be re-sampled for total C content (soil carbon plus
roots) after two years. Combining the above data will provide an estimate of the amount C
sequestered over the first two years. Additional funding will be sought to monitor these sites at
subsequent five-year intervals following planting to get a much more complete picture of the C
sequestration potential.

5.2.7.1 Estimation of Baseline Aboveground C at CCWESTRS Site

By the method described below, our site currently contains approximately 6.4 metric tons (T) of
carbon per hectare (14.3 T dried organic matter) above ground. This amounts to 260 T of C for
the entire 40.5 hectares. Note that this includes a considerable amount of plant litter above the
mineral soil surface.

This calculation is based upon samples collected and oven-dried and weighed from 24 one-
meter-square plots spaced along transects across the research site. On each plot both live and
dead vegetation was clipped to the soil surface and plant litter was also collected. Of these 24
plots, 54% were dominated by fescue grass; 29% were dominated by species of lespedeza; 8%
were dominated by sour clover, and 8% were about 50-50 grass and lespedeza.

On average, using a typical C fraction in organic matter of 0.45, the lespedeza plots (7.44 T/ha)
contained about 60% more organic matter than the grass plots (5.13 T/ha). Consequently an
attempt was made to determine the surface area dominated by each type of vegetation. Using
aerial photography, it was estimated, based upon the darkness of vegetative cover,
approximately 60% of the area was dominated by grasses or clover, and 40% by other
vegetation (mostly lespedeza). As can be seen from the above-described plot data, this is not
inconsistent with a determination based on the 24 plots actually sampled. By stratifying the plots
so as to place the clover-dominated and the grass-dominated together, it was determined that
the 40.5 hectares contained approximately 578 T of oven-dried organic matter. This translates
to 260 T of C for the entire 40.5 hectares or 6.42 metric tons of C per hectare.

5.2.7.2 Estimation of Baseline Belowground C at CCWESTRS Site

In contrast to aboveground carbon, the site is estimated to contain about 50.3 T of carbon per
hectare belowground, or almost eight times the amount above ground. This amounts to about
2,040 T of C for the entire 40.5 hectares (100 acres). Based on the values for organic matter
content of 0.8 % as deep into the soil as 90 cm, we suspect that more than half of this C is
derived from fossil C mixed in with the buried spoil (Table 6). Small amounts of coal and coal
shale were observed mixed throughout the spoil material. The fact that soil C declines very
slowly with depth while coarse root material collected on sieves drops rapidly with depth also
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supports the contention that much of this C is not of recent plant origin. At the 30 to 60 cm
depth, root C on average declines by more than 90% from its level in the 0 to 30 cm depth
interval, yet soil C as a whole only declines by 35% over the same depth change.

Belowground carbon determinations were made from samples collected from soil cores taken
with a bucket auger at 20 locations along transects representing 30-cm depth intervals down to
90 cm, and from four large pits dug with a backhoe at locations spaced across the site. Soil
organic matter contents were determined by traditional methods using cored samples of soil and
soft fractured rock that passed through a 2 mm sieve. Both faces of the backhoe-dug pits were
used to determine, by 30-cm depth intervals, (1) rock content, (2) coarse root content not
passing a 2 mm sieve (Table 6), and (3) bulk density of the soil plus soft fractured rock fraction.

Rock content (excluding soft fractured material) averaged 30% to 40% across the three depth
intervals, and bulk densities (including material from fractured rock) were quite high, ranging
from 1.73 to 1.82. Approximately half the C total in the upper 90 cm was found in the upper 30
cm. Unlike forest soils where coarse roots can compose a significant amount (up to 40%) of the
belowground C, in these soils, coarse roots constituted less than 4% of the total, averaging only
about 6% of the total in the upper 30 cm and about 1% of the total from 30 cm down to 90 cm.
Fine roots were not separated from the soil plus soft fractured rock fraction (due to labor
intensity to do this), thus the fine root C is included in the soil C fraction shown in Table 6.

Soil Depth C as Coarse Roots | Soil Carbon Total Belowground
Interval (cm) (T/ha) (T/ha) Carbon (T/ha)

0 to 30 1.65 23.35 25.00

30 to 60 0.15 13.25 13.40

60 to 90 0.10 11.80 11.90

Total 1.90 48.40 50.30

Table 6. Belowground carbon by depth and type of carbon.

6.0 Task 3 - Greenhouse and Field Studies

The objectives of the greenhouse and field studies were to determine appropriate growth media,
plant species, and amendment and irrigant application rates for the full-scale study by
conducting short duration laboratory- and field-scale trials in TVA greenhouse facilities and at
the CCWESTRS site. Technical areas requiring study included:

. Dealing with potential toxicity due to concentrated elements (particularly B) found in
FGD gypsum and FGD water (i.e., the irrigant)

° Pre-testing for optimum plant species to grow in proposed soil media (FGD gypsum
plus mine spoil)

° Experimenting with ideal methods for maintaining nutrients on site.

The sensitivity of target plant species (both tree seedlings and herbaceous cover crop seeds) to
potential toxicity of FGD gypsum and FGD water was tested by examining selected plant
responses to:

. Projected soil solution chemistry during active plant growth and during dormancy
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. Sensitivity to direct application to above-ground plant parts during both active growth
and dormancy.

Other approaches to dealing with potential B toxicity were evaluated, including:

o Determining the concentration reductions necessary to avoid the above-determined
sensitivities
° Lowering B concentration in pond water by various methods

Leaching B from soil solution with simulated rain water

Performance of various plant species in FGD gypsum was determined from a literature review.
Surface applications of combinations of scrubber gypsum and short-term performance tests
were conducted on target species to various combinations and amounts of FGD gypsum and
organic material and fertilizer amendments.

6.1 Boron Tolerance Study
6.1.1 Introduction

Boron is one of seven essential elements in soil that is required in micronutrient quantities for
proper plant growth. It has a narrow range of soil concentration for plant sufficiency and
deficiency (Bergmann, 1992). It is normally not ionized in the pH range for plant growth and is
absorbed by plants as the uncharged aqueous B(OH);° species (Goldberg, 1993; Hu and
Brown, 1997). Little is known about the B tolerance or B requirement for fast growing hardwood
timber trees that could be used to increase C sequestration into woody tissue. The large
volumes of water at fossil fuel plants to transport coal combustion byproducts are a potential
source of water for tree irrigation. However, depending on the coal source and waste water
handling techniques employed at selective power plants, the waste water concentration of B
can limit its use as a source of irrigation water (Sposito and Calderone, 1988).

A preliminary test was conducted in the greenhouse with white pine and white oak to help
determine the range of soil B amendments that would be used on selected trees for potential
field plantings in a follow-up greenhouse study.

6.1.2 Preliminary Test
6.1.2.1 Experimental Methods

An available loam soil (pH 5.34) was used to establish 4 soil B levels of 0, 10, 35, and 70 mg
B/kg soil. The FGD waste water (70 mg B/l) was collected from TVA’s PAF and used to
establish a 5" treatment by irrigating the waste water to meet the evapotranspiration demand of
the growing trees. A single one-year-old tree seedling was planted into 2 kg of soil per pot for
white oak and 1 kg of soil for white pine. Four pots (replications) were prepared for each
species-treatment combination. White oak seedlings were partially dormant when planted with
few green leaves and were root pruned to a length of about 6-8 cm to fit the planting soil depth
in the pots. Both plant species were planted with the remaining root ball and artificial media
intact as much as possible.

Soil moisture was maintained at 50% field capacity with deionized water (167 g H,O/kg soil).
Boron (Na,B,0,¢10H,0; FW = 381.37 g/mole; 11.34% B) was mixed throughout the potted dry
soil with a V-cone mixer for 5 minutes. Trees were planted on November 22, 2000, and grown in
a glasshouse. Boron irrigation was limited to 25.4 cm (10 in) or less as tolerated by the tree
seedlings.
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6.1.2.2 Results and Discussion

White oak early growth at 40 days after planting (DAP) was observed to be better with FGD
waste water, possibly due to a small amount of nitrogen and other nutrients in the waste water.
At 55 DAP, white pine needle tips were observed to be scorched (necrosis) with the highest rate
of soil B (70 mg/kg soil), but scorching was not observed on the other treatments of either
species. Soluble fertilizer (30N-10P-10K) was applied to achieve 400 mg N/kg soil. At 70 DAP,
the necrosis on pine needles was observed on the 35 mg B soil treatment and the pale yellow
discoloration (chlorosis) of the needles was clearly correlated with the increasing rates of soil B
(Figure 3). White pine was severely damaged by all levels of B in this test, and controls grew
very little in this test. It was concluded that white pine is an unsuitable test species under the
conditions of this tolerance screening test.

White oak took much longer to demonstrate the chlorosis and necrosis due to the B uptake and
did not begin to show these general effects until 100 DAP (Figure 4). However, the leaf damage
to white oak leaves due to irrigated FGD waste water was evident shortly after initiating
irrigation during leaf emergence. Fifty percent were killed by less than half of the planned
irrigation (<12.5 cm) and were replanted once. Since soil applied B did not increase the plant
mortality, it is presumed that FGD water salinity was partially responsible for the plant toxicity
due to other dissolved solids. Salinity develops more readily in greenhouse pots than in a field
environment and would not be expected to be as severe in the field. It is also possible that the
plant available B in the FGD waste water is higher than similar levels of B amended to soil prior
to plant growth due to soil adsorption. The growth trend of white oak as measured by
accumulated dry matter into leaf, stem, and root biomass after 230 DAP was similar or higher
with the10 mg B/kg soil than with the controls. Growth was depressed relatively little compared
by the higher soil treatments (Figure 5). Analyses of white oak tissue concentrations of B were
incomplete at the time of this writing.

It was concluded that: 1) white oak could be a candidate for more detailed study for tolerance
testing, as could other oak species, 2) white pine is not suitable for further screening, 3) the
range of B amendments used in this test seemed reasonable for main screening tests that
would follow, and 4) FGD wastewater was more toxic than comparable soil amended with B.
FGD wastewater salinity due to other dissolved solids may be partially responsible. It was
decided to use simulated waste water in the main screening test by adding only B as boric acid
to avoid salinity effects.
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Figure 3. Comparison of greenhouse seedling morphology of white pine grown in soil amended
with (left to right) 0, 10, 35, and 70 mg B/kg soil and irrigated with FGD wastewater containing
70 mg/L boron.

Figure 4. Comparison of greenhouse seedling morphology of white oak grown in soil amended
to contain (left to right) 0, 10, 35, and 70 mg B/kg soil and irrigated with FGD wastewater
containing 70 mg/l boron.
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Effect of Boron Treatment on White Oak Growth
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Figure 5. Growth of white oak in response to soil B treatments and irrigated FGD waste water at
230 DAP.

6.2 Plant Screening Studies

This phase of the greenhouse research investigated the effects of soil applied B and irrigated B
on sycamore, sweet gum, red maple, eastern cottonwood, and tulip poplar tree seedlings in
mine reclamation soil from the CCWESTRS site

6.2.1 Materials and Methods

Soil was collected from the top 15 cm (6 in) of a selected site of the CCWESTRS field site on
March 1, 2001. The root crown and grass foliage was first removed from the soil surface. The
vegetation was mostly fescue (Festuca arundinacea). The soil was air dried, rocks >5-10 cm (2-
4 in) were removed, and the remaining soil was processed through a soil chopper without
screening to homogenize the soil. Soil inclusions >0.6-1.2 cm (0.24-0.47 in) comprised about
10.2% by weight. Soil moisture at field capacity was approximately 41.1% and soil pH=6.6.
Boron (Na,B,07¢10H,0; FW = 381.37 g/mole; 11.34% B) and soluble fertilizer (30N-10P-10K;
400 mg N/kg soil) with micronutrients was amended and mixed into dry soil in a V-cone saill
mixer for 2 minutes per 8 kg soil/pot. Four soil B treatments consisted of 0, 10, 35, and 70
mg/kg soil and a 5" treatment was irrigated with simulated waste water containing 35 mg B/l
Simulated water was used to avoid possible salinity effects of actual FGD waste water that tend
to be problematic in greenhouse tests.

One-year-old dormant bare-rooted plants were purchased from the Warren County Nursery in
Tennessee and sized into 2 or 3 classes by height, stem diameter, and root structure. Four
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species [sycamore (Platanus occidentalis), sweet gum (Liquidambar styraciflua), red maple
(Acer rubrum), and eastern cottonwood (Populus deltoides)] were planted on March 16, 2001
and tulip poplar (Liriodendron tulipifera) was planted on March 26, 2001. For each species,
three plants per pot were planted. Four pots (replications) per species were planted. All species
were planted within one or two days after receipt by next day shipment. Pots were kept watered
to 66% of the field capacity with deionized water and transplants were acclimated in shade for
10 days before being placed in the glasshouse. Plants scheduled to receive irrigation with
boronated water were watered with only deionized water until they had initiated growth. Sand
(1000 g/pot) was added to the surface of each pot to reduce evaporation from the soil and to
maintain more uniform soil moisture throughout the potted soil.

6.2.2 Results

Slow and poor seedling leaf initiation of all species was attributed to heavy nursery root pruning
and soil that was slow to consolidate after re-wetting. Sweet gum and tulip poplar were
replanted on June 1 due to poor survival. Evidence of a twig dieback syndrome from the nursery
slowed the leaf initiation of sweet gum, and tulip poplar was plagued with powdery mildew that
was treated with captan and benomyl fungicides twice during the study.

Boron-induced leaf necrosis and chlorosis was observed during leaf emergence for cottonwood,
sycamore, and red maple in the 70 mg B/kg treatment 37 days after transplanting (DAP). Boron
leaf damage was clearly evident on all plants receiving B soil amendments at 47 DAP. For all
four species, leaves of plants growing in 70 mg B/kg soil were completely scorched off at 77
DAP, and this treatment was abandoned.

The irrigation schedule with boronated water and harvest dates are shown in Table 7.
Accumulated amounts of boronated irrigation water could not be standardized for all tree
species due to the species variation in growth rates, water use, planting dates, and species
tolerance to the added B. Sweet gum and tulip poplar initiated growth much slower than the
other species and, combined with the late season replanting date, did not require as much
water as the other three species. The faster growing sycamore, cottonwood, and red maple
received 800 ml of boronated water on 40 DAP and 41 DAP and were using about 400 ml| of
water per pot per day at this time. The irrigation of the boronated water was temporarily
interrupted until 108 DAP in hopes that the other two species, sweet gum and tulip poplar,
would catch up in physiological growth, but these two species had to be replanted on June 1
due to poor survival of the transplants. Since these two species, sweet gum and tulip poplar,
were replanted about 2.5 months after the other species were planted, they were allowed to
grow later and were harvested later in the season (9/13 vs. 7/10 harvest dates, Table 7). Only
red maple was allowed to grow significantly longer (214 days) than the other species because it
initiated growth so slowly after being transplanted, and it developed leaf damage at a slower
rate than sycamore or cottonwood.
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Tree Begin | Cease | Inclusive | Accumulated Accumulated Harvest
Species DAP* | DAP Days** B Water, cm | B mg/pot Date
(Planting (Date) | (Date) (in) (mg/kg soil) (DAP)
Date)

Sycamore 108 149 41 25.4 (9.99) 473 8/21/01
(3/16/01) (712) (8/12) (59.1) (158)
Cottonwood 108 149 41 22.5 (8.87) 414 8/21/01
(3/16/01) (712) (8/12) (51.7) (158)
Red Maple 108 175 67 10.1 (3.97) 188 10/16/01
(3/16/01) (712) (9/7) (23.5) (214)
Sweet gum 43 98 55 4.14 (1.63) 77.5 10/16/01
(6/01/01) (714) | (9/7) (9.7) (137)
Tulip Poplar | 43 98 55 3.58 (1.41) 66.9 10/16/01
(6/01/01) (7114) | (9/7) (8.4) (137)

* DAP = Days after planting.
** Inclusive Days = Number of days water demand was met by irrigating with B water.

Table 7. Schedule of B Water Irrigation and Harvest Dates

A leaf damage index (LDI) was used to compare the five tree species as an indicator of their
tolerance to soil amended with B or irrigated B as a simulated waste water containing 35 mg
B/L. Measurements were scored as 0, without visual evidence of damage, to 5, having the
greatest amount of leaf chlorosis (yellow) and necrotic tissue (scorched brown), and the results

are shown in Table 8.

Boron Treatment

Soil Applied, mg/kg

Irrigated,
0 10 35 70 35 mg B/L
ET Leaf Damage Index cm H,0 applied

Tree Species | cmH:0/ day
Sycamore 0.68 0 1.0 X X 5.0 25.4
Cottonwood 0.61 20 | 1.7 4.0 X 5.0 254
Red Maple 0.23 0 3.0 4.7 X 2.0 3.0
Sweet gum 0.08 0 0.3 4.0 X 0 0.8
Tulip Poplar 0.05 0 0.7 3.0 X 1.0 0.5

ET = evapotranspiration; X = No leaves; 0 to 5 = Leaf damage index, 5 greatest damage

Table 8. Leaf damage index as an indicator of B tolerance (8/13/01)
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Note that transplants of red maple, sweet gum, and tulip poplar were in their lag phase of
growth after transplanting at the time of the LDI measurement. The comparison of the LDI was
made at 73 DAP for sweet gum and tulip poplar which were replanted eleven weeks after
sycamore, cottonwood, and red maple. The latter three species were scored for their LDI at 150
DAP and had been growing 64 days longer than sweet gum and tulip poplar before starting
irrigation with boronated water (see Table 7, 108 DAP vs. 44 DAP). Cottonwood and sycamore
grew faster and had accumulated more biomass prior to initiating the B irrigation, hence this
may partially account for the apparent tolerance to a higher amount of irrigated B. Additionally,
the greater water demand due to faster growth could result in a higher amount of B uptake and
a slower manifestation of visual leaf damage. We conclude that red maple is initially a slower
growing species than cottonwood and sycamore as evidenced by its height and use of B-water.
Red maple may expend more energy in lateral stem growth than stem elongation (height), and
along with a higher density of wood could account for the observed differences in the species at
this stage of growth. With adequate moisture and fertilizer, sycamore and cottonwood could
initially grow taller and exhibit a greater stem diameter in soil from the CWESTERS site. This
early and quick growth response could dilute B in plant tissue and result in a higher tolerance in
the amount of B applied in the irrigation water over short periods of time.

Timing of B application in the irrigation water relative to size of plants, B application rates,
physiological water demand, concentration of the B in the water, and tree species along with
rainfall patterns and leaching rates are some of the factors that can determine the amounts of B
that can be applied in the irrigation water.

From the early LDI scores we concluded:

¢ None of the five species tested will avoid severe leaf damage with the two highest rates of B
(35 and 70 mg B/kg soil).

o Red maple, sweet gum, and yellow poplar had not grown rapidly enough to provide a good
indication of B tolerance at the 10 mg B/kg soil applied rate at the time of the LDI scoring.
Even with a low growth rate, red maple leaves were moderately damaged with 10 mg B/kg
soil applied treatment.

o Both sycamore and cottonwood sustained relatively little leaf damage with the 10 mg B/kg
soil applied treatment, even though both of these species grew relatively rapidly with
relatively high rates of water use.

Based on early plant height and LDI of the five species tested, sycamore and cottonwood
appeared to be the best candidates for our field study because they were fairly tolerant of 10 mg
B/kg soil (low LDI) while growing rapidly, and they grew taller much faster than the other three
species. However, sweet gum performance was deemed adequate by the team and, because of
its superior commercial value over cottonwood, it was selected as one of the test species along
with sycamore.

6.2.3 Water Use

The LDI results need to be interpreted relative to average water use (i.e., evapotranspiration,
ET) as compared to the trees in the control treatment (no B added). Evapotranspiration is the
combined water loss from the soil due to evaporation and plant transpiration. Transpiration of
water is an active transport of water from roots and through the stomata openings in the leaves
for the dual purpose of transporting nutrients and cooling the leaves. Some water loss also
occurs through the epidermal layers of the leaves. The relative amount of water loss by these
passive and active transport mechanisms is highly variable due to many factors including soil,
plant species, ambient temperature, relative humidity, solar radiation, stage of growth, plant
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nutrient status, etc. Plants that use water efficiently can accumulate large amounts of dry matter
with small amounts of water use. Sweet gum and tulip poplar slowly developed relatively low
leaf damage in the 10 mg B/kg soil treatment, but these two species did not use much water at
early stages of growth. As sweet gum and tulip poplar grow and use water more rapidly, they
likely will show more leaf damage from increased B uptake. Even with low growth rate and
water use, these two species had obvious leaf damage from the 35 mg B/kg soil treatment
(Table 8).

The leaf damage results from the B irrigation treatment need to be interpreted relative to the
amount of boronated irrigation water that had been applied at the time of the LDI scores (Table
8). Since, the sycamore and cottonwood species had been growing rapidly and using a lot of
water, the planned 25.4 cm (10 inches) of boronated irrigation water was achieved early in the
growing season for these two species. Only 7.5 cm (3 inches) of boronated irrigation water had
been applied to the red maple species when LDI scores were taken even though red maple was
planted at the same time as sycamore and cottonwood. Less than 0.5 cm (1 inch) of boronated
water had been applied to the sweet gum and yellow poplar species, partly because these
species were planted later (replanted) and partly because they were growing more slowly as a
result of being replanted.

It should also be noted that cottonwood sustained some leaf damage (damage rating of 2) with
no B applied. We don’t know what caused this leaf damage that looks like B damage in the 10
mg B/kg soil treatment. This result suggests that cottonwood may not be very well adapted to
the soil used in the experiment.

Irrigation with 35 mg B/L water severely damaged the leaves of the sycamore and cottonwood
species. This damage started to appear two weeks after irrigating with about 11.4 cm (4.5
inches) of boronated water (26.6 mg B/kg soil) for sycamore and about 10.2 cm (4.0 inches) of
boronated water (23.4 mg B/kg soil) for cottonwood. Sycamore and cottonwood were growing
rapidly and using water at a relatively high rate after two weeks of boronated water application
and likely were taking up B at a high rate. The full 25.4 cm (10-inch) application of boronated
water corresponded to 60 mg B/kg soil. Severe leaf damage after applying 25.4 cm (10 inches)
of boronated water is similar to damage in the soil-applied treatments of 35 and 70 mg B/kg soil.

Evapotranspiration was measured over a 24-hour period near the stage of maximal seasonal
growth prior to the harvest date for each species and is graphically shown in Figure 5. The
growing pots did not drain and sand was added to the soil surface at the beginning of the
screening test to reduce the water loss by soil surface evaporation. Pots were watered daily to
66% field capacity and the gravimetric change in 24-hour moisture was measured as an
estimate of the evapotranspiration water loss.

Comparing B treatments (Figure 5) with the control treatment (no B added) for each species
indicates that nearly all species had reduced levels of evapotranspiration rates due to the B
treatment whether applied as a soil amendment or irrigation. However, one exception was found
with the B irrigated red maple which had an apparent higher evapotranspiration rate than the
controls. This result is difficult to explain since accumulated soil B application due to irrigation at
harvest time was 23.5 mg B/kg soil (Table 7). Red maple was permitted to grow nearly 40%
longer than the other species before harvesting. Boron irrigated red maple had a higher
evapotranspiration rate at this stage of growth than red maple with lower levels of soil amended
B and their controls. This is consistent with the observation that the LDI for irrigated red maple
was lower (less leaf damage) than for red maple with soil amended B (Table 8). These results
suggest that some species transplanted into soil amended B will sustain more leaf damage than
plants that were allowed to grow and initiate new roots prior to exposing them to B irrigation. It
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is concluded that these test species’ tolerance to B exposure, as measured by their
evapotranspiration, can depend not only on the amount of B but also on the duration of the B
exposure, physiological timing of the B exposure, and possibly the method of B application.
More than one mechanism of physiological damage to the plant integrity is probably responsible
for the delayed response to B plant exposure.

6.2.3 Visual Toxicity Symptoms

Visual comparisons of the effect of soil amended B and irrigated B on leaf and stem damage are
shown in Figure 7 through Figure 11. Severe leaf necrosis can be seen in the B irrigated
sycamore plants after 132 DAP (Figure 7). Only one sycamore plant out of 12 survived in the 35
mg B/kg of soil and it was a basal sprout (Table 9). The damage to the trees occurred early and
maximum leaf expansion was never achieved, possibly due to root damage in the higher level of
soil B. Sycamore trees growing in the10 mg B/kg treatment were 16.5 % taller than controls and
had about 25% more dry weight in both leaf and stem dry weight (Figure 12A). Dry weight of
sycamore irrigated with B water was equivalent to only 75% of the controls when harvested.
This species grew rapidly after transplanting and required large amounts of water to maintain
soil moisture. When B irrigation was initiated, the effect of B uptake was fast and damage
occurred through out the plant.

EVAPOTRANSPIRATION
24 HRS
500
;’ 400 - W Sycamore
g 300 - E Cottonwood
3 E Red Maple
g 200 - |_ O Sweet Gum
—é 100 - ‘ | O Tulip Poplar
0 - T _I T -_ﬂ_‘ T 1

Control 10 mg/kg 35 mg/kg B-water
35 mg/l

Boron Treatment

Figure 6. Effect of B soil treatments and B irrigation on the 24 hour gravimetric water loss of tree
test species at specified days after planting (DAP). Sycamore and cottonwood = 154 DAP, red
maple = 180 DAP, and sweet gum and tulip poplar = 104 DAP.
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Figure 7. Seedling morphology of sycamore grown in soil amended to contain (left to right) O,
10, and 35 mg B/kg soil and irrigated with water containing 35 mg B/L.

Cottonwood leaf damage due to B treatments is shown in Figure 8. Damage was
characteristically chlorosis with marginal leaf splotches of necrosis. There was not as much
interveinal necrosis as observed with sycamore and abscission of older leaves was frequent
with a moderate amount of B damage. Younger leaves were crenately puckered, with necrotic
spots that penetrated both leaf surfaces. Survival in all treatments was generally poor but
somewhat better than for sycamore at the higher soil B treatment; however, height was severely
stunted in the higher soil B treatment (Table 9). There was a trend for the surviving trees to be
slightly taller than the controls when grown in the lowest level of soil amended B. Harvested dry
weight was reduced by both soil B treatments and irrigated B (Figure 12 B).

Figure 8. Seedling morphology of Eastern cottonwood grown in soil amended to contain (left to
right) 0, 10, and 35 mg B/kg soil and irrigated with water containing 35 mg BJ/I.
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As previously discussed, red maple was much slower to show leaf damage due to B exposure,
and that result is presumed to be due to its much lower water uptake. Leaf chlorosis and
necrosis is more pronounced in the leaf margins and unlike cottonwood, its progression is not
splotchy but continuous and resembles drought damage (Figure 9). Red maple had excellent
survival (94%) when averaged over all treatments. There was a trend for B irrigated trees to be
17% taller than controls (Table 9). Boron irrigated trees also had about 30% more stem weight
and almost twice as much leaf dry weight at harvest time (Figure 12-C). The accumulative B
added by irrigation was 188 mg/pot and equivalent to 23.5 mg/kg of dry soil (Table 5). Due to its
low rate of water use and slow growth, its exposure to B was over 214 days of growth. This
exposure to B was 35% longer than sycamore and cottonwood and the maximum exposure
concentration was only about 40% of the faster growing trees. Choosing this species as a
candidate for waste water irrigation as compared to sycamore could prove be a case of the
tortoise vs. the hare. Slow growth and low water use reduces its exposure to B and increases its
chances for survival. Transplant seedlings had a much more fibrous and intact root system than
the other species.

Figure 9. Seedling morphology of red maple grown in soil amended to contain (left to right) 0,
10, and 35 mg B/kg soil and irrigated with water containing 35 mg B/L.

Sweet gum exposure to B occurred at a much lower level of water use than for sycamore or
cottonwood. Only 77.5 mg of B/pot was irrigated in 55 days for sweet gum compared to 473
mg/pot of B irrigated in 41 days on sycamore. Sweet gum leaf damage initially looked similar to
red maple but eventually resembled cottonwood because of its severe puckered characteristic
(Figure 10). Slow leaf initiation (a characteristic of the species) and replanting may have greatly
reduced the seasonal impact of B exposure. Survival averaged only 50% over all treatments
(similar to other species except for red maple) and little change in plant height due to B
treatments was noted at harvest (Table 9). Very little stem growth difference was found between
treated plants and the controls, but leaf dry matter was reduced 50% by the 35 mg B/kg soil
treatment (Figure 12 D).
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Figure 10. Seedling morphology of sweet gum grown in soil amended to contain (left to right) O,
10, 35 mg B/kg soil and irrigated with water containing 35 mg B/L.

Tulip poplar exposure to B was similar to sweet gum due to the late replanting and slow initial
growth, but leaf response to B damage was very different from sweet gum and was similar to
sycamore (manifested severe chlorosis and necrosis from both soil and irrigated B). Leaves
curled upwards and were readily aborted due to the B damage (Figure 11). Therefore, the leaf
dry matter loss shown in Figure 12-E is largely due to aborted leaves that were not included in
the harvest. The stem dry matter increases relative to controls are positively correlated with the
B treatments. This growth response could be explained in one of two ways: 1) stem growth
occurred before the leaves aborted (implies fast growth) or 2) a small amount of surviving leaf
area is very efficient in increasing stem dry matter in the presence of added B. No appreciable
increase in plant height was detected. Surviving plants that were irrigated with B tended to be
slightly taller than controls (Table 9). Stem diameter was not measured as an indication of stem
volume but could have partially accounted for this growth response. The threshold for leaf
damage by B appears to be very low and severe. Significant leaf losses were recorded after 137
days when exposed to only 8.4 mg B/kg of soil in the irrigation water.

Figure 11. Seedling morphology of tulip poplar grown in soil amended to contain (left to right)
0,10, and 35 mg B/kg soil and irrigated with water containing 35 mg/kg.
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Red Maple Dry Weight
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Figure 12A-E. Effect of soil amended B and irrigated B on dry weight of attached tree leaves
and stems of sycamore (A), cottonwood (B), red maple (C), sweet gum (D), and tulip poplar (E)
at designated harvest days after planting (DAP).

Number of Surviving Trees at harvest date (N = 12)

Boron Sycamore |Cottonwood [Red Sweetgum |Tulip Poplar
Treatment Maple

0 8 5 12 6 8

10 5 5 11 6 6

35 1 2 10 4 5

Irrigated 8 7 12 8 S

Average Height / Plant (cm)

0 109 112 54 49 42
10 127 114 56 42 39
35 Sprout 80 55 48 45
Irrigated 102 105 65 40 48

Table 9. Effect of soil amended B and irrigated B on tree survival and surviving tree height.

Red maple stem dry weight increased during its longer growing season when irrigated with B
water (Figure 12-C). In an effort to explain this increase in growth due to irrigated B, plant height
growth rates at 144 DAP were compared with plant height growth rates at 209 DAP (Figure 13).
Plants were harvested for leaf and stem dry matter determinations at 214 DAP and B irrigation
was initiated at 108 DAP (Table 6). The rates of growth in plant heights at 144 DAP were
generally higher in the B treated plants than the controls (Figure 13). The rates of growth in
plant height at 214 DAP in the B treated plants were again generally higher than the controls but
tended to be less than at 144 DAP. The differences in plant height growth rate between 144
days and 209 days suggest that the growth rates of B treated plants were declining relative to
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the controls. The data suggest that much of the plant height differences due to B occurred early
in the growing season, before B excess uptake was achieved. Decreases in dry matter due to
the longer exposure times in the higher soil amended B treatment, supports this conclusion
(Figure 12 C).

Several native and local species of trees were arbitrarily selected and transplanted into pots
with high levels of soil B in hopes that some species would show more tolerance than the
initially selected species used in this study. Red mulberry (Morus rubra), black willow (Salix
nigra), American chestnut (Castanea dentata), hybrid chestnut (Castanea sp.), and green ash
(Fraxinus pennsylvanica) seedlings were planted in the 70 mg B/kg soil treatment. Seedlings of
sycamore, poplar, and sweet gum of the same purchased lot were allowed to develop in artificial
media. These plants with fully expanded leaves were replanted into the high B soil treatment.
After 30 DAP, only the red mulberry survived and continued to live with poor growth. Its’ older
leaves exhibited the worst damage at 250 DAP. Figure 14 shows the type of leaf damage seen
in red mulberry after 28 days of exposure to the highest rate of soil amended B, 70 mg B/kg soil.

Red Maple Growth Rate

35

30

25 4

o DAP=144
@m DAP=209
m Difference

20

15 4

Growth Rate cr/day x 10 -2

Control 10 35 Irrigation 35
mg/I

Boron Treatment, mg/kg

Figure 13. Effect of soil amended B and irrigated B on red maple stem growth rate (cm)
between 144 DAP and 209 DAP.

6.2.4 Plant Tissue Boron Concentrations

Stem concentrations of B were proportional to the exposure to the amount of B amended into
the soil or B applied in the irrigation water (Table 10). Generally, the stem concentration of B in
all tree species was 1.5 to 2.0 times the control when grown in the 10 mg/kg soil treatment.
However the stem concentration of the B in the irrigated plants was generally 4 to 10 times
higher than the controls. Stems of irrigated plants had a higher B concentration than stems
growing in the soil amended with 35 mg/kg of B with the exception of tulip poplar. However, tulip
poplar survival in the 35 mg/kg soil treatment was poor and enough tissue from only one tree
was available to analyze for B content.
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Figure 14. Effect of soil amended B (70 mg/kg soil) on red mulberry leaves.

Leaf B concentrations were generally much higher than their stems in this screening test. The
higher concentrations of tissue B were much higher than previously reported in many tree
species (Sposito and Calderone, 1988). Leaves of the trees irrigated with B were about 25-40
times higher in B than the controls and most were much higher than plants growing in the 35
mg/kg soil treatment. The exception was sweet gum, probably due to its slow growth and low
demand for water. Boron concentration in the leaves was very similar in all species when grown
in soil amended with 10 mg/kg of B. Differences in B concentration in the leaf tissue between
species were more evident when plants were grown in the higher soil concentration of B, or
irrigated with water containing 35 mg/L of B.

It is concluded that B uptake from irrigation will be greater than B uptake from soil amended with
a similar concentration of B. These results were obtained when B irrigation is used to meet the
total plant demand for water for a period of time in juvenile trees. Plants growing in the field
would obtain a portion of their water needs from rainfall and a portion from irrigation. The
replacement rate of water during periods of drought and the concentration of B in the irrigation
water will be the major factors to consider for irrigation management. Additionally, larger and
older trees will have different water demands and different size sinks for B accumulation. It can
be assumed that larger and older plants could tolerate more exposure to B as measured by
growth and changes in biomass accumulation rate. It can also be assumed that B uptake will
have early effects on flowering, fertilization of ovules, pollen tube development, etc before
changes in biomass accumulation are detected but these effects are largely unknown.

6.2.4 Summary Discussion of Boron Tolerance Testing
All tree species tested were damaged by the high level of B in water used in this test. Two types

of B mobility are exhibited by plants: 1) immobile and 2) mobile. Plants with immobile
physiology exhibit tip/edge burn on older leaves, while those in which B is mobile, meristematic
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dieback of young shoots is a primary symptom (Brown and Barry, 1997; Brown and Hu, 1998).
All species tested demonstrated symptoms of immobile physiology when exposed to B by
irrigation. In these species, the B is brought to the leaves in the transpiration stream and tends
to concentrate due to lack of a simple sugar complex (polyol-B-polyol) to transport B into the
phloem tissue of the plant species (Brown et al, 1999). However, when the one year-old
transplants were exposed to soil amended with B, differences in plant species responses were
found. These differences suggest that the B toxicity in four of these species also exhibits some
characteristics of mobile physiology, and seedling survival was poor in these species. The
exception to this response was red maple, and seedling survival was generally good. This
species had slow stem growth, but growth remained positive with increasing seasonal exposure
to B. Growth rate of this species appeared to be slowing during the growing season due an
increased exposure to B in soil as a result of accumulated B from irrigation and duration of
exposure. Red maple seedlings were probably protected from rapid onset of B damage due to
both partial immobile physiology and its low requirement for water.

STEMS (Avg. * std)

Soil Treatment | Sycamore Sweet Gum Red Eastern Tulip

(B, mg/kg) Maple Cottonwood Poplar
Avg. | Std | Avg. | Std Avg | Std | Avg. Std | Avg. | Std

Control 11.2 | 1.8 [12.6 |11 16.8 | 2.7 18.0 2.9 18.3 | 3.8

10 19.3 | 13.6[31.4 | 8.8 27.5(6.0 |27.9 6.5 291 |5.6

35 87.7 |0 71.8 [ 15.6 [60.0 | 22.5 | 43.3 20.0 | 110.7 | 24.0

Irrigated 131.3 | 30.1 | 86.3 | 7.0 75.2 | 30.4 | 1201 |[32.8 [ 80.7 |37.2

Leaves (Avg. * std)

Soil Treatment | Sycamore Sweet Gum Red Eastern Tulip

(B, mg/kg) Maple Cottonwood Poplar
Avg. [ Std | Avg. | Std Avg. | Std | Avg. Std | Avg. | Std

Control 29 5.1 15 3.5 36 4.4 78.1 40.1 | 24.3 | 5.3

10 237 |21.7 [ 226 |30.0 |295 29.2 | 226 105 [219 | 18.2

35 474 | 158 |[1273 | 155 989 231 | 739 56.0 {161 |0

Irrigated 1149 | 771 | 423 | 135 1185 | 394 | 2770 |671 |1042 | 450.

4

Table 10. Effect of soil amended B and simulated FGD wastewater (35 mg B/L) on B
concentrations (mg B /kg) in stems and leaves of harvested trees.

In trees with mobile physiology, B would be able to redistribute from older leaves into younger
leaves, stems, and fruit. This type of physiology tends to dilute the B into a larger amount of
biomass and protects the plant from excessive tissue damage. Some nut (walnut - immobile)
and fruit (apples - mobile) trees can accumulate relatively large amounts for nut and fruit dry
matter and exhibit intolerant characteristics to water B concentrations higher than 0.3—-1.0 mg/I.
Leaf tissue analyses to assess B sufficiency (or toxicity) levels for these types of species must
be collected differently (Brown and Uriu, 1996). Following the progressive uptake of B in plant
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leaves would require collecting older fully expanded leaves and younger not fully expanded
leaves separately over several times and analyzing them for B.

Irrigation guidelines to avoid B toxicity suggest that a plant’s tolerance level to soil solution B
should be divided by a factor of 2.4 to estimate the B water concentration that can be used for
irrigation (Leyshon and Jame, 1993). Tolerance level of plants to B is usually determined in
sand/solution culture to avoid soil clay adsorption which can confound the results. The use of
the actual soil from the CCWESTRS site in this greenhouse test should provide sufficiently
accurate results if trees are field planted on the same soil type. Assuming tolerance to 10 mg
B/kg soil, then a water concentration of 4.1 mg/L would be suitable (10/2.4 = 4.1). The rapid
response of sycamore and cottonwood due to heavy water usage suggests short irrigation
periods of only 40 days should be utilized if rainfall is not anticipated. Plants with significantly
less water demand could be exposed to a higher level of soil solution B or a longer period of
irrigation. Sweet gum and red maple may be grown at a lower risk of B toxicity if low growth
rates can be tolerated.

6.2.5 Conclusions of Boron Tolerance Testing

Using the Paradise power plant FGD waste water as a source of irrigation on tree seedlings
without first diluting the B concentration would require careful planning and management. It was
suggested:

(1) The FGD water should be blended to 4 mg B/L or less prior to use.

(2) Allow trees to become fully established before applying diluted water.

(3) Do not saturate the soil with boronated waste water.

(4) Initially monitor B and N in leaves to help schedule irrigation and fertilization.

(5) Monitor the accumulation of B in the soil profile.

(6) Schedule leaching irrigation with low B water to prevent B accumulation in the soil.

(7) Continue to search for more tolerant trees and crop management techniques to reduce the
risk of irrigating with boronated waste water.

6.3 Boron Leaching from Drip-lrrigated FGD Wastewater at the CCWESTRS Field Site
6.3.1 Background

The amount of B that can be safely applied in the irrigation water without reducing tree growth
will depend partly on how much B will leach below the rooting zone. Significant quantities of soil
water will move below the rooting zone during the winter months when precipitation exceeds
evapotranspiration. Some soil water may also move below the rooting zone following rainy
periods during the growing season or when significant rainfall occurs immediately after
irrigation. Information is needed concerning the extent that B will move with excess soil water
and ultimately be leached out of the rooting zone.

Two factors will determine the extent that B moves with soil water. One factor is how strongly B
is adsorbed on the surfaces of soil particles. If B is strongly adsorbed, then little B will move with
soil water in micropores. A second factor is how much B is carried with water that moves in
macropores resulting from soil cracks, old root channels, earthworm holes, etc. Boron moving
with water in macropores doesn’t come into intimate contact with soil surfaces and may move
significant distances with soil water before finally being adsorbed on soil surfaces. The soil at
the CCWESTRS site may have a lot of macropores because it has been in a perennial crop
(fescue/lespedeza mixture) for several years and hasn’t been tilled and as a result of the
skeletal (rocky) nature of the soil. Macropore flow likely will be greatest near the irrigation
system drip emitters where the soil routinely becomes saturated and water can freely move from
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micropores into any macropores that may exist near the emitters. Rainfall likely will not result in
much macropore flow, especially with FGD gypsum mulch, except perhaps during winter
months. Significant macropores likely won't develop in the mulch, and rainwater will be
dispersed in micropores in the mulch before entering the original soil. Rainwater that does enter
macropores in the original soil won’t contain much B (assuming B is strongly adsorbed by the
soil) and is not expected to result in much B leaching.

A field leaching study was conducted to simulate drip irrigation of Paradise FGD wastewater
and associated movement of wastewater B below the emitters. This study was designed to
reflect maximum potential for B leaching. If B leaching is significant in the field experiment,
somewhat higher levels of B in the irrigation water can be tolerated in the field study without
causing soil B buildup and resulting B phytotoxicity problems.

6.3.2 Experimental Methods

The field B leaching study was designed to simulate the anticipated CCWESTRS field-scale drip
irrigation system with the following characteristics:

o One tree occupies 3.6 m x 1.8 m (3.6 m between tree rows, 1.8 m between trees)
One drip line runs parallel to each tree row 30 cm (11.8 in) to the side of tree rows

e Emitter spacing on drip lines is 60 cm (23.6 in); this implies 3 emitters/tree [3 emitters/6.6 m?
(71 ft?) of field area or 1 emitter/2.2 m? (23.7 ft*) of field area]

e Each emitter wets soil beneath a 60 cm x 60 cm = 0.36 m? (23.6 in x 23.6 in = 3.87 ft?) area
of land (i.e., the emitters will wet approximately (0.36/2.2)x100=16.4% of the field area)

e A 254 cm (1in) application of irrigation water on a total field basis will be equivalent to a 15
cm (5.9 in) application over the land area actually wetted

o The estimated maximum evapotranspiration (ET) rate on hot, dry days will be about 0.65
cm/day ( 0.25 in/day) on a field basis; maximum ET rates will probably be lower than this
until the canopy closes in the third or fourth growing season

e During periods with maximum ET and no rain, apply 2.54 cm ( 1 in) on a field basis of
irrigation water every fourth day (assumes capacity to irrigate one-fourth of the field on a
given day)—this irrigation rate corresponds to approximately 2.3 I/emitter/hr (0.61
gal/emitter/hr) for 24 hours every fourth day

Experimental procedures were as follows:

1. Mowed the cover crop ina 1.2 m x 4.6 m (3.9 x 15.1 ft) strip to facilitate installation of drip
emitters

2. Calibrated five drip emitters and associated delivery tubes and wastewater tanks with proper
head pressure for the desired rate and volume of water application

3. Placed drip emitters 60 cm (23.6 in) apart on the longitudinal axis in the center of the strip
where the cover crop was mowed

4. Collected sub-sample of wastewater used for irrigation and saved for B analysis; the
wastewater contained 80 mg B/I

5. Ammonium nitrate was added to the FGD wastewater to provide 100 mg NH4-N/I and 100
mg NO3-N/I to be monitored relative to B movement

6. Applied a 2.54 cm (1 in) application of FGD wastewater on a field basis [15-cm (5.9 in)

application over the wetted area] over a 24 hr period; this corresponded to 55 l/emitter/24 hr

(14.5 gal/emitter/24hr)

Allowed soil moisture to redistribute for 24 hrs

Sampled soil immediately below each of the center three emitters in 15-cm (6 in) increments

to a depth of 1 m (3.28 ft) using a bucket auger

® N
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9. Sampled soil just beyond the wetted area (for background B measurement) in 15 cm (6 in
increments to a depth of 1 m (3.28 ft)

10. Determined B distribution by depth. Boron in soil from each depth was extracted with hot
water (Wear, 1965) and with calcium chloride (Matsi and Keramidas, 2001) and the extracts
were analyzed for B

6.3.3 Results

Soil moisture levels 24 hours after irrigation are presented in Figure 15. The soil moistures
levels were lower than normally expected for medium-textured soils at field capacity (i.e., after
draining for 24 hours). The low soil moisture levels at field capacity are apparently due to the
large fraction of rock in the soil. The rock holds very little water, thereby reducing the water-
holding capacity per unit mass of rock-soil mixture. Irrigation increased the soil moisture content
at all depths sampled.

Paradise Soil Leaching Study

20 SOIL % MOISTURE

15 1

10

% MOISTURE

15 30 45 60 75 90 105
Soil depth, cm

[0 CONTROL B IRRIGATED

Figure 15. Soil moisture content as affected by drip irrigation.

Hot-water extractable B is often used as an index of plant-available B and is presented in Figure
16. Significant quantities of B moved to a 60-cm (23.6 in) depth, but the highest B concentration
occurred in the top 15 cm (6 in) of soil. The soil clearly adsorbed B to a significant degree
because more B was retained near the soil surface than at lower depths. These data indicate
that most of the B applied in FGD wastewater will be retained in the rooting zone during the
growing season. However, B is somewhat mobile in this soil, suggesting that B will leach out of
the rooting zone to some extent during the winter when precipitation exceeds
evapotranspiration.
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Paradise Soil Leaching Study
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Figure 16. Hot water-extractable B as affected by drip irrigation.

The general distribution of Ca(Cl),—extractable B with depth (Figure 17) was similar to the B
distribution as indicated by extraction with hot water (Figure 16). About 64% of total B extracted
with Ca(Cl), was removed in the first extract, indicating that the soil had some affinity for the
irrigated B. The distribution of NH, with depth is presented in Figure 18. Some of the NH, added
to the irrigation water moved to about 45 cm (17.7 in), but most of the NH, was retained in the
top 15 cm. Ammonium (Figure 18) didn’t move downward quite as much as B (Figure 16), but
NH, and B moved similarly. It is generally considered that significant quantities of NH, will not
leach below the rooting zone in most situations. The distribution of NO3 with depth is presented
in Figure 19. Although some NO3; moved to a depth of 90 cm, much of the NO3; was retained in
the top 15 cm. Significant retention of NO; in the top 15 cm is surprising, given that NO;
generally is very mobile in soils and readily moves below the rooting zone with excess soll
moisture; the reason for the unusual NO; retention near the soil surface in this study is not
clear. It is possible that fescue plant roots could have partially accounted for the NO; retention
in this surface sample.
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Figure 17. Calcium chloride-extractable B as affected by drip irrigation.
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Figure 18. KCl-extractable NH,4 as affected by drip irrigation.
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Figure 19. KCl-extractable NO; as affected by drip irrigation.

6.3.4 Conclusions for Boron Leaching Study

Overall, results from this B leaching study indicate that if wastewater containing B is drip-
irrigated to match evapotranspiration during the growing season, most of the applied B will be
retained in the upper part of the rooting zone during the growing season. Since B is somewhat
mobile at our study site, winter precipitation likely will leach much of the B out of the rooting
zone, resulting in lower levels of soil B at the beginning of each growing season. With this type
of pattern, application of 25 cm ( 9.84 in) of water containing 7 mg B/l irrigation water (e.g., the
fly ash pond water) would result in an accumulation of about 7 mg B/kg soil in the rooting zone
by the end of each growing season. During the first part of each growing season, significantly
less than an additional 7 mg B/kg soil will have accumulated. The greenhouse B tolerance study
indicated that sycamore, cottonwood, sweet gum, and red maple will tolerate 10 mg B/kg soil
reasonably well for about one growing season or less. Some B leaf damage would probably
occur during the last part of the growing season and concentrate in the autumn leaf litter to be
leached out by rainfall. The combined results of the greenhouse B tolerance study and the field
B leaching study suggest that sycamore, cottonwood, sweet gum, and red maple will tolerate an
annual application of 25 cm fly ash pond water reasonably well, but that 25 cm of FGD
wastewater (~70 mg B/I) would be very damaging to the trees.

6.4 FGD Muich Depth Field Study

A small field study was initiated at the CCWESTRS site in March 2001 to determine possible
impacts that varying depths of FGD-gypsum depth might have on fescue survival and growth.
2m x 2m sub-plots were established with FGD gypsum depths at 5, 10, 15, and 20 cm (one 30
cm application was established, but abandoned as too extreme) and a control (zero FGD).
These treatments were replicated four times and all sub-plots were observed over the 2001
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growing season. In the spring, the fescue began to penetrate the 5 cm applications of FGD
materials throughout the plot. Some fescue also began to penetrate the 10 cm applications, but
this was limited to the sub-plot margins were erosion had decreased the depths of the material.
None of the 15 and 20 cm applications (or the single 30 cm) has been penetrated by fescue or
any other plant species to date. Left undisturbed, the FGD gypsum settles by as much as 15-
20%, becomes denser and forms a superficial crust which may limit plant penetration. When
dry, this crust may also initially act as an impediment to water infiltration during intense summer
storms; however, the gypsum has a moderate hydraulic conductivity when moistened
(measured in the laboratory at 3.9 cm/hr). Visual observations of fescue health both inside of
the sub-plots (5 cm depth) and along the edges of the FGD material in all sub-plots, would
suggest that the FGD gypsum is certainly effectively conserving soil water when much of the
surrounding site is experiencing droughty conditions.

Based on the field study, the Project Team determined that the full-scale demonstration should
be tested with zero, 10 cm, and 20 cm depths of the FGD gypsum for mulch.

7.0 Task 4 - Engineering Design of CCWESTRS
7.1 Silvicultural Plan

In 2001, the Project Team developed a preliminary test plan. This research project involved the
application of three levels each of two types of power plant byproducts—three levels of FGD
gypsum mulch, and three levels of FGD pond irrigation water. This design produced nine
treatment levels (3 X 3), which will be tested, with two species of hardwood trees (i.e., sweet
gum and sycamore). Each treatment combination will be replicated three times, resulting in a
total of 54 treatment plots (3 FGD gypsum levels X 3 irrigation water levels x 2 tree species x 3
replicates). Survival and growth response of plant species in terms of sequestering of carbon in
plant material and soil will be the primary measure of effectiveness of each treatment

FGD gypsum was applied (see section 9.0) at mulch at three levels: (1) control = no mulch; (2)
Low = 10 cm depth; and (3) High = 20 cm depth. Irrigation water is being applied at three
levels—(1) control = zero irrigation; (2) Low; and (High). The 40.5-hectare research area is
subdivided into nine zones, each covered with one of the three levels of FGD gypsum mulch (0,
10 cm, and 20 cm), replicated three times. Exact application levels applied to each zone were
randomly chosen. Figure 18 shows the location and variable information of the test plots.
Gypsum was applied in 3.7-m wide strips, separated by 1.2-m wide strips of existing grass
(fescue plus lespedeza) cover crop. The cover crop rows were retained for erosion control
purposes, particularly with respect to the gypsum being applied.

Soil analyses revealed that the pH of soils on site was circum-neutral (7.0 +/- 0.5), implying that
hardwood tree species would generally perform considerably better than coniferous species.
After extensive greenhouse testing of a number of tree species for tolerance to B, and
consideration of other factors such as drought tolerance, growth rate, and commercial value,
sycamore and sweet gum were chosen as the optimum species for planting.

Two rows of two-year-old tree seedlings were planted in February-March 2002 in each 3.7-m
wide row of gypsum treatment (except in plots with zero gypsum treatment) at 2.44-m X 2.44-m
spacing. This planting pattern resulted in a 2.4-m wide strip of gypsum between rows of trees on
one side of a row and 0.6-m wide strip of mulch plus 1.2-m of grass plus a second 0.6 m of
mulch between rows on the opposite side.

Within each of the nine zones of FGD gypsum treatment, the three irrigation treatments are
replicated randomly. Figure 20 shows the location of the 27 irrigation areas (Ze = no irrigation
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control) within the nine FGD gypsum treatment zones. Within each of the 27 irrigation areas (3
replicates of the nine possible gypsume-irrigation level combinations), half of the area will be
planted to sycamore and half to sweet gum, in a split-plot design. This will result in 54 treatment
plots of approximately 0.75 hectares each.

Figure 20. Schematic of CCWESTRS test plan showing FGD mulch depth (colored) and
irrigation levels (Hi = 25 cm/yr, Lo = 12.5 cml/yr, Ze = zero irrigation).

Because poor seedling survival over the 2002 growing season was partially attributed to weed
competition for moisture (Figure 21), a decision was made to use herbicide to kill the living
vegetation over the entire plot. In late October 2002, the entire site was sprayed with a mixture
of Roundup Pro (glyphosate 41%) and Oust (sulfometuron methyl 75%) at a rate of 7.0 |
Roundup Pro plus 0.1 | of Oust herbicide per hectare. These contact herbicides were used to Kkill
the live plants --largely fescue and, to some extent, lespedeza. A low rate of Oust was used
because the activity of Oust may result in residual herbicide activity that could damage newly
planted tree seedlings if planting occurred too soon after herbicide application. Approximately
85% of the area was successfully impacted. A corrective follow-up spraying was carried out in
December 2002 for those areas that were missed or received inadequate treatment.
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Figure 21. Photo of intensive vegetative competition impacting seedlings in some areas of
the CCWESTRS site.

In January 2003, the entire site was bush-hogged in order to facilitate mechanical planting.
Two-year-old sycamore and sweet gum seedlings were planted in late February and early
March following the previous plot layout. Subsequent to planting, the irrigation system was
installed adjacent to the trees lines.

7.2 Irrigation system

During the report period, the Project Team developed a preliminary approach to irrigating the
CCWESTRS. Plans were to draw water from the FGD discharge channel using diesel, electric
or hydraulic ram pumps or windmills to pump water to a head tank located centrally to the
CCWESTRS. Distribution pipes would direct water to several other smaller head tanks designed
to spill at rates determined to provide the specified amount of irrigant on the test plots via drip
emitters.

Due to various reasons and decisions, the irrigation system was not installed in 2002 as
planned. One of the reasons was the initial poor performance of the seedlings, which showed
significant leaf damage and symptoms of boron toxicity and heat stress, presumably from the
FGD gypsum mulch. Rather than subject the trees to additional B stress from irrigation with
water from the FGD pond, it was decided to allow the trees to adapt to conditions in a slower
manner. Although rainfall was adequate through June 2002, July and August rainfall was below
normal and temperatures were above normal. In late August, we initiated a modified plan for the
irrigation of the CCWESTRS test site. A temporary irrigation system was used to supply fresh
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water from a nearby, non-industrial surface impoundment, instead of using the
FGD wastewater. This would allow the trees to adapt to the harsh conditions to which they have
been subjected (i.e., drought, high heat, FGD gypsum as planting medium and insect
infestations). Based on the results of the 2002 growing season (i.e., poor tree survival and
boron toxicity), the team decided to use, in 2003, water obtained from the fly ash pond as the
irrigation source.

A Request for Proposal (RFP) to install a drip irrigation system for trees at the CCWESTRS site
was sent to four companies on November 12, 2002. The three companies that responded and
their total cost estimates for design, delivery, installation, testing, and operator training of the
drip irrigation system are shown below:

Irrigation-Mart, Inc. Ruston, Louisiana $106,150
Tuckasee Irrigation Russellville, Kentucky $107,200
East Coast Irrigation Services Darlington, South Carolina $135,000

After a technical evaluation of the three proposals was performed, the contract was awarded to
Irrigation-Mart. The primary reasons for Irrigation-Mart being awarded the contract were:

o all three designs were very similar

o Irrigation-Mart was the lowest bidder

e Irrigation-Mart provided a 1-year any/all services and materials needed to make the
system operate as planned.

Design

The drip irrigation system is designed to irrigate 27.8 hectares (2/3 of the site since 1/3 is not
irrigated) in two zones (Figure 22). This fully automated system is designed to irrigate trees that
have been planted in a 2.43 X 2.43 meter (8 ft.) arrangement. One 16 mm drip line with 1.58
liter per hour (Iph) (0.42 gallons per hour) fully pressure compensated emitters spaced 1.06
meters (3.5 feet) apart is to be placed along each row on the surface. The drip irrigation system
has the capacity to allow the application of up to 5.08 cm per week. The system is divided into
two zones and is shown in Figure 22. Zone 1 consists of nine plots (13.0 ha total) that are to
receive the most irrigation. The pumping rate for zone 1 is about 1,323 liters per minute (Ipm).
Zone 2 consists of nine (or eleven if splits are counted) plots (14.82 ha total) that are to receive
one-half of the amount of irrigation that the plots in zone 1 receive. The pumping rate for zone 2
is about 1,512 lpm.

Design features of the drip irrigation system include the following:
e Approximately 104,880 meters (65 miles) of 16mm drip line with 1.58 liter per hour (Iph)

pressure compensating emitters (Figure 23) spaced 1.06 meters apart. This is Toro
Ag’s Drip in Blue Strip, PC.
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Figure 22. Schematic diagram of the CCWESTRS irrigation system.

Figure 23. Photo of Toro Ag’s 16mm drip emitter used in the study.

e Approximately 1,107 drip lines, each beginning with a shut-off valve and terminating
with an automatic flush valve.

o Approximately 1,107 one-half inch flex PVC risers from the PVC headers to the drip
lines.

e PVC mainlines and headers, sized to maintain flow velocities, friction losses and
pressures. The pipe will be gasketed (allowing installation during cold weather) and
thrust blocked to secure in place.
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e 5.08 centimeter PVC flush valves at the ends of the PVC pipelines.

e Controller-to-valve wire and PVC pipe installed 0.608 meters below the soil surface,
with wires placed below the pipe.

e Air/Vacuum relief valves placed in the PVC pipelines both before and after the zone
valves.

e Two Toro Ag control valves (one for each zone).

e lrritrol IBOC, 24-volt battery powered controller to completely automate the system
including signaling the engine’s control panel to start/stop the pumping plant. Controller
sets the current time, current day, watering day schedule, station watering time, and
watering start time.

¢ McCrometer flow meter with instantaneous gpm and cumulative gallon readout.

e Pressure gauges/check-points throughout the system to assist in monitoring for proper
performance/operation.

e Check valve to prevent back flow into water source.
e Fresno pressure relief valve.
e 15.2 centimeter Sure-Flo, foot valve.

e Fresno automatic, two 1.14 meter (45 inch) stainless steel tanks, for the sand media
filter system rated at 2,097.9 Ipm (555 gpm), placed on a pad.

e Alex-tronix filter backwash controller. Controller sets backwash interval, backwash time,
and dwell time between each filters time to flush.

e Pumping plant consists of a VM (Detroit) SUN-2105 air-cooled, 2-cylinder, industrial
diesel engine and a Berkeley BAEQM pump. The engine is equipped with a full feature
control panel (Murphy automatic engine controller, ASM150) that protects the engine
and pump, and makes the pumping plant operate automatically in response to the
system controller. The controller includes selectable crank and rest cycles, sensing
circuit for crank disconnect and overspeed, overcrank, and re-crank protection on false
starts. Four LEDs indicate first-out shutdown for: low oil pressure, high temperature,
overcrank and overspeed. A fifth LED indicates engine running.

e A 12-volt car battery for starting the engine.
o A 1,134 liters (300 gallons) diesel fuel storage tank.

8.0 Task 5 - Construction of CCWESTRS
8.1 FGD Mulch Application

Fluidized gas desulfurization (FGD) byproduct was selected for use as mulch to demonstrate a

beneficial use of this material. Mulch placement width was arbitrarily selected at a minimum of
0.6 m on both sides of the tree row for a total of 1.2-m width of material. It was also determined
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that grass strips should be left between strips of mulch to stabilize fugitive material transported
by storm water runoff. No economically attractive method of placement in 1.2-m strips over large
areas was discovered. Heavy equipment was available with the ability to place the material in
3.7-m rows. Placing the material in 3.7-m wide rows with a 1.2-m wide grass strip between was
accepted as the best placement scenario. Two rows of trees could be planted in the 3.7-m
mulch row.

Placement of the FGD mulch was accomplished by using heavy equipment capable of loading
and spreading the material. Caterpillar 621 pan scrapers capable of moving 16 cubic meters per
load were used meeting the need to move large amounts of material economically and placing
in 3.7-m wide rows. Material was loaded directly from the FGD dry stack by the loader and
hauled one kilometer to the placement site. The pan scrapers were capable of placing the
material to the 10- and 20-cm depths selected by the study. Some smoothing and dressing of
the material was done after placement using a Caterpillar D6 dozer.

Placement of the material was conducted over a three month period. Actual placement time was
approximately one month. The three month period was required due to weather constraints.
Placement was started in the first week of December.

The total amount of FGD material placed was 34,500 cubic meters. The material was divided
into 11,500 cubic meters for the 10-cm depth portion of the site and 23,000 cubic meters for the
20-cm depth. Placement occurred at the rate of 11,500 cubic meters per month during
December, January, and February.

The total cost for placing the material was $159,000. The unit cost for placement was $4.61 per
cubic meter. It is thought that the total cost is approximately one third higher than a “best case”
estimate due to weather delays.

8.2 Tree planting
8.2.1 2002 Tree Planting

Tree planting preparations began in the middle of February with the receiving, inspection, and
proper storage of all nursery stock. The bulk of sycamore and sweet gum seedlings were kept in
cold storage facilities near Rochester, KY until they were transported to a temporary nursery
established on-site. This nursery served as a holding facility to insure that an adequate supply
of seedlings was always present to supply the mechanical planter and to afford protection for
the seedling roots during times of inclement weather. Planting was interrupted twice by cold
fronts moving through the area that produced snow and very low air temperatures.

Planting began on 2-23-02 and was completed 3-7-02. Stutts Forestry Services (Martin, TN)
was the planting contractor and used a Caterpillar DC3 LGP Bulldozer/C&G Tree Planter
arrangement to plant seedlings. Although the bulldozer had a gross weight of 8,164 kg, special
“Pyramid Pads” (63 cm in width) gave the bulldozer a lower ground pressure and facilitated
planting in the wetter portions of the site. It also provided better traction in those areas cover in
FGD materials. The C&G Planter had a gross weight of 2,721 kg and, with a new coulter, can
make a vertical cut of 35 cm in most soils. This was normally the case at the CCWESTRS site,
except in areas compacted by machinery transporting FGD materials and the chance encounter
with large sandstone rocks. Sprockets were adjusted on the planter to deliver a seedling every
eight feet and this distance was checked periodically using a standard tape measure. Guides
mounted on the front of the bulldozer were used to determine the proper distance between
rows. Supporting personnel routinely followed the planter to check this distance between rows
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and to hand plant seedlings any missing seedlings (rare occasion). Throughout the planting
process, all seedling roots were protected from desiccation and very low temperatures.

On 5-5-02, a survivorship survey was conducted in all plots for both tree species. Rows and
starting locations within rows were selected randomly within each major treatment (two for each
species) and the first ten plants (or plant locations) from each row location were categorized as
1) seedlings being fully flushed, 2) seedlings experiencing tip dieback and resprouting from its
base, 3) dead, or 4) missing. Results of the survey indicated that the percent survivorship for
both species was greater than 85% (Fig. 24). One distinct difference between the tree species
noted during the survey was sycamore’s inherent trait of resprouting after tip dieback. The
number of missing seedlings was more an artifact of erosion in some FGD locations, rather than
planter error. To combat further erosion (and reduce further seedling lost), bare spots (access
roads used for FGD application) were seeded with spring oats and Kobe lespedeza and
approximately 700 bales of hale were stalked in strategic locations. Finally, all plot boundaries
were marked with 1.5-m steel posts for future location.

Initial Seedling Survivorship Survey
May 5, 2002
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Fully Resprouted Dead Missing
Flushed
Seedling Status

Figure 24. Initial survivorship of all seedlings planted in February and March 2002.
8.2.2 2003 Tree Planting

The decision to replant all trees was made in October 2002. Poor tree survival was partially
attributed to weed competition and drought. The weed competition was primarily fescue and
lespedeza originally planted during the re-vegetation stage of land restoration of the strip mine.
A decision was made to herbicide the entire site. The site was mowed in order to stimulate new
growth and insure herbicide effectiveness. The entire site was sprayed with a mixture of contact
and soil herbicides (3 quarts of Roundup Pro (41% Glyphosate plus surfactant) + 1.5 oz Oust
(75% Sulfometuron (Dupont) per acre) on 22 October, 2002 to kill perennial vegetation and
control early season weed germination in the early part of spring and summer of 2003 (Figure
25). Tree planting preparations began in November 2002 with calls and visits to state nurseries
in Kentucky and Tennessee in order to access planting stock for 2003. All sycamore seedlings
were obtained from the Kentucky state nursery system, while the majority of sweet gums were
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purchased from the state of Tennessee. An additional 6,000 sweet gum seedlings (20% of the
total planted) were purchased from Warren County Nursery in McMinnville, TN.

Figure 25. Ground application equipment used to apply a mixture of herbicides to the
CWESTERS field site on October 22, 2002.

Upon the receipt of sweet gum seedlings from both sources in early February 2003, a complete
integration of seedlings was carried out in order to insure that the additional seedlings from
Warren County nursery were spread throughout the study and was included in all treatments. All
seedlings were kept in cold storage facilities near the site. To complete the pre-planting
activities, the entire CCWESTRS site was bush hogged to remove the excessive weed growth
that had occurred the following season and to remove the few surviving sycamores and sweet
gums seedlings that may have been missed by herbicide treatments in late 2002.

Planting began on 2-11-03 and was completed by 3-12-03. Weather conditions changed quickly
during early February and resulted in a few planting delays. Excessive soil moisture and very
low air temperatures were of concern and considered before planted began after a delay.
Seedlings transported from cold storage and waiting to be planted were held on-site in a
temporary enclosure. Stutts Forestry Services was selected as the planting contractor again due
to their familiarity of the site, planting conditions and plot arrangements. Equipment and
operational/QA protocols remained the same as in 2002.

After-planting activities included plot boundary verification and selective erosion control. Erosion
at the time of planting was much less than that seen in the previous year, especially in the FGD
mulch plots. Settling, compaction and hydration of the FGD mulch material resulted in reduced
movement of the materials. Plant stems and litter also inhibited less erosion on many plots. The
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majority of erosion was due to rill development (observed adjacent to ditches and drainage
ways) with little sheet runoff observed. Costs for the planting are shown in Table 11.

Task Source Cost

Bush Hogging Two Rivers 2,000
Tree Planting Stutts Forestry Services 7,000
Sycamore Seedlings KY State Treasurer 6,570
Sweet Gum Seedlings TN State Treasurer 4,050
Sweet Gum Seedlings Warren County Nursery 2,649
Seedling Storage East of Eden 290
Trailer Rental TVA 50
Straw for Nursery East of Eden 45
Total $22,654

Table 11. Costs for tree planting in 2003.
8.3 Irrigation System Installation

Installation of the drip irrigation system began in mid-March 2003 just prior to the completion of
tree planting. Six days were required to trench the 4,023 m of 0.609-m deep trench using a
Case trencher with backhoe and blade attachment. This task took considerably longer than
planned due to all of the large rocks encountered in the soil. These had to be removed and the
trench manually cleaned out to insure proper placement of the PVC piping. The PVC pipe (15,
10, 7.6 and 5 cm diameter) was transported within the site by a tractor/trailer arrangement.
Once the main and secondary lines were installed from the pump house to the various plot
locations, the 1,107 connections for the 1.27 cm diameter drip lines were connected to the PVC
through control valves and flex risers. All controller-to-value wiring was secured to the mainline
PVC in the trenches before the trenches were back-filled.

The next step in the installation of the irrigation system was the placement of 104,880 m of drip
line. Since each drip line came in 304-m rolls, a two-reel delivery system was designed and
mounted on the back of a four-wheeler to insure proper placement and safe delivery (avoid
crimping of the line). Couplings were used to attach the drip line together after each 304-m roll.
After the 1,107 rows of drip line were installed, each drip line was attached to a shut-off valve
which was attached to a 1.27-cm PVC flex riser. At the other end of each drip line, the automatic
flush valves were installed.

While the drip line was being installed, work on installing the pumping plant got underway.
Although delayed initially by vandalism to the engine, pump, and various system components,
replacement parts ($2,075) were quickly obtained and construction continued. Three different
concrete pads were formed for the construction of the pumping plant. One for the two filter
tanks, one for the diesel engine pump, and one for the diesel fuel storage tank. After the diesel
engine/pump was set into place, the 15-cm PVC suction line with check valve to prevent back
flow into the ash pond and the 15-cm Sure-Flo foot valve were installed. Two 114 cm diameter
stainless steel sand filters were installed and plumbed from the pump to the filters. The sand
filters were plumbed so that each tank could be periodically backwashed with the backwash
water going back to the fly ash pond. From the sand filters, the water flows through the flow
meter (instantaneous and cumulative gallon readout) and up the hill to the two control valves.
The two control valves are used to control the flow to either zone 1 or zone 2.
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After the pumping plant was assembled, the automatic controllers for the irrigation system were
installed and wired for operation. Three controllers are used to control the irrigation system. An
Irritrol IBOC, 24-volt battery powered controller completely automates the system including
signaling the engine’s control panel to start/stop the diesel engine. A Murphy automatic engine
controller, ASM150, protects the engine and pump, and makes the engine operate automatically
in response to the system controller. The third controller is an Alex-tronix filter backwash
controller that controls the backwash interval, backwash time, and dwell time between each
filters time to flush.

After the pumping plant was complete, a wood frame building with metal siding and roof
(approximately 8 ft x 18 ft) was built around the pumping plant. The design includes a large
ventilation area in the front of the building (covered with hardware cloth) to remove excess heat
generated by the motor and pump. For security, a 6-ft chain link fence with 3 strands of barbed
wire at the top was installed. The fence included a 10-ft locking gate.

The cost for design, delivery, installation, testing, and training on the drip irrigation system was
$106,150. The building for the pumping plant and also any repairs to the system for the first
year was included in this price. The cost for the chain link fence surrounding the building was
$1,985. The total charge for Two Rivers Inc. (daily checks, switching zone valves, routine
maintenance such as oil changes, end of year shutdown, etc.) was $4,182.50 (May to
November). Approximately 3,200 gallons of diesel fuel (~$4,000) was used by the system
during 2003.

9.0- Task 6 Monitoring
9.1 Soils Monitoring

9.1.1 2002

Soil monitoring during 2002 focused on characterizing selected physical parameters within the
soil profile. The percentage of rock within the soil has a direct influence on the soil’s ability to
retain moisture, as well as, provide areas for plant root exploration. A track-hoe was used to
excavate pits at four locations that were considered typical for the varying landforms found at
the CCWESTRS site. Along opposing sides in each pit, a clear piece of 30 mil plastic was
extended from the surface to a depth of 1.8 m and all areas of solid rock, coarse and finely
fractured rock, and soils were traced onto the plastic surface. The volume percentage of each
fraction was then determined using a point intercept method. In areas considered to be soil (but
still containing appreciable rock material), cylindrical areas (500 to 1000 cm?®) within the pit face
were excavated at 30, 60, 90 and 120 cm depth and all materials (rock, soil and roots) were
careful collected for processing in the laboratory. The volume of each excavated area was
determined by filing each with expanding foam. Once hardened, the foam was removed,
cleaned of debris and its volume determined by displacement in water under laboratory
conditions. All root materials (used for below ground carbon estimates) were removed form the
soil by dry sieving, washed to remove adhering soil particles, dried and weighed.

Results of the study show that large pieces of solid rock (primarily sandstone and shale) can
comprise as much as 29% of the entire soil profile, but average as little as 5.5% (Table 12).
Coarse and finely fractured rock dominated by shale is similar (though elevated), but unlike the
solid rock, these areas can contain significant quantities of feeder roots (Figure 2). Within the
areas designated as soil, rock fragments (> 2mm diameter) still can comprise as much as
51.6% of the total volume.
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Profile % Solid | % Coarse | % Finely | % Soil

Fraction Rock Fractured Rock | Fractured Rock | (and >2mm Fraction)
Mean 5.5 5.3 9.6 79.4 (24.6)

Minimum 0 1.7 0 50.6 (3.4)

Maximum 294 6.7 41.9 954 (51.6)

Table 12. Mean, minimum and maximum percentages of rock and soil from excavated soil pits
at the CCWESTRS site.

Although the focus of this exercise was to quantify the amount and distribution of roots
throughout the soil profile (for carbon estimates), it also documents how coarse-textured the
soils are and gives some insight into expected moisture retention and release. Periodic
sampling of soil moisture was conducted at random locations within the CCWESTRS site in
2002. Although moisture release curves have not been developed specifically for the
CCWESTRS saoils, the data collected from the pit study and gravimetric sampling during 2002
have help construct a moisture evaluation guide with which moisture release can be evaluated
at the CCWESTRS site.

Available water in the soil is that portion that can be absorbed by plant roots. It is the amount of
water released between in situ field capacity and the permanent wilting point (soil matric
potentials of -0.3 and -1.5 MPa, respectively). Field capacity can be estimated by sampling the
desired soil depth within two or three days preceding a sufficient rain event. Although soil
textures (and consequently soil moisture) within the CCWESTRS site do vary, the field capacity
of the top 40 cm of soil has been determined to be 15% (range 13 to 17%). This value was
determined by sampling in late October and early November 2002 when sufficient precipitation
had fallen at the site. Using these data as indicators of ideal moisture conditions, sampling in
early August revealed that soil moisture was limited with soil moisture percentages ranging
between 6 - 9 %. Soil moisture percentages this low would indicate that the seedling roots were
experiencing soil matric potentials at or near the permanent wilting point.

During FGD application, planting and shortly after planting, some of the FGD material
immediately eroded from the site. The site experienced a couple of very heavy rains during this
time. FGD material was deposited in three locations: 1) in a low area between the CCWESTRS
site and a conveyor belt due north of the site; 2) behind a berm in the 7z zero mulch area on the
northeast side of the CCWESTRS site and 3) near the Potato pond adjacent to the road that
separates the CCWESTRS site and the large ash pond. In the large fan-shaped deposition area
near site 1, erosion pins were placed in the FGD to see if additional FGD was still being
deposited there. Subsequent inspections suggested that most of the FGD movement occurred
during application and continued until shortly after planting and that very little moved after pins
were placed. Where slopes were fairly level, the FGD was in place.

Several measurements of length, width, and depth of the FGD were done to get a good
estimate of the volume of FGD that migrated to locations 1 and 2 (location 3 was inaccessible).
Several samples of FGD were collected to determine specific gravity, which was determined to
be about 1.1g/cm®. These measurements showed that site 1 contains 1,060 metric tons of FGD
with a volume of 964 m°. Site 2 contains 518 metric tons of FGD with a volume of 471 m°. This
material left its intended location, but not the site. Only the material in site 3 left the site.

The drainage areas for both depositional sites 1 and 2 are in either a high and/or low FGD
mulch thickness treatment. In order to estimate the FGD in each drainage area, we calculated
the total weight of FGD that would be in an average hectare using 15 cm as the average depth
of FGD (found to be the case in most areas where samples for soil moisture were obtained).
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Assuming that the pan applied FGD in rows that were 4.3 m wide, with 1.4 m vegetation buffers,
we calculated that there are 1,515 metric tons of FGD per hectare. Contributing drainage areas
for each site were site 1 =5.0 ha, and site 2 = 4.15 ha. Therefore, site 1 contained 7,573 metric
tons, or about 14% of the FGD eroded into site 1. For site 2, the figure was 8%.

9.1.2 2003

In 2003, soil fertility was assumed to be sufficient for both tree species (based on 2002 plant
nutrient analysis) therefore; the soil was not analyzed for routine chemical determinations.
However, a subset of soils was sampled after irrigation ended in order to measure the possible
buildup of trace metals in the soil surface. 30 subplots (including all levels of FGD mulch and
irrigation) were sampled in 15-cm increments to a depth of 45 cm. These profiles were
duplicated at each location and marked for re-sampling in May 2004.

9.1.3 2004

In May 2004, samples were collected again adjacent to the 2003 sampling points and both
samples were submitted for chemical analysis at that time. From these comparative data, trends
can be established as to which elements are likely to accumulate in the soil surface during
those periods of prolonged irrigation and which are likely to be flushed from the system by
precipitation during the winter/early spring season.

Between autumn 2003 and spring 2004, the mulch treatments had major effects on changes in
soil concentrations of B, Ca, and S during this time period. The patterns of change interacted
with soil depth in most cases, and at times, with irrigation treatment.

Effect of Mulch on B Change over Time by Depth
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Figure 26. Effect of mulching on changes in soil boron concentrations over time and by depth.
Different letters within each bar indicates significant differences (P<0.05) between mulch
treatments.
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Mulching in general, when compared with the Zero Mulch (control) treatment, resulted in an
overall increase in Ca, S, and B throughout the profile over the dormant season. Although not
significantly different, statistically, the effect of mulching on B levels tends to show up most
strongly at the deeper depths, i.e., 15-30 cm and 30-45 cm (Figure 26). In the Zero Mulch
control, B declined in the surface slightly and increased slightly at the 15-45 cm depths, thus
appearing to demonstrate a downward leaching of B from the surface 15 cm of soil, without the
presence of mulch. This was facilitated by the fact that the surface soil was already wet when
autumn precipitation began, thus allowing more effective time and water for downward leaching.
This downward movement of B under zero mulch was most dramatic in the High Irrigation
treatment.

Soil B Concentrations by Irrigation Treatment
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Figure 27. Soil boron concentrations as a function of depth and irrigation treatment.
Comparisons are across irrigation treatments by depth. Different letters within each bar
indicates significant differences (P<0.05) between treatments.

The two irrigation treatments have resulted in a continued accumulation of B within the soil
profile, with the greatest accumulation seen in the top 15 cm of soil (Figure 27). Although the
accumulation at the two deeper depths is higher when compared to the Zero Irrigation
treatments, only the increases seen at the 30-45 cm increment in the High Irrigation treatments
is significant.

The two mulch treatments resulted in significant increases in Ca and S within the soil profile

over the fall-winter dormant period (Figure 28). This was apparently the result of these two
elements leaching out of the mulching material, which is high in CaSO,. The distribution of the
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increase in these two elements with depth was variable across mulching treatments, but was
generally deeper (not statistically significant) in the two irrigation treatments than in the Zero
Irrigation Control (Figure 29). As with B, the prior wetting of the surface horizons prior to
autumn/winter precipitation apparently resulted in deeper leaching of these two elements.

Accumulation of Calcium and Sulfur in Upper 45 cm of Soil by
Mulch Treatment
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Figure 28. Accumulation of Ca and S in the upper 45 cm of soils as a function of mulch

treatment. Different letters within each bar indicates significant differences (P<0.05) between
treatments.

Impact of Irrigation on Soil S Change by Depth
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Figure 29. Impact of irrigation on soil S changes at various depths. Different letters within each
bar indicates significant differences (P<0.05) between treatments.
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Irrigation treatments had virtually no effect on soil organic matter in the surface (0-30 cm) during
the autumn-to-spring interval (Figure 30). However, a decrease in soil organic matter occurred
below 30 cm in the High Irrigation treatment.

Effect of Irrigation on Soil Organic Matter by Depth
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Figure 30. Effects of irrigation on changes to the percentages of soil organic matter by depth.
Different letters within each bar indicates significant differences (P<0.05) between treatments.

These increases and decreases in soil organic matter at different depths under different
treatments are most likely the result of differences in rooting patterns. If this is true, it would
appear that plants are concentrating their rooting in the upper 15 cm under the muilch
treatments (data not shown) and under high irrigation, at the expense of deeper rooting.
Conversely, under zero or low levels of irrigation, and under zero mulch, plants are
concentrating their rooting below 15 cm and especially below 30 cm. A second possible impact
of irrigation and/or mulching could be upon decomposition rates of soil organic matter.

Such hypothesized changing rooting patterns—yet to be verified by direct measurements of
roots— or changing decomposition patterns, could be explained by any of several hypotheses,
or some combination thereof: (1) Roots are concentrating near the surface under mulched plots
and under High Irrigation plots because of the ready availability of water at this depth. (2) Roots
in these same treatments are avoiding deeper depths because of excess water and a shortage
of soil air (reducing conditions, i.e., high Eh). (3) Roots in these treatments are “avoiding” the
deeper depths because of higher concentrations of B below 15 cm. (4) Roots in these
treatments are “avoiding” the deeper depths because of higher concentrations of SO4? (high
salinity?) below 15 cm. (5) High Irrigation and/or mulching treatments may be causing
increased death of roots and/or higher rates of organic matter decomposition at the 30-45 cm
depth. (6) Roots are concentrating at the deeper depths under the Zero Mulch control and in
the Zero Irrigation and Low Irrigation treatments because there is a shortage of available
moisture in the upper 15 cm (at least during part of the year) and more water available at
deeper depths. (7) Roots in these treatments are better able to grow at these depths because
they are exposed to lower levels of B than the mulched treatments or the High Irrigation
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treatment. (8) Roots in these treatments are better able to grow at these depths because they
are exposed to lower levels of SO, than the mulched treatments or the High Irrigation
treatment.

The actual soil chemistry data do not lend much support to hypotheses 3,4, 7, and 8. Soil B
and S levels are higher in the upper 15 cm of both the mulched plots and High Irrigation plots
than they are at the deeper depths where rooting in these treatments appears to be declining.
Furthermore, the highest B levels in any of the plots are at the 10 mg kg-1 used in preliminary
greenhouse studies, wherein both sycamore and sweet gum showed virtually no leaf damage at
this soil concentration. Otherwise, it appears that any or all of the remaining four hypotheses
could be valid.

9.1.4 2005

At the end of the 2005 growing season, soils in all plots were sampled at two depths (0-25cm
and 26-50 cm) in conjunction with below-ground biomass determinations. In addition, the FGD
gypsum in mulched plots was sampled separately and analyzed for the same parameters
determined for soils. The sampling of the FGD gypsum was in response to the observation that
plants (primarily in the herbaceous layer, but includes trees) are rooting directly in the mulch in
many plots. Note: Care should be taken when comparing soil chemical analysis from 2003-
2004 with that determined in 2005. In the 2003-2004 analysis, our goal was to determine
possible changes in soil chemistry as a result of leaching by winter/spring precipitation. Our 15
cm increments began at the surface and included FGD material in some plots. In contrast, the
2005 exercise sampled the FGD and the two soil depths separately.

In the two soil depths analyzed, most nutrients were at acceptable levels for plant growth.
However, soil potassium and phosphorous in all plots were considered to be at deficient levels
for optimum growth (data not shown). These deficiencies were observed during the previous
soil analysis in 2003-2004, but were few in number and sporadic across all treatments.
Although the entire CCWESTRS site was fertilized earlier in the study, uptake (and leaching)
appears to have exceeded inputs (rain, irrigation and weathering) of these to elements. Itis
interesting to note that yearly analysis of foliage from selected plots does not indicate that
potassium or phosphorous are limited.

Boron, calcium and sulfur concentrations in the FGD and soil are presented in Figures 31-33.
Boron, calcium and sulfur concentrations are all higher in the FGD than the mineral soil, but do
not differ significantly by either mulch or irrigation treatment as in the soil. As observed in 2003-
2004, boron concentrations are significantly impacted by irrigation treatments, while calcium
and sulfur concentrations are tied directly to mulch treatments. The results of the higher
irrigation treatment is the continued accumulation of B in the top 50 cm of the soil profile that is
significantly higher than in either the zero or low irrigation treatments (Figure 31). Calcium and
sulfur continue to leach from the FGD mulch as indicated by the significant difference between
their concentrations in the mulched and non-mulched plots (Figure 32 and 33).
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Boron Concentrations in FGD and Soil by Irrigation Treatment
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Figure 31. Effect of irrigation treatment on mean boron concentrations in FGD and soil by
depth. Different letters within each bar indicates significant differences (P<0.05) within each
depth by irrigation treatment.
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Figure 32. Effect of mulch treatment on mean calcium concentrations in FGD and soil by depth.
Different letters within each bar indicates significant differences (P<0.05) within each depth by
mulch treatment.
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Sulfur Concentration in FGD and Soil by Mulch Treatment

8000
FGD
o~ 7000 1 mo-25 cm
2 [25-50 cm
o 6000
E
il
c 5000 -
Q
£
‘6 4000 -
o
-
S
g 3000
>
®
= 2000
®
2
1000 -
.T
0
Zero Low High

Mulch Treatment

Figure 33. Effect of mulch treatment on mean sulfur concentrations in FGD and soil by depth.
Different letters within each bar indicates significant differences (P<0.05) within each depth by
mulch treatment.

9.2 Carbon Sequestration Monitoring
9.2.1 2002

August 2002 measurements (after bush hogging, FGD gypsum application, fertilization, and first
tree planting) indicated that on the untreated (zero Mulch) plots, the above-ground biomass had
been reduced considerably from the baseline levels (from 6.45 T/ha to an average of 2.82 T/ha)
(Figure 34). This 56% reduction was probably largely the result of bush-hogging the entire study
area in late spring 2002. Subsequent trafficking over the site for fertilizer application and tree
planting may have also had an impact, and some areas on lower slope positions have been
partly covered with FGD gypsum deposited following gypsum erosion from upslope plots. For
example, “zero Mulch” plots 21 and 22 had the highest level of bare ground of any plots. Areas
receiving the “low mulch” application have also experienced a similar reduction in average
biomass, and are not significantly different from the zero sludge plots (Figure 34). The “high
mulch” plots experienced a considerably greater reduction in aboveground biomass compared
to the two other treatments. By August 2002, their biomass averaged approximately half that of
the two other gypsum treatments and about one-fourth that of the initial aboveground biomass.
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Aboveground Carbon Estimates
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Figure 34. Effect of Treatments on Aboveground Carbon after First Growing Season

9.2.2 2003

In August 2003 measurements of aboveground biomass were taken following herbicidal
treatments applied the previous fall and spring, and following replanting. This above ground
biomass consisted almost entirely of weed cover, since the tree seedlings planted earlier in the
year are still quite small and widely spaced. For all plots, the above ground biomass has been
reduced considerably from the baseline levels (2001) (from 6.45 T/ha baseline mean to an
average of 0.99 T/ha) (Figure 35). There was also a considerable reduction as a result of the
herbicidal treatments from the previous year (2002) (from a mean of 2.40 T/ha to 0.99 T/ha). In
2002, bush-hogging was used to control weeds rather than herbicides.

As in the previous year, the zero mulch plots had the highest average amount of aboveground
biomass (Figure 35). Levels under zero mulch were about twice as high as under high mulch, a
significant difference at the 0.05 level of probability. Low mulch plots were intermediate and not
significantly different from either of the other mulch treatments (Figure 35).
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Aboveground biomass after Herbiciding & Replanting
(August, 2003)
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Figure 35. Above ground biomass by mulch treatment for 2003 compared to mean
aboveground biomass in 2002 and pre-treatment baseline levels in 2001.

9.2.3 2004

By the end of 2004, the average amount of carbon being stored in the above ground portions of
seedlings and vegetation at the site had returned to near pre-study levels at 5.42 MT C/ha.
Seedling growth in 2004 had accelerated following the first year of establishment with sweet
gums and sycamores reaching average heights of 0.76 and 1.5 meters, respectively, with some
sycamores reaching a height in excess of 3.0 meters. Seedling biomass was determined
through regression analysis using height/diameters obtained from a subset of representative
seedlings throughout the site. Although the contribution of each tree species to the total
biomass of the site varied, the average contribution of both species was less than 2% of the
total. Differences in the contribution were affected by treatments and individual species (Figure
36).
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2004 Seedling/Sapling Biomass (Above Ground) by Treatment
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Figure 36. Seedling/sapling standing biomass in 2004 as a function of treatments.

9.2.4 2005

In 2005, both above and below ground carbon was determined in all treatment plots. The above
ground sampling was based on the remeasurements of trees in previously established (2003)
locations in all plots. The below ground estimates were made in conjunction with soils collected
for chemical analysis and were obtained from all treatment plots. It is important to note that
baseline and 2005 carbon estimates were obtained by slightly different techniques with the
number of observations in 2005 being greater.

The average above ground carbon being stored at the site had increased by 16.9% over the
preceding year to 6.34 metric tons/hectare (Figure 37). As in 2004, the average contribution of
each tree species to the total above ground carbon storage varied with sweet gum and
sycamores averaging 0.5 and 3%, respectively. The 6.34 metric tons/hectare translates to 256
MT of C for the entire 40.5 hectares. In terms of our initial baseline measurements, this is a
reduction of less than 2%. However, a more appropriate evaluation of carbon accumulation in
the above ground pool might be a comparison between 2002 or 2003 and 2005. During the
period 2002-2003, above ground biomass was significantly altered by FGD application,
herbicide application and the second planting of the selected seedlings. The increases in above
ground carbon from 2002 and 2003 to 2005 were 164% and 535%, respectively.

The average amount of carbon being stored below ground (roots and soil by depth increment
across all treatments) in 2005 is shown in Table 13. Below ground biomass sampling in 2005
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had indicated a shift in carbon distribution with depth, as well as an overall decline in root
carbon as compared to baseline estimates made in 2001. Baseline C in coarse roots in the 0 to
30cm interval was estimated at 1.65 T/ha in 2001. 2005 estimates of the same root fraction
(including some fine roots) indicated a 67% decrease or 0.545 T/ha. Similar declines in root C
were observed in the 30 to 60 cm and 60 to 90 cm depth intervals as well. This decline in the
carbon stored in the roots may be due to shifts in the vegetation type (from a fescue dominated
system to one dominated by Lespedeza and planted trees) or possibly affected as a result of
herbicide treatments to remove vegetation prior to mulching and planting trees. In the base line
estimates made in 2001, 90% of the root carbon was found in the 0 to 30 cm depth interval. In
2005, carbon measurements revealed that only 63% of root carbon is in the surface
representing a shift in depth distribution that may also be attributed to vegetation changes.

Mean Annual Above Ground Carbon
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Figure 37. Average carbon being stored in the above ground biomass from 2001-2005.

In contrast to root C, average soil C and consequently total belowground C have increased from
the baseline estimates made at all depth increments in 2001 (Table 13). Soil carbon in the 0 to
30 cm depth increment increased 30% from 23.35 to 30.27 T/ha. Soil C in the 30 to 60 and 60
to 90 cm depth increments also increased, 60% and 12% respectively, over baseline values.

As mentioned earlier, the baseline sampling scheme for determining below ground carbon
employed a different sampling technique than in 2005 which makes direct comparisons of root
C and soil C uncertain. Future sampling using the same methods used in 2005 will allow more
robust comparisons.
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C Total* Roots (T/ha) Soil C (T/ha) Total Below Ground C (T/ha)
0-30 0.545 30.27 30.82
30-60 0.20 21.42 21.62
60-90 0.15 13.27 13.42
Total 0.895 64.96 65.86

* Includes Fine (s1mm) plus Coarse (>1mm) roots.

Table 13. Below ground carbon by depth in 2005.

9.3 Vegetation monitoring
9.3.1 Seedlings - Survival and Vigor

9.3.1.1 2002

Near the end of the first growing season (September 2002), seedling survival and vigor was
poor across the entire study area. Sycamore average survival rate (27%) was over twice that of
sweet gum (12%), and the percentage of healthy sycamore seedlings was considerably higher
(17% vs. 4%). Both species performed best under the high mulch treatment and worst under the
zero mulch treatment. Low mulch treatments averaged intermediate for both species.
Distribution and survival of healthy seedlings across the site in August 2002 are depicted in
Figure 38-40.

In order to further assess seedling health and ascertain the need to apply additional fertilizer
before the growing season, foliage was collected in June 2002 from all plots at the CCWESTRS
site. A total of 36 composite samples (Table 14) of sweet gum and sycamore were collected and
analyzed for nitrogen (N), sulfur (S), phosphorous (P), potassium (K), magnesium (Mg), calcium
(Ca), sodium (Na), boron (B), zinc (Zn), manganese (Mn), iron (Fe), copper (Cu), and aluminum
(Al). Only recently-produced, but almost fully-developed foliage was sampled. Each composite
was composed of leaves from 20 to 30 seedlings.

The 36 composites samples were taken in the following configuration:

Treatment Sweet Gum Sycamore

High FGD 3 plots x 2 reps 3 plots x 2 reps
Low FGD 3 plots x 2 reps 3 plots x 2 reps
Control 3 plots x 2 reps 3 plots x 2 reps

Table 14. Foliage sampling configuration for June 2002.
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Figure 38. Distribution of healthy seedlings by plot on CCWESTRS site August 2002.
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Survivorship - First Growing Season (2002)
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Figure 39. Survival by Species and Mulch Treatment after First Growing Season (2002)
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Figure 40. Percentage of Healthy Seedlings after One Growing Season (2002)
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Nitrogen, Phosphorous and Potassium

Results of the analysis indicated that N, P, and K in all of the sycamores sampled were
considered sufficient for proper plant growth. In sweet gum seedlings, the same trend was true
for P and K, but over 60% of the sweet gums sampled were considered to have low or deficient
levels of N. These sampling points were scattered across the entire site, but were most common
in areas on the western fringe of the study site. In addition, there was a clear trend for N to be
generally sufficient on all the high mulch plots, indicating that the FGD material was probably
actually supplying some N to the sweet gum. The same trend was observed in samples of
fescue collected adjacent to the FGD Mulch Depth Field Study (Section 9.6). Since the sweet
gum indicated some N problems, but the sycamore never did, it was possible that the manner of
sampling (inclusion of young foliage) may have contributed to this result.

Calcium and Magnesium

Trends in calcium and magnesium levels were similar for both species although differed greatly
between each other. Mg was considered sufficient in all samples of both species. Ca, on the
other hand, was reported as being deficient to very low in 58% of all samples. The apparent
problem was again greatest in areas along the western fringe of the study site. These low levels
of foliar Ca were particularly surprising given the near neutral pH of the soil, and the complete
absence of Mg deficiencies or Mg excesses (which could have indicated competition for uptake,
but did not). Again, it was possible that the sampling technique may have influenced the results.

Micronutrients

Sycamore was apparently sufficient in all of the micronutrients with the exception of Zn. Zn
turned up deficient in 30% of the samples and tended to be slightly worse in the treatments with
FGD sludge as compared to the control plots. While sweet gum had no problems with Zn, it
consistently had deficiencies of both Fe and Mn in areas along the western fringe of the study
site. Sweet gum may have been having a problem extracting sufficient Fe and Mn under these
moderately high pH conditions. Fe and Mn are classic examples of nutrients that are more
plant-available in more acid soils.

Recommendations

After reviewing all of the data, it was decided that the application of more fertilizer to the
CCWESTRS site was neither critical nor practical at this time. The most serious concern—
scattered N deficiency in sweet gum, would be difficult to deal with. The fact that N was not a
problem with sycamore also may have indicated that the sweet gum results were an artifact of
our sampling method. Still it appeared that it may be important to administer additional nitrogen
in the future. While Ca was frequently low, it was rarely deficient. Micronutrient deficiencies of
Fe and Mn are probably real in sycamore (and perhaps with Zn in sweet gum). These however
would be very difficult to correct.

Since B toxicity had been a concern expressed earlier in the study, B analysis of the plant stem
was conducted on sycamore and sweet gum seedlings that suffered mortality during the 2002
planting season. These were compared to unplanted seedlings from the same stock (held in the
TVA nursery at Norris, TN and considered as control samples). Woody tissue samples were
digested according to EPA (1995) SW846 method 3050B (Acid Digestion of Soils, Sediments,
and Sludges) using 70% nitric acid and 30% hydrogen peroxide and analyzed on a Perkin
Elmer 9000 Elan ICP-MS. The results of this analysis are presented in Table 15.
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Analysis of Variance (SAS, 1996) conducted for the FGD mulch determined that the amount of
mulch applied to the plots had significant effects on boron concentration levels (F=2.74, p=0.10)
in recovered tree tissue. However, the amount of irrigation applied to test plots (F=0.191,
p=0.669) had no significant effect on boron concentration levels. Boron concentrations
recovered from the tree samples on treated plots were lower on average than concentrations
recovered from control site soil (0.7 mg B/kg soil, n=5) using hot water extracted boron.

Boron FGD Mulch | Irrigation
Plot (mg/kg) Species Level Level
5 0.410 SY low high
20 0.307 SG zero low
21 0.070 SY zero zero
23 0.146 SG zero low
40 0.213 SY low zero
42 0.065 SY low low
50 0.208 SY high low
51 0.104 SY high zero
52 0.609 SG high zero
53 0.391 SG high low
55 0.168 SG zero low
57 0.062 SY zero zero
58 0.004 SY zero zero
60 0.138 SG zero low
Unplanted
Seedlings | 0.126 SY zero zero
Unplanted
Seedlings | 0.152 SG zero zero

Table 15. Boron analysis of sweet gum (SG), sycamore (SY), and control (unplanted) seedlings
taken from the CCWESTRS site in 2002.

9.3.1.2 2003

Seedlings were replanted in late February/early March of 2003 and a cursory survivorship
estimate in early spring indicated that greater than 90% of the seedlings had broken dormancy.
On August 13 and 14, overall survivorship and health were determined on a subset of seedlings
in all 50 plots at the CCWESTRS site. 60 seedlings were chosen at random in each plot (10
consecutive seedlings in portions of six rows spread out across the plots). Each seedling was
assessed and placed in categories that ranged from missing or dead, to live (either healthy or
stressed). The results are summarized in the following five figures (Figures 41-45).

Results indicated that overall survival rates were similar for sweet gum (81%) and sycamore
(82%), but sycamore seedlings appeared to be healthier (64% vs. 47%) (Figure 41). Though not
rated, sycamore was clearly on average much taller and had a much greater leaf mass than
sweet gum.

Irrigation improved survival (Figure 42) and health (Figure 43) noticeably for both species, with
the greatest differences generally between zero irrigation and low irrigation. Mulching had a
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noticeable negative effect on survival in sweet gum seedlings only (Figure 44). It had a mixed
effect on sweet gum health (Figure 45). Mulching had no measurable impact on either survival
or health of sycamore.

In August 2003, foliage samples were collected from randomly-selected seedlings for chemical
analysis. Although every plot was not sampled as in 2002, the randomly-selected samples
represented all mulch and irrigation treatments for each species. In general, macronutrient
levels were sufficient except for Ca in non-FGD mulched plots. In the high irrigation plots (both
zero mulch and high mulch), B levels were high to very high (Figure 46). Even in those plots
with very high B concentrations, sycamore seedlings showed no signs of toxicity. In general,
sweet gum seedlings did not look as healthy, but their appearance did not point to any particular
nutrient limitation or excess.

Overall Percent Survival and Healthy Plants by Species

W Sweet Gum
O Sycamore

% Live % Healthy

Figure 41. Overall percentages of live seedlings and seedlings considered healthy in 2003.

Effect of Irrigation on Percent Survival
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Figure 42. Effect of Irrigation on percent survival of sycamore and sweet gum seedlings in 2003.
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Effect of Irrigation on Seedling Health
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Figure 43. The effect of irrigation on seedling health on sycamore and sweet gum seedlings in

2003.
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Figure 44. Effect of FGD mulch on survival of sycamore and sweet gum seedlings in 2003.
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Effect of FGD Muich on Seedling Health
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Figure 45. Effect of FGD mulch on seedling health in 2003.
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Figure 46. Boron concentrations in sycamore and sweet gum foliage for three treatment
combinations and compared to normal healthy concentration ranges. Error bars depict

standard errors for treatments.
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Figure 47. Calcium concentrations in sycamore and sweet gum foliage for three treatment
combinations and compared to normal healthy concentration ranges. Error bars depict
standard errors for treatments.

As in 2002, calcium was low for all treatments, but not significantly different from the normal
range for sweet gum in any treatment (Figure 47). Calcium levels were significantly (p < 0.05)
below normal for sycamore in the two treatments that received no mulching. For both species,
Ca seemed to be slightly improved by mulching but not by irrigation. These Ca results were
quite unexpected since the pH of these soils are near neutral and the soils were limed at the
beginning of the study.

9.3.1.3. 2004

Foliage sampling was conducted from the same selected plots in 2004. As in 2003, calcium
concentrations were slightly low in both species and across all treatments. This is particularly
surprising since soil Ca levels were generally high, especially under mulching treatments where
foliar Ca was the lowest. Excess soil potassium (and subsequent uptake) is the most likely
reason for low calcium within the foliage up. This may prove likely since almost all of the
vegetation that was sampled had high levels of K. Also, mulching generally raises foliar K levels
(significant in sweet gum) while at the same time lowering foliar Ca levels (but not significantly).
Manganese was low in both species and treatments. Low manganese availability could be
caused by the high soil pH, poor drainage (possible in some plots, but many of the plots are
close to excessively drained), and high soil iron. The poor soil drainage explanation is
supported by the fact that sweet gum foliar manganese levels drop from sufficient to deficient
under high irrigation treatments.

Boron levels are very high in both species across all mulch and irrigation treatments. The 2004
levels are even higher than those seen in 2003, especially for sweet gums (Figure 48). Both
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species exhibited increased growth in 2004, resulting in increased uptake of boron. There is no
visual evidence that either species of trees are having a problem with this. It is interesting to
see that the boron concentration in sycamores seems to have peaked at approximately 170
ppm while sweet gums are able to exceed this level. Soil levels of B support the contention that
B is not a major factor limiting growth, though it could be a minor one. Among the mulching
treatments, the highest B levels are found in the upper 15 cm of soil where mean B levels
average between 6.2 mg kg™ (high mulch) and 5.6 (low mulch). These levels are close to the
10 mg kg-1 used in preliminary greenhouse studies, wherein both sycamore and sweet gum
showed virtually no leaf damage at this soil concentration. Major leaf damage in both species in
greenhouse studies was observed at 35 mg kg-1 (2002 CCWESTRS Annual Report). Between
15 cm and 45 cm depth, soil B levels for both species remain below 4 (mulching treatment
means range from 2.3 to 3.7). No mulch controls have mean soil B levels below 1.7. In fact,
the highest soil B concentrations values are found in the upper 15 cm of the high mulch/high
irrigation treatments (mean =8 mg kg™”). In spite of these moderately high B levels, biomass
production (in these treatments) was equal to or better than 6 of the 8 treatments with lower soil
B levels for both species.

Copper levels in the sweet gums are considered high, even though their concentrations are less
than those seen in the sycamores, but do not appear to be an issue at this time.

Boron Concentrations in Leaves by Species, Treatment, and
Year
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Figure 48. Boron concentrations in both species by treatment and year.
9.3.1.4. 2005

In 2005, differences between the two tree species became apparent as the sycamores (in most
plots) appeared to have adapted to site conditions and are thriving. Sycamore growth continues
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to be enhanced by the high mulch and high irrigation treatments (Figure 49 and 50). Sweet
gums have not faired as well. There are no significant differences in sweet gum biomass
across all mulch or irrigation treatments. It is assumed that the lack of establishment and
growth of the sweet gums can be attributed primarily to the intense competition for water,
nutrients and light from the ground cover species (primarily lespedeza). Possible detrimental
effects of elevated boron levels in the plant tissue can not be dismissed as a contributing factor,
but some of the healthiest (vigor) sweet gums were observed in high mulch/high irrigation
treatment plots. In all plots (both species) not receiving supplemental irrigation, tree survival
and growth have been severely impacted.

As in the two previous years, plant foliage was sampled in the summer of 2005 from the same
selected plots. Foliage samples taken in mid-summer revealed sufficient macronutrient levels in
both species except for calcium which was low in most treatments. Calcium (Ca) concentration
seems to be slightly improved by mulching but not by irrigation. Manganese (Mn) concentrations
were slightly deficient in some plots and may be attributed to its low availability in soils with a
high soil pH, high organic matter or poor drainage. The assumption made in 2004 that
sycamores may have reached a peak boron concentration within the foliage was dispelled as
boron concentrations in high irrigation plots exceeded 210 ppm (Figure 51). Boron was within
normal range for zero mulch/zero irrigation treatments, but very high for both treatments with
high irrigation (mulching also seems to increase B levels even further). Although boron levels
were higher than in previous years, sycamore seedlings showed no signs of boron toxicity.
Boron levels in sweet gum seedlings were lower than in 2004 and could possibly be attributed
to the overall stagnation in growth and lower plant uptake.

The reestablishment of two tree species previously observed in our preliminary site surveys
should be noted. American cottonwood and black willows have invaded the wetter areas of the
study (especially those covered by FGD gypsum) and have attained heights equal to our most
aggressive study species, American sycamore. Their success under the conditions provided at
the CCWESTRS site should be considered in future carbon sequestration or possible
phytoremediation studies.
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Figure 49. Tree biomass (dry weight) in 2005 by species and mulch treatment. Different letters
within each bar indicates significant differences (P<0.05) between treatments effects for each

species.
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Figure 50. Tree biomass (dry weight) in 2005 by species and irrigation treatment.
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letters within each bar indicates significant differences (P<0.05) between treatments effects for
each species.
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Figure 51. Leaf boron concentrations in both species by treatment and year from 2003-2005.
9.3.2 Ground cover
9.3.2.1 2002

A vegetative survey was conducted in 2002 using randomly selected plots (m?) as described in
the initial vegetative survey of the site (see section 5.2.4). In 2001, thirteen herbaceous species
were identified within the sample plots and their relative abundance can be found in Table 5.
Only 0.1 % of the CCWESTRS site was not covered in some form of vegetation. In terms of
species composition, all plots fell within two distinct groups that were dominated by either tall
fescue or lespedeza, both of which were the predominate species planted during reclamation of
the site. The plots dominated by fescue rarely contained more than one or two additional
species because of fescue’s ability to out-compete most other vegetation, especially under
conditions that are less than ideal. Plots dominated by lespedeza varied somewhat in their
species composition and ranged from completely pure stands to ones quickly being overtaken
by other species (pokeweed, thistle and prickly lettuce). Although trees species like Eastern
Red Cedar, Honey-Locust, Eastern Cottonwood, Eastern Redbud, and Box-Elder were
observed at the site, their relative contribution to the surface vegetative cover was less than
0.01% percent.

In 2002, tall fescue continued to dominate most of the zero mulch plots, with 89% having at
least 70% fescue cover. However, 22% of the plots also had at least 40% coverage by
lespedeza species. These “high lespedeza” plots, as in baseline measurements, had
considerably higher aboveground biomass, averaging 0.99 kg organic matter m? (4.45 metric
ton1s C ha™) compared to the remaining zero mulch plots (0.52 kg organic matter m-2 or 2.35 T
ha™ of C).

40930R05 76



Carbon Capture and Water Emissions Treatment System (CCWESTRS) at Fossil-Fueled Electric Generating Plants

The low mulch application was effective in reducing the cover by tall fescue, with only 11% of
the plots having greater than 70% fescue, compared to 89% of the zero mulch plots. However,
no difference between zero mulch and low mulch was observed in the percentage of plots
having at least 40% cover by lespedeza species (22% of the plots). In place of the reduced
fescue cover, numerous other weed species such as ragweed and pigweed became common
on many plots. For example, 38% of the low mulch plots had at least 80% cover by a variety of
weed species.

The high mulch application was more effective in reducing weed competition, especially from tall
fescue and lespedeza species. Only 11% of these plots had at least 70% fescue coverage and
none had as much as 40% lespedeza coverage. However, weed species coverage exceeded
30 percent on 67% of these plots. Bare FGD gypsum occupied at least 20% of the ground cover
on 89% of these plots.

Figure 52 depicts the distribution of aboveground biomass across the experimental site. The
highest concentration of organic matter was found in four zero mulch plots (Plots 57-60) that are
currently dominated by sericea lespedeza. The ten plots in the second highest biomass
category consist of four zero mulch plots dominated by tall fescue (17, 18, 45, 46), four low
mulch plots dominated by sericea lespedeza (25, 26, 41, 42), and two low mulch plots
dominated by tall ragweed (3, 4). Of the 14 plots with highest aboveground biomass, none were
high mulch plots.

Figure 52. Distribution of aboveground biomass across the experimental site.

9.3.22 2003
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Overall, herbicidal treatments in 2003 appeared quite effective in minimizing the weed
competition, through mid-August. On average across all treatments, less than 50% of the
ground surface was occupied by weeds at this time (Figure 53). The two FGD mulch treatments
resulted in only a slight suppression of weeds relative to the zero mulch treatment. Fifty to sixty
percent of the surface was covered by bare FGD sludge in these treatments, with little
discernable difference between the high and the low mulch treatments. Whereas there was
minimal exposure of bare soil under the two mulch treatments, in the zero mulch treatment
about 50% of the surface cover was bare soil. There was also slightly more thistle and
lespedeza under zero mulch, the two most noxious weeds on the site.

The irrigation treatments seemed to have had minimal impact on weed cover by August, 2003
(Figure 54). The two irrigation treatments seemed to have stimulated weeds slightly compared
to no irrigation, resulting in somewhat less bare soil or bare FGD mulch. Lespedeza was the
only weed that seemed to be responding positively to irrigation in any consistent manner.

Ground Cover by FGD Mulch Treatment
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Figure 53. Ground Cover by weed species, FGD mulch, and bare soil by mulch treatment. Total
may be greater than 100% due to layering of vegetation. Moss cover has been omitted from the
chart.
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Ground Cover by Irrigation Treatment
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Figure 54. Ground Cover by weed species, irrigation treatment, and bare soil by mulch
treatment. Total may be greater than 100% due to layering of vegetation. Moss cover has
been omitted from the chart.

9.3.2.3 2004

In 2004, lespedeza’s dominance of the vegetative cover became more evident across
practically all mulch (Figure 55) and irrigation treatments (Figure 56). Three factors

contribute to the enhanced growth of lespedeza (and other weed species) - sufficient area for
seedling establishment, irrigation and the removal of competition. The mean percentage of
cover area (overall) occupied by bare soil and FGD in 2003 was approximately 50%. After
colonization by numerous weed species, this average dropped to 14% in 2004 (Figure 55).
Irrigation level effects varied among species, but generally showed an increase in percent cover
with increases in irrigation (especially true for grasses) (Figure 56).
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Ground Cover by FGD Mulch Treatment
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Figure 55. Ground cover percentages as a function of mulch treatment in 2004.

Ground Cover by Irrigation Treatment
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Figure 56. Ground cover percentages as a function of irrigation treatment in 2004.
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9.3.2.4 2005

In 2005, the dominance of lespedeza in the ground cover increased across all treatments. This
was achieved primarily at the expense of the remaining herbaceous vegetation through
competition and as the bare soil/FGD surfaces were colonized (Figure 57).

Ground Cover by FGD Mulch Treatment 2005
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Figure 57. Ground cover percentages as a function of irrigation treatment in 2005.

9.3.3 Potato Pond Sub-Experimental Tree Planting

In addition to the plantings on the 54 test plots, the Team decided to plant an experimental test
cell in a variety of trees that were tested in laboratory experiments for B tolerance but did not
perform adequately to be selected as test species. The trees were planted in late March to late
April, 2002. The primary reason for this plot was to evaluate potential survival of the species
under actual field conditions. Table 16 shows the various species planted and the results of a
survival survey conducted in August, 2002. The test area occupies about 0.5 ha with 1.2-m
grass strips between the 3.7-m strips of FGD gypsum, and is just southwest of the Potato Pond.
Trees were planted on 2.4-m centers. The planned irrigation treatment was split between no
FGD water and high FGD water; however, the irrigation system was not installed in time to
initiate irrigation on the trees, so this aspect of the test was not included.

The tulip poplar, cottonwood, red maple, (Warren County Nursery) and white oak (Greenwood
Nursery) are all one-year-old seedlings from Tennessee nursery stocks.
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The 2-year-old sycamore and sweet gum are from the same nursery stock used last year in the
greenhouse study and a very limited number were planted into beds of artificial media. One half
were grown in artificial media with Pisolithus tinctorius (Pt) ectomycorrhiza (beneficial root
fungi). The purpose of this test planting was to estimate: 1) the initial survival and potential
growth benefits of using trees reared with mycorrhizae, and 2) compare two-year-old trees with
one-year-old commercial seedlings used in the main field planting. The native red mulberry and
American chestnut, are additional species being subjected to the screening process in search
for tolerate species. The native red mulberry demonstrated high survival tolerance to soil
amended B in our greenhouse trial.

Tree Species Total Planted (n) | No. Living (N) % Living
American Chestnut 58 0 0

Tulip Poplar 152 0 0
Sweetgum 56 3 5

Black Walnut 56 5 9

Red Maple 152 22 14
White Oak 152 24 16
Sycamore 56 17 30
Cottonwood 96 41 43

Red Mulberry 56 30 54

Table 16. Survival Counts on Potato Pond Plot as of August 1, 2002

Several observations were made related to these experiments that are significant and relevant
to the main test plots experiment. Erosion segregated the FGD gypsum into a light, sandy
component and a heavier, darker component. Survival was generally better in the lighter
component. The darker component is very hard and difficult to break through. Deer browsing
was significant and many seedlings were missing completely. Some were washed out and
covered up with the lighter component of the FGD gypsum. American chestnuts were all fully
leafed out in late May after planting on March, 26. The American chestnut died with leaves
attached as with a sudden toxicity or severe drought during June and July. Although deer
browsing occurred, it is believed that some American chestnut may sprout from their base later.
Many black walnut seeds floated out of position and deposited on top of the ground. The few
living walnut trees were planted as seedlings. Sycamore seedlings that were 2 years old had
poorer survival than 1-year-old seedlings. Surviving sweet gum had largely sprouted from their
base and had dead tops. Cottonwood cuttings grew profusely. Cottonwood stem plantings,
without roots, may have avoided early root damage due to solute leaching from gypsum and
also due to late planting (April, 29). Cottonwood is naturally prevalent on the site and seems to
be well adapted to the radically disturbed soil at the strip mine reclamation site. No difference
was found in survival of 1-year-old and 2-year-old red mulberry seedlings. Mulberry seedlings
appear to be very tolerant of the site conditions. Common reeds (Phragmites australis) were
aggressively invading the site from the adjacent Potato Pond drainage. The potential for C
accumulation due to the growth rate of this reed species appears to be significant.

A visual survey of the seedlings at the Potato Pond Sub-Experiment site was conducted in the
spring of 2003, at which time five species were observed to be breaking dormancy (red
mulberry, cottonwood, sycamore, red maple and white oak). The arid conditions experienced
throughout 2002 continued into the summer of 2003 and resulted in the complete decimation of
all but three tree species. In order of decreasing survivorship, those species were red mulberry,
cottonwood and sycamore. This same trend in survivorship had been noted in August 2002
(Table 16) and was attributed to B tolerance, acclimation to the site (based on native

40930R05 82



Carbon Capture and Water Emissions Treatment System (CCWESTRS) at Fossil-Fueled Electric Generating Plants

abundance), and the deferential conditions of the FGD material and soil. In the case of
deferential conditions within the site, cottonwood had flourished in the moist areas adjacent to
the Potato Pond discharge. The added moisture not only benefited the plant directly through
uptake, but also made the FGD/soil more friable for root penetration.

In 2004, the red mulberry, cottonwood and sycamore seedlings that were able to adjust to site
conditions in 2003 were still thriving.  Surveys of the seedlings at the Potato Pond Sub-
Experiment site ended in 2004.

9.4 Water monitoring
9.4.1 Irrigation system monitoring
9.4.1.1 Operation - Start-Up

The start-up of the irrigation system began in early May 2003. The 5-cm flush valves were
opened allowing all of the main lines and headers to be flushed, at which time, about half of the
fourteen 5-cm flush valve sections came loose at the last gasketed connection before the flush
valve. The initial thought was that the rocky soil was sufficient to hold them in place. All of the
flush valves were thrust-blocked using rocks and concrete to secure them in place. Additional
gasketed connections leaked due to the PVC pipe not being properly inserted deep enough into
the gasketed section of the pipe. The leaks were fixed by digging up the pipe and reinserting the

pipe.

One elbow fitting at the road where the pipe turns toward the pumping plant came loose twice
and had to be repaired with a new fitting and solvent each time. One grommet, nipple, riser had
to be repaired after it blew out of a 15 cm line sending a jet of water 15 meters into the air.

It was noticed that several leaks were occurring at the shut-off valves at the beginning of each
drip line. The valve top would blow off the valve crack or pinhole leaks would form spewing
water. After about 60 had failed and it was speculated that others would probably continue to
fail in time, it was decided to replace all of them with elbows. This alleviated the problem, as no
leaks occurred from the elbows.

Occasionally, a flush valve at the end of a drip line would come off or a coupling would come
loose. The flush valves and couplings had initially been installed in 50°F weather and it was
difficult to fasten the connections properly. All of the flush valves were retightened. The flush
valves and couplings detachment continued to be a problem over the irrigation season. When
this occurred, flush valves that came off were retightened. Subsequently, a different type of
coupling was used throughout the remaining portion of the irrigation season.

It was noticed that about 608 m of drip line (approximately 6 drip lines) were defective (no holes
punched into the emitters). These sections of the drip line were replaced. It was also discovered
that about 912 m of the drip line only had one hole punched in the emitter instead of the usual
two. After discussion, it was decided that this was acceptable since only one hole was needed
and that most drip lines contained only one hole.

9.4.1.2 Operation — Seasonal 2003

The seasonal operation of the drip irrigation system began on May 23, 2003 and ended on
November 10, 2003. A total of 148,728 cubic meters of irrigation water was applied during this
time. The pumping plant totaled 1,921 hours of operation. During this time approximately 70.76
cm of irrigation water was placed on zone 1 and 35.61 cm of irrigation water was placed on
zone 2. During the months of May through November, the site received approximately 59.64 cm
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of rainfall. Figure 58 shows the monthly precipitation and precipitation plus irrigation water total
applied to each zone.

Precipitation and Precipitation plus Irrigation Totals for each
Water Treatment during the 2003 Growing Season
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Figure 58. Precipitation and precipitation plus irrigation totals for the three water treatment
levels used in the CCWESTRS study during 2003.

May

Irrigation rates for May were planned for 2.54 cm per week on zone 1 and 1.27 cm per week on
zone 2. During the last 9 days of May, the system ran a total of 50 hours supplying zone 1 with
1.60 cm and zone 2 with 0.60 cm of irrigation water.

Operation of the irrigation system during the last part of May, although successful, experienced
problems. It was noticed that the 2-cylinder diesel engine had excessive vibration and
consumed an excessive amount of oil in both the crankcase and the oil bath air cleaner. The
battery had to be replaced since the system initially was not recharging the battery. It was
discovered that the zone valves were often not opening and closing correctly (especially the
zone 2 valve). This pump continued to run and the system would overheat because both valves
were closed. Eventually the 10-cm valve used to prime the pump was blown off and the line
from the pump to the filters collapsed. The system was re-plumbed and operation continued in
June.

June
Irrigation rates for June were planned for 2.54 cm per week on zone 1 and 1.27 cm per week on

zone 2. During June, the system ran a total of 184 hours supplying zone 1 with 7.01 cm and
zone 2 with 2.74 cm of irrigation water.
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Irrigation in June was successful throughout the first several weeks of operation, until the
excessive vibration of the engine caused the engine mounting brackets to break. The engine
was re-stabilized, however, within a week the brackets broke again. Excessive vibration of the
engine and the zone valves not opening properly causing the system to overheat also caused
the Murphy controller to fail. The valve used to prime the pump again came off. At this time it
was decided to replace the engine and install a new Murphy controller. The option of using an
electric motor was seriously reconsidered but the cost of running electricity to the site was too
high.

The new engine was a 4-cylinder, water-cooled, Isuzu engine. It was speculated that the
excessive vibration and failure of the 2-cylinder diesel engine might be contributed to the fact
that the engine had been turned on its side for a few days during the vandalism.

July

Irrigation rates for July were planned for 5.08 cm per week on zone 1 and 2.54 cm per week on
zone 2. During July, the system ran a total of 319 hours supplying zone 1 with 13.31 cm and
zone 2 with 6.17 cm of irrigation water.

Operations in July went well except for a few days of down time due to a bad fuel solenoid and
engine thermostat that had to be replaced. The new engine was performing well. It was decided
to operate the zone valves manually to make sure the correct one was open and the correct one
was closed. Also a kill-switch to stop the engine was installed to keep the system from
overheating if the pump water temperature became too high due to both zone valves
accidentally being closed.

August

Irrigation rates for August were planned for 5.08 cm per week on zone 1 and 2.54 cm per week
on zone 2. During August, the system ran a total of 393 hours supplying zone 1 with 15.24 cm
and zone 2 with 8.23 cm of irrigation water.

Operations in August were successful. The system ran the whole month as planned, except was
shut down for 8 days for lysimeter installation. The system was totally walked finding six
couplings and one flush valve off on zone 2 and fifteen couplings and three flush valves off on
zone 1.

September

Irrigation rates for September were planned for 5.08 cm per week on zone 1 and 2.54 cm per
week on zone 2. During September, the system ran a total of 554 hours supplying zone 1 with
21.43 cm and zone 2 with 9.09 cm irrigation water.

Operations in September went well, essentially running the whole month as planned. The level
and condition of the sand in the filters were checked and both were in good shape. The system
was inspected for operation maintenance and the 2 inch flush valves were opened to flush out
the lines.

It was noticed that the controller failed to shut down the system after 21 hours of operation. This

problem, which initially Two Rivers, Inc. employees resolved, continued for the rest of the
season; however, this occurrence was seen as a minor problem since the system would run for
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an extra 3 hours each day. The shut down failure was speculated to occur due to a power
malfunction caused by the batteries in the controller becoming weak at the end of the season.

October

Irrigation rates for October were planned for 5.08 cm per week on zone 1 and 2.54 cm per week
on zone 2. During October, the system ran a total of 218 hours supplying zone 1 with 7.26 cm
and zone 2 with 5.53 cm of irrigation water.

Two minor water leaks occurred in the pumping plant over the course of several months. It was
decided to continue operation and resolve the water leaks at the season end. However, on
October 4, one of the leaks became too severe and caused the site glass on the backwash
outlet to break. The system remained in shutdown mode for 17 days, due to incorrect equipment
replacement and shipping delay. In addition to the leak and subsequent malfunction, the
Murphy controller experienced problems and was replaced. The system ran for another week
after the site glass repair before it was shut down to fix a leak in the pump discharge line prior to
the filters.

November

Irrigation rates for the early part of November were planned for 5.08 cm per week on zone 1 and
2.54 cm per week on zone 2. During the first 10 days of November, the system ran a total of
162 hours supplying zone 1 with 4.92 cm and zone 2 with 3.20 cm of irrigation water.

After 10 days of operation in November, it was decided to shut down the system for the winter.
Winterizing the system included placing stabilizer in the diesel fuel storage tank and operating
the system for a few minutes, draining all water lines including pump and filters, and changing
the oil and oil filter.

Routine Maintenance

Daily routine maintenance, performed by Two Rivers, Inc. employees, were conducted for oil
level in crankcase, coolant level, fan belt tension, oil pressure and temperature, fuel/oil leaks,
diesel fuel storage tank level, fence and building security, and battery and alternator condition.
Total engine operating hours and total gallons of water pumped measured by the flow meter
were recorded each day.

The oil and oil filter were changed approximately every 300 hours of operation. The air cleaner
was also inspected periodically, and the level and condition of the sand in the filters was
periodically checked.

It was determined that the 5-cm flush valves should be flushed biweekly for each zone, as well
as checking for leaks from couplings blown apart, drip line flush valves that have come off, and
damage due to animals

9.4.1.3 Operation — Seasonal 2004

The seasonal operation of the drip irrigation system began on May 3, 2004 and ended on
November 22, 2004. A total of 139,304 cubic meters of irrigation water was applied during this
time. The pumping plant totaled 2,087 hours of operation. During this time, approximately 67.1
cm of irrigation water was placed on zone 1 and 35.0 cm of irrigation water was placed on zone
2. During the months of May through November, the site received approximately 79.0 cm of

40930R05 86



Carbon Capture and Water Emissions Treatment System (CCWESTRS) at Fossil-Fueled Electric Generating Plants

rainfall. Figure 59 shows the monthly precipitation and precipitation plus irrigation water total
applied to each zone.

Precipitation, Precipitation plus Irrigation Totals for
2004 Growing Season
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Figure 59. Precipitation and precipitation plus irrigation totals for the three water treatment
levels used in the CCWESTRS study during 2004.

Operation of the drip irrigation system was similar to that of the 2003 season. Overall, less
operational problems were encountered as compared to the previous season. The main
operational problems occurred at start up in early May. Over the winter, wildlife had bitten into
the driplines. Repairs were made to the driplines in about 140 places. Cold weather had also
caused five of the fourteen 2” flush valves to crack. Other maintenance items required during
start up included adding additional sand to the sand filters, replacing the batteries in the
controller, and securing the float to the pump suction line in the ash pond.

9.4.1.3 Operation — Seasonal 2005

The seasonal operation of the drip irrigation system began in early May and ended in mid-
October (five weeks earlier than in previous years) due to a complete pump engine failure. Due
to the degree of senesce observed in both tree species and the assumed adequacy of the
existing soil moisture levels, a decision was made to forego obtaining a new engine until the
2006 growing season. A total of 103,829 cubic meters of irrigation water was applied from May
to October. During this time, approximately 51.0 cm of irrigation water was placed on zone 1
and 25.1 cm of irrigation water was placed on zone 2. During the months of May through
November, the site received approximately 26.5 cm of rainfall. Figure 60 shows the monthly
precipitation and precipitation plus irrigation water total applied to each zone.
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Precipitation and Precipitation plus Irrigation Totals for each
Water Treatment during the 2005 Growing Season
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Figure 60. Precipitation and precipitation plus irrigation totals for the three water treatment
levels used in the CCWESTRS study during 2005.

It is apparent from Figure 60, that 2005 was a much drier year for the herbaceous vegetation, as
well as the sycamores and sweet gums. Precipitation totals during the 2005 growing season
were 55.8% and 66.4% below those in 2003 and 2004, respectively. In addition, irrigation totals
dropped by 28% from the previous two seasons.

9.4.2 Surface and pore water monitoring

Baseline water monitoring was performed in 2002 as described in Section 5.2.2 at the
CCWESTRS site. Additional surface water samples were collected in September 2003, August
2004 and September 2005 at the locations described in Section 5.2.2, plus at two additional
locations where surface runoff was flowing offsite. Ash pond water used for irrigation was
routinely sampled at the ash pond discharge under the Paradise Fossil Plant NPDES permit.

An important aspect of the CCWESTRS project is to characterize the treatment capacity of the
underlying soils and geologic materials in the unsaturated zone. Porous cup lysimeters were
selected as the best method for collecting samples of unsaturated zone flow-through as the
irrigation water migrated vertically through the soil column. Test plots were selected to evaluate
soil pore moisture in zero, low, and high mulch levels, and zero, low, and high irrigation rates,
resulting in 7 sampling locations. Locations of the lysimeters were selected based on the
likelihood that surface water influence would be minimized at the site in order to test irrigation
water treatment with minimal impact from infiltration. The type of trees should have minimal
impact on the water treatment capacity of the soil during the first several years of growth, and
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that future sampling could be done in 5-10 years to determine if differences in water treatment
ability exist between the tree species. The sampling ports of the lysimeters were set at two
depths—approximately 1.5 m and 5.0 m—in the mine spoil and above any permanent water
table.

Model 1990F1L24 pressure vacuum lysimeters from Soil Moisture Equipment, Inc. were
selected for installation at 1.5 m to 5.0 m depth. Prior to on-site installation, each lysimeter was
pressure tested to insure all parts were working properly and that adequate vacuum seals could
be established.

S&ME, Inc. (Knoxville, TN) were contracted for lysimeter installation. On August 11 2003,
equipment and S&ME personnel for this project were mobilized from Louisville, Tennessee. On
August 12 through 14 2003, S&ME completed the drilling and installation of fourteen lysimeters
in accordance with TVA and the instrument manufactures’ guidelines. The lysimeter pairs were
installed to depths of either 1.5 m or 5 m. Bore holes required for the lysimeter installations were
completed by advancing 8.25-cm (inside—diameter) hollow-stem augers with an all-terrain CME
550-X drill rig. Bore holes were advanced into the mine-spoil deposits approximately 30 cm
beyond the desired lysimeter depths. The additional depth was completed to account for
potential material cave-in during auger removal.

Upon completion of the drilling, loose material that caved into the hole was tamped with a
weight attached to a rope. Bentonite pellets were used to fill the remainder of the over-drilled
bore hole depth. As instructed by the manufactures’ guidelines, silica flour slurry was mixed to
the consistency of mortar. A tremie pipe used to convey the silica slurry was trimmed to the
depth of the bore hole to insure proper deposition. The lysimeter was attached to a PVC riser
was then lowered into the bore hole. The porous ceramic cup of the lysimeter was submerged
into the silica slurry and stabilized for the remainder of the back-filling activities. The drill
cuttings were sieved to remove rock with a particle size greater than 0.64 cm in diameter. The
sieved soil was used as backfill material. Sieved material was tamped with the weight attached
to the rope to prevent settling. Additional layer(s) of bentonite pellets and/or powder were used
to isolate the lysimeter and prevent direct surface water intrusion. Boring/lysimeter installation
logs have been completed for each of the lysimeters and are attached in Appendix 3.

Five sets of samples were collected from the lysimeters in August and September of 2003, April,
July and August of 2004, and April and September 0f 2005.. Collection was performed in
accordance with EPA Region IV Environmental Investigations Standard Operating Procedures
and Quality Assurance Manual. Sample analyses were not performed during this reporting
period. The samples will be analyzed for constituents shown in Table 16.

Acidity Filterable Residue Selenium, Total
Alkalinity Fluoride, Total Silica Calculation
Aluminum, Total Inorganic Carbon, Total Silicon, Total
Ammonia as N Iron, Total Silicon, Total
Antimony, Total Lead , Total Silver, Total
Arsenic, Total Magnesium, Total Silver, Total
Barium, Total Manganese, Total Sodium, Total
Beryllium, Total Mercury, Total Strontium, Total
Boron, Total Molybdenum, Total Sulfate, Total

Ca & Mg Calculated Hardness  Nickel, Total Thallium, Total
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Cadmium, Total Nitrate-Nitrite as N Tin, Total

Calcium, Total Nitrite as N Titanium, Total
Chemical Oxygen Demand Non-Filterable Residue Total Kjeldahl Nitrogen
Chloride, Total Organic Carbon, Total TSS Initial Weight
Chromium, Total pH Vanadium, Total
Cobalt, Total Phosphorus, Total Zinc, Total

Copper, Total Potassium, Total

Table 17. Constituents analyzed in lysimeter water samples.

Surface and soil pore water were examined for relationships as well as spatial and temporal
patterns using SPSS™, Surfer™ and Arc/Info GIS software packages. The quality of process
water varies and changes as it moves through the CCWESTERS site. The purpose of the
following discuss is to address these changes, particularly in relation to metals and nutrients, as
water moves from the irrigation source into the irrigation line for application to the surface and
then into surface waters via runoff and groundwater flow. These changes are presented for
selected analytes in Figures 61-67. All waters moving into, thorough and from the
CCWESTRES site were below limits set by NPDES standards.

The irrigation source for the CCWESTRS site is the adjacent coal ash pond. The pH of the
irrigation water is normally in the 7.5 to 8.4 range. The concentrations of antimony, arsenic,
cadmium, cobalt, chromium, copper, lead, mercury, nickel, selenium, and thallium were
consistently at or below the Minimum Detection Limit during the study. Prior to intake into the
irrigation system, water in this pond has elevated levels of boron (mean = 4.7 mg/l), sulfate
(mean = 387.5 mg/l) and magnesium (mean = 33.0 mg/l). Levels of these constituents remain
fairly constant as the water moves through the irrigation system, with only slight increases in
sulfate and magnesium.

After on-site application as irrigation water and subsequent percolation through the FGD mulch
and upper soil horizons, levels of nitrogen, iron, magnesium, and sulfate increase, while boron
decreases. Leaching of constituents from the FGD mulch is evident when comparing
groundwater and irrigation water samples. The pH of ground and surface water sample range
from 6.8 to 7.5. Mean nitrogen levels increase from 0.55 mg/l in the ash pond, to groundwater
levels of 3.3 mg/l at a 5 foot depth and 1.17 mg/l at the 15 foot level. Mean iron levels increase
from 0.65 mg/l in the ash pond to 27.22 mg/l in the groundwater at 5 feet and 4.74 mg/l at the 15
foot depth. Mean magnesium levels increase from 33.0 mg/l in the ash pond to 243.81 mg/l at
the 5 foot depth and 303.26 mg/l at the 15 foot depth. Sulfate levels also increase upon
movement through the FGD mulch, with mean levels increasing from 387.5 mg/l in the ash pond
to 2,687.24 mg/l at the 5 foot depth and 3,167.74 mg/l at the 15 foot depth. Boron levels exhibit
a reverse trend, with mean levels decreasing from 4.7 mg/l in the ash pond to 0.65 mg/l at the 5
foot depth and 0.47 mg/I at the 15 foot depth. This indicates that boron, at least initially, is being
removed from the water and is potentially accumulating in the FGD mulch and upper horizons
soil horizons.

Surface and groundwater flow from the CCWESTRS site is towards Boot Pond and Pooh Bear
Pond. Water samples from these ponds are designated as “Surface Water” in the following
graphs. Boron levels in the ponds are similar to levels found in the ash pond (irrigation source)
and are much higher than groundwater levels. This may indicate the existence of surface runoff
of the irrigation water or shallow lateral movement (via the upper layers of mulch and soil) of
boron into the ponds. Iron and manganese levels in the ponds are similar to levels found in the
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irrigation water and are lower than groundwater levels.

Surface water levels of magnesium,

sulfate, ammonia and calcium are roughly midway between irrigation source and groundwater

levels.
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Figure 61. Boron in surface and pore waters from April 2003 - August 2004.

Figure 62. Calcium in surface and pore waters from April 2003 - August 2004.
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Figure 63. Magnesium in surface and pore waters from April 2003 - August 2004.
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Figure 64. Nitrogen (nitrate-nitrite) in surface and pore waters from April 2003 - August 2004.
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Figure 65. Nitrogen (ammonia) in surface and pore waters from April 2003 - August 2004.

Sample
Description
GROUNDWATER
-15
GROUNDWATER
5
IRRIGATION

SOURCE

IRRIGATION
WATER

_ SURFACE
WATER

8.0

o
o
|

Mean Manganese (mg/l)
»
T

N
=}
|

0.0+

T T T T
SEP 2003 APR 2004 JUL 2004 AUG 2004
DATE

Figure 66. Manganese in surface and pore waters from April 2003 - August 2004.
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Figure 67. Sulfate in surface and pore waters from April 2003 - August 2004.

9.5 Meteorology
9.5.1 Precipitation and Air Temperature

Monthly precipitation and temperature were monitored at the PAF meteorological station,
approximately 1 km from the CCWESTRS site in 2002. Monthly precipitation at the CCWESTRS
site was higher during seedling establishment, while the summer months experienced below
normal precipitation from May through early August. However, beginning in late August-
November weather patterns produced higher that normal precipitation. Figure 68 shows
precipitation from January 2002 to October 2002, and includes normal precipitation values as a
comparison. The project site was also equipped with two Qualimetric Tipping Bucket rain gages
in order to ensure that the remote Paradise meteorological data was representative of the
CCWESTRS site data. Figure 69 shows that there is good agreement with rainfall from the two
sources of data.

Temperatures for the year averaged 24.9° C, which was characterized by the National Climatic
Data Center (www.ncdc.noaa.gov/oa/ncdc.html) as “much above normal’. Temperatures for
June (23.6° C), July (23.7° C), August (25.3° C), and September (22.2° C) were all above
normal.
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CCWESTRS Precipitation
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Figure 68. January — October 2002 CCWESTRS Precipitation Totals with Regional Norms.

Monthly Precipitation Comparison
On-site vs PAF Meteorological Station

30

25

20

m On-Site
o PAF Met St

Precipitation (cm)
&

May June July August Sept Oct
Month

Figure 69. Comparison of rainfall data May to October 2002 collected at Paradise
meteorological station and at CCWESTRS site.

Soil moisture measurements were obtained in early August 2002, when daily high temperatures
were maintaining above 33° C. Soil surface temperatures in the very dark FGD mulch were in
excess of air temperatures (they were hot to the touch), but no actual subsurface soail
temperature readings were obtained. Early August data indicated that the soil moisture in the
zero mulch and mulched test plots was below the wilting point of about 9%. During this same
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period, soil moisture in the FGD mulch exceeded the wilting point. Additional soil moisture
measurements in August and October, however, indicated that soil moisture was adequate.
Table 17 shows the results of the soil moisture measurements.

Date | % Soil Moisture (zero | % Moisture in | % soil moisture under
mulch) mulch mulch

8/7 8.31 (6.97-9.94) 18.15 9.14

8/22 |16.17 40.97 13.26

10/22 | 17.58 42.96 16.77

Table 18. Results of soil moisture measurements.

In 2003, monthly precipitation and temperature were only monitored at the PAF meteorological
station, approximately 1 km from the CCWESTRS site. This was done based on results from
comparative studies during 2002 between on-site instrumentation and data from the
meteorological station that indicated the meteorological station data accurately reflected
conditions at the site. Supporting regional meteorological data was also available for many
surrounding locations through various National Oceanic and Atmospheric Administration
(NOAA) web-sites (http://lwf.ncdc.noaa.gov/oa/climate/research/2003/weekly.html). Monthly
precipitation data from the PAF meteorological station indicated that the CCWESTRS site had
experiencing below normal precipitation for much of the time since the initiation of the study
(Figure 70). The 2002 growing season (spring and summer) precipitation was above normal, but
most of the precipitation in the summer ended rather early and continued to be below normal for
the remainder of 2002 and all of 2003 (quarterly basis).
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Figure 70. Quarterly precipitation amounts at the CCWESTRS site from July 2000 through
November 2003.

Monthly precipitation amounts were below the long-term mean for the site during five of the

seven months designated as the 2003 growing season. The 2003 growing season was
extended into November due to the unseasonably high ambient air temperatures. (Figure 71).
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Figure 71. Maximum, mean, and long-term mean regional ambient air temperatures for the
CCWESTRS site. Data recorded at Paducah, KY by NOAA.

Ambient precipitation was augmented with two levels of irrigation on 2/3 of the study plots
during the spring and summer of 2003 (Figure 58 Section 9.4.1.2). Precipitation plus irrigation
amounts during May, June, and October were near to long-term means for the same time
periods. Changes in irrigation rates for the months of July to September resulted in greater
application rates. During July and October, the high irrigation treatment was approximately
double normal precipitation, while the low irrigation approximated normal. During August and
September, high irrigation more than tripled normal inputs, while low irrigation more than
doubled them.

In 2004, precipitation patterns differed from those seen in 2003 with higher amounts falling in
the spring and fall. Overall, total precipitation during the 2004 growing season dropped by 19
cm over the preceding year. This deficit precipitation pattern extended into 2005 and resulted in
the lowest precipitation totals seen during the study (Figure 72).
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Monthly Precipitation Comparison
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Figure 72. Monthly precipitation comparison at the CCWESTRS site for 2003-2005.

9.5.2 Wind Speed

The ability of a wind to continually sweep away moisture vapor from a wet surface (soil or plant
leaf) is well documented. The drying effect of even a gentle wind is noticeable, but the capacity
of high winds (especially under a steep vapor-pressure gradient) to enhance evaporation from
both plants and soils is tremendous. Available regional meteorological data for the area
encompassing the CCWESTRS study site (through National Oceanic and Atmospheric
Administration (NOAA) web-sites) was questioned as being truly reflective of wind conditions
encountered at the site. A check of long-term wind averages for Paducah, KY would indicate
average wind speed to be less than 10 MPH during a normal growing season, with wind gusts
reaching a high as 35-50 MPH. Therefore, a WatchDog Model 550 Weather Station was
installed at the site in late 2004 to monitor wind speed, relative humidity and air temperature.

The wind speeds monitored by the WatchDog weather station during the 2005 growing season
are found in Figure 73. Although the daily mean wind speed might be significantly different
between surrounding locations (data not shown), the monthly mean wind speed data for the
CCWESTRS site agrees well with regional data (Table 19).
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Wind Speed Statistics for the CCWESTRS Site
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Figure 73. Wind speed statistics for the CCWESTRS site during the 2005 growing season.

LOCATION MAY JUN JUL AUG SEP OoCT NOV
HUNTSVILLE, AL 7.9 6.8 6 5.8 6.7 7.2 8.1
LITTLE ROCK, AR 9 7.6 7.1 6.7 6.3 6.6 6.8
CAIRO, IL 7.5 6.6 6.3 7.1 7.4 9 9.3
EVANSVILLE, IN 7.9 7.1 6.2 5.8 6.4 6.9 8.7
PADUCAH, KY 7.3 6.1 5.7 5.1 5.5 6.4 8.2
NASHVILLE, TN 7.6 7 6.5 6.2 6.5 6.8 8.4
REGIONAL MEAN 7.9 6.9 6.3 6.1 6.5 7.2 8.3
CCWESTRS 8.3 7.7 6.6 7.4 5.5 7.2 11.5

Table 19. Regional wind speed comparison.

9.6 FGD Mulch Depth Field Study Monitoring

The FGD Mulch Depth Field Study sub-plots were surveyed in April and November of 2002, with
noted changes in regards to fescue suppression and vegetation colonization. Although one
replicate of the sub-plots was lost to the construction of the main CCWESTRS study, the
remaining three sets were surveyed. Within each sub-plot, visual estimates of percent coverage
were determined for fescue, moss and other invading vegetation and FGD mulch. Possible
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changes to FGD mulch depth over time were evaluated on a sub-set of plots using a push probe
to sample sub-plot interiors and original height markers (on initial PVC stakes) to evaluate sub-
plot edges.

Although the average depth of FGD mulch along sub-plot edges may have been reduced
(erosion) by as much as 64% (minimum of 42%) since their establishment, the interiors of all
sub-plots measured had changed little (mean = 5.2%). In March 2001, fescue had only
penetrated the FGD mulch in the 5- and 10-cm applications, limited to the sub-plot margins only.
By November 2002, fescue had penetrated most of the interior of the 5- and 10-cm sub-plots
and now comprises as much as 40% of the 15-cm application (primarily along the margins).
Only the 20-cm applications still adequately suppress fescue (Table 20); however, several
vegetative species colonize the FGD mulch in all sub-plots. The majority of coverage is moss
with some species of the grass family (primarily fescue and panicum) beginning to seed directly
into the FGD mulch itself. Thistle (and a limited number of other species belonging to the
Asteraceae family) has been able to penetrate the FGD mulch in a few sub-plots. The
immediate benefits of this colonization will mean reduced erosion, but will also produce
microclimates for additional flora and fauna. Probable long-term effects will include both
physical and chemical changes to the FGD mulch.

FGD Application | Fescue Moss/Other FGD Mulch
Rate (cm) Vegetation

5 56 28 16

10 27 16 57

15 40 23 37

20 2 52 46

Table 20. Average coverage (% of total surface within application group) of fescue, moss/ other
vegetation and FGD Mulch.

By late summer 2002, there was an obvious difference in the vigor and overall health of the
vegetation (primarily fescue) in and around the study plots. Fescue growing in the control plots
(and the surrounding open areas) appeared stressed in comparison to vegetation in and around
the FGD mulched plots. Samples were taken and submitted for analysis. Results indicated that
plants in the control plots were deficient in N. On the other hand, fescue growing within the FGD
mulch, or on the edge of it, was only considered “low” in nitrogen. This difference lends further
credence to the observations made in the main study where the FGD mulch was considered to
be a possible source of N. It is, however, important to keep in mind that the fescue growing in or
near the sludge was receiving more water than that growing in the open sections of the plots.
The latter had already started to senesce, with about half of it having turned brown; meanwhile
most of the fescue near the sludge was still green and growing.

The FGD Mulch Depth Field Study sub-plots were resurveyed in November 2003. Visual
estimates of percent coverage were determined for fescue, moss, other invading vegetation and
FGD mulch in each sub-plot. Possible changes to FGD mulch depth over time were qualitatively
evaluated.
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Figure 74. Percent vegetative cover on FGD Depth Study sub-plots as a function of FGD mulch
depth. Values represent a mean of three replications for each treatment.

Compared to changes observed between 2001 and 2002, vegetative colonization and FGD
settling appear to have reached equilibrium with site conditions by 2003. Fescue, milkweed,
thistle and panicum continue to cover most of the sub-plots with depths of 15 cm or less (Figure
74) either by growing through the FGD mulch or directly seeding into the surface.

As noticed in the sub-plots in 2002, a species of moss continues to colonize the surface of the
FGD mulch (Figure 75). This same condition has been noticed on FGD mulch surfaces in the
main study, but not to the extent noticed here. These differences may be more closely related to
micro-site differences since most of the main study FGD surfaces are exposed to more sun and
wind.
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Figure 75. Colonization of moss species on surfaces of FGD mulch

By 2004, the moss had covered practically the entire FGD surface in all plots. The stagnation in
growth of the higher order plants that had been observed the year before had ended and was
probably due to the more favorable precipitation patterns in 2004 (see Figure 72, section 9.5
Meteorology). Vegetation (primarily fescue) had covered greater than 90% of the surface in the
sub-plots with 5 cm of FGD material, while approximately 50% of the 10, 15 and 20 cm sub-
plots were covered (Figure 76). The obvious reduction in surface area coverage between
years 2002 and 2003 may be explained by 1) the qualitative (not quantitative) nature of our
sampling methodology, 2) the limited precipitation experienced during the summer of 2003 and
3) the droughty conditions that may develop within the FGD materials itself. In the sub-plots
with the shallow FGD layer, plant roots are almost exclusively in the underlying soil which would
have better soil moisture availability. In the deeper mulched sub-plots, many roots (especially
those from plants that have seeded directly into the mulch) will be drawing their moisture from
within the mulch itself. Under drought conditions, this available moisture would quickly become
limited.
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Percentage of Sub-Plot Surface Covered by Vegetation
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Figure 76. Percentage of sub-plot surface covered by vegetation from 2001-2004. Moss not
included.

Observations associated with the Mulch Depth Field Study ended in the fall of 2004 with the
construction of the ATOXIC project on the study site.

10.0 Project costs

Project expenditures from the DOE-NETL budget in Year 1 of the CCWESTRS project were
$241,601. Project expenditures in Year 2 were $446,897. Project expenditures in Year 3 were
$286,866. Project expenditures in Year 4 were $127,500. Project expenditures in Year 5 were
$116,000.

11.0 Conclusions

TVA and EPRI are evaluating and demonstrating integration of terrestrial carbon sequestration
techniques with use of byproducts and wastewater from a coal-fired electric power plant. The
industrial byproducts used during the demonstration include gypsum and process water from
FGD system. The gypsum is being used as a soil amendment and the process water for
periodic irrigation.

The integrated system is referred to as the CCWESTRS, or Carbon Capture and Water
Emissions Treatment System. The CCWESTRS is located near TVA’s Paradise Fossil Plant on
reclaimed surface coal mine lands in the state of Kentucky. The CCWESTRS has been
constructed on gently rolling reclaimed coal mine lands consisting of mine spoil. The lands are
partially vegetated, but have a relatively low productivity potential.

In Year 1 of the project, greenhouse tests and field testing evaluated the following:
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(1) Tolerance of certain tree species to soil-borne B
(2) Tolerance of certain tree species to water-borne B
(3) Optimum depth of FGD gypsum by-product to serve as a mulch

Using the Paradise power plant FGD waste water as a source of irrigation on tree seedlings
without first diluting the B concentration will require careful planning and management. It is
suggested that:

(1) The FGD water should be blended to 4 mg B/l or less prior to use.

(2) Allow trees to become fully established before applying diluted water.

(3) Do not saturate the soil with boronated waste water.

(4) Initially monitor B and N in leaves to help schedule irrigation and fertilization.

(5) Monitor the accumulation of B in the soil profile.

(6) Schedule leaching irrigation with low B water to prevent B accumulation in the soil.

(7) Continue to search for more tolerant trees and crop management techniques to reduce
the risk of irrigating with boronated waste water.

Overall, results from this B leaching study indicate that if wastewater containing B is drip-
irrigated to match evapotranspiration during the growing season, most of the applied B will be
retained in the upper part of the rooting zone during the growing season. Since B is somewhat
mobile at our study site, winter precipitation likely will leach much of the B out of the rooting
zone, resulting in lower levels of soil B at the beginning of each growing season. With this type
of pattern, application of 25 cm ( 9.84 in) of water containing 7 mg B/l irrigation water (e.g., the
fly ash pond water) would result in an accumulation of about 7 mg B/kg soil in the rooting zone
by the end of each growing season. During the first part of each growing season, significantly
less than an additional 7 mg B/kg soil will have accumulated. The greenhouse B tolerance study
indicated that sycamore, cottonwood, sweet gum, and red maple will tolerate 10 mg B/kg soil
reasonably well for about one growing season or less. Some B leaf damage would probably
occur during the last part of the growing season and concentrate in the autumn leaf litter to be
leached out by rainfall. The combined results of the greenhouse B tolerance study and the field
B leaching study suggest that sycamore, cottonwood, sweet gum, and red maple will tolerate an
annual application of 25 cm (~10 in) fly ash pond water reasonably well, but that 25 cm(~10 in)
of FGD wastewater (~70 mg B/l) would be very damaging to the trees.

The preliminary test plan involves the application of three levels each of two types of coal-fired
power plant byproducts -- three levels of FGD gypsum mulch, and three levels of FGD pond
irrigation water. This design produces nine treatment levels (3 X 3), which are being tested with
two species of hardwood trees (i.e., sweetgum and sycamore). Each treatment combination is
being replicated three times, resulting in a total of 54 treatment plots (3 FGD gypsum levels X 3
irrigation water levels x 2 tree species x 3 replicates). Survival and growth response of plant
species in terms of sequestering of carbon in plant material and soil will be the primary measure
of effectiveness of each treatment.

Based on a 2001-2002 field study and April-November 2002 inspections of replicated test plots
FGD gypsum placed on actively growing fescue, the Project Team determined that the full-scale
demonstration should be tested with about 0-, 10-, and 20-cm depths of the FGD gypsum for
mulch. In December 2001 to February 2002, FGD gypsum was applied as mulch at three levels:
zero mulch, low mulch (10-cm depth), and high mulch (20-cm depth.) The 40.5-ha research
area was subdivided into nine zones, each covered with one of the three levels of FGD gypsum
mulch replicated three times. Exact application levels applied to each zone were randomly
chosen. FGD gypsum was applied in 3.7-m wide strips, separated by 1.2-m wide strips of
existing grass cover crop.
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34,500 m*® of FGD gypsum was placed over a three month period from December 2001 to
February 2002 at 10-cm and 20-cm depths. The total cost for placing the material was
$159,000, or about $4.61/m°. It is thought that the total cost is approximately one third higher
than a “best case” estimate due to weather delays.

August 2002 measurements indicated that on the zero mulch plots, above-ground biomass was
reduced considerably from baseline levels (from 6.45 T/ha to an average of 2.82 T/ha),
probably largely the result of bush-hogging the entire study area in late spring 2002.

After extensive greenhouse testing of a number of tree species for tolerance to B, and
consideration of other factors such as drought tolerance, growth rate, and commercial value,
sycamore and sweet gum were chosen as the optimum species for planting. Two rows of two-
year-old tree seedlings were planted in February-March 2002 in each 3.7-m wide row of gypsum
treatment (except in plots with zero gypsum treatment) at 2.44 m X 2.44 m spacing. This
planting pattern resulted in a 2.4-m wide strip of gypsum between rows of trees on one side of a
row and 0.6-m wide strip of mulch plus 1.2 m of grass plus a second 0.6 m of mulch between
rows on the opposite side.

Tree planting of ~63,000 sycamore and sweet gum seedlings began 2-23-02 and was
completed 3-7-02. In May 2002, a survivorship survey was conducted in all plots for both tree
species indicating that the percent survivorship for both species was greater than 85%. In
September 2002, seedling survival and vigor was poor across the entire study area. Sycamore
average survival rate (27%) was over twice that of sweet gum (12%), and the percentage of
healthy sycamore seedlings was considerably higher (17% vs. 4%). Both species performed
best under the high mulch treatment and worst under the zero mulch treatment. The high mulch
application was more effective in reducing weed competition, especially from tall fescue and
lespedeza species. Foliage was collected in June 2002 from all plots at the CCWESTRS site.

Within each of the nine zones of FGD gypsum treatment, the three irrigation treatments are
being replicated randomly. Within each of the 27 irrigation areas (3 replicates of the nine
possible gypsum-irrigation level combinations), half of the area have been planted to sycamore
and half to sweet gum, in a split-plot design. This has resulted in 54 treatment plots of
approximately 0.75 hectares each.

Due to various reasons and decisions, the irrigation system was not installed in 2002 as
planned. One of the reasons was the initial poor performance of the seedlings, which showed
significant leaf damage and symptoms of boron toxicity and heat stress, presumably from the
FGD gypsum mulch. Rather than subject the trees to additional B stress from irrigation with
water from the FGD pond, it was decided to allow the trees to adapt to conditions in a slower
manner. Although rainfall was adequate through June 2002, July, and August rainfall was below
normal and temperatures were above normal. Temporary irrigation with non-industrial fresh
water was done in August 2002, but poor tree survival prompted a decision to cease irrigation
and to replant the site in 2003.

In addition to the plantings on the 54 test plots, an experimental test cell was planted in a variety
of trees that were tested in laboratory experiments for B tolerance but did not perform
adequately to be selected as test species. The trees were planted in March to April 2002. The
primary reason for this plot was to evaluate potential survival of the species under actual field
conditions. Several observations were made related to these experiments that are significant
and relevant to the main test plots experiment.
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Monthly precipitation and temperature were monitored. Monthly precipitation at the CCWESTRS
site was higher during seedling establishment, while the summer months experienced below
normal precipitation from May through early August. Temperatures for the year were
characterized as “much above normal”.

Soil moisture data was measured in early August that indicated that the soil moisture in the zero
mulch and mulched test plots was below the wilting point of about 9%. During this same period,
soil moisture in the FGD mulch exceeded the wilting point. Additional soil moisture
measurements in August and October, however, indicated that soil moisture was adequate. Soil
surface temperatures in the very dark FGD mulch were in excess of air temperatures (they were
hot to the touch), but no actual subsurface soil temperature readings were obtained.

Year 3

In February 2003, the entire site was bush-hogged to remove standing dead debris and
facilitate planting. After inspecting and selecting quality seedling stock from state nurseries in
Kentucky and Tennessee, replanting began 2-11-03 and was completed 3-12-03. Cursory
survivorship estimates in early spring indicated that greater than 90% of the seedlings had
broken dormancy. By August, a more quantitative survey would reveal that sycamore and sweet
gum survivorship was greater than 80%, as compared to 27% and 12% respectively in 2002.

Installation of the drip irrigation system began in early March as tree planting was being
completed. As designed, the irrigation system has the capacity to apply of up to 5 cm of
irrigation water per week to all plots at an average rate of 1,413 liters per minute. The system
was divided into two zones, with Zone 2 receiving one-half of the amounts of water that is
applied to Zone 1. The irrigation water is pumped from an adjacent ash settling pond and is
distributed through 1,107 drip lines that total 104,880 m in length. Though automated, daily
checks and routine maintenance of the system insured proper operation throughout the growing
season and resulted in targeted soil moisture regimes within each treatment. Any runoff
generated by the irrigation system was minimized through the strategic placement of straw
bales and barriers.

In order to evaluate the efficiency of the vegetation, soils and underlying geology in removing
metals and nutrients from the incoming irrigation water, 14 pressure vacuum lysimeters were
installed at 7 locations within the site in August 2003. The lysimeters were set at 1.5 m and 5.0
m depths for collecting samples of unsaturated zone flow-through as the irrigation water
migrates vertically through the soil column. Two sets of samples were collected from the
lysimeters in August and September 2003. Sample analyses were not performed during this
reporting period, but will be completed for a full suite or metals, non-metals, nutrients, and field
parameters.

Abundant spring precipitation and the installation of the irrigation system greatly improved
seedling survival and vigor for both species in 2003. As seen in 2002, differences in seedling
survival and vigor were also related to species differences and the level of mulch. Both species
reacted favorably to higher irrigation rates, but differed significantly in respect to mulch depth.
Survival rates of sycamore seedlings were only slightly reduced in higher mulch plots, while the
percentage of sweet gum survival dropped as mulch depth increased. Overall, seedling vigor
(visual estimate) appeared high for both species throughout all treatments. Foliage samples
taken in mid-summer revealed sufficient macronutrient levels in both species except for calcium
(Ca) which was low in all treatments. Calcium seems to be slightly improved by mulching but not
by irrigation. Boron is within normal range for zero mulch/zero irrigation treatments, but very
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high for both treatments with high irrigation (mulching also seems to increase B levels even
further). Although B levels are high, sycamore seedlings show no signs of toxicity. Sweet gums
do not look as healthy, but their appearance does not point to any particular nutrient limitation or
excess

In August 2003, measurements of above ground biomass were taken following herbicidal
treatments (applied the previous fall and spring), bush-hogging, and replanting. The above
ground biomass consisted almost entirely of weed cover, since the tree seedlings planted
earlier in the year were still quite small and widely spaced. For all plots, the mean above ground
biomass had been reduced considerably from the baseline levels of 6.45 T/ha (2001) and 2.40
T/ha (2002) to a mean of 0.99 T/ha.

Year 4

In April 2004, visual estimates of seedling survivorship indicated that essentially all of the
seedlings had survived from 2003. Irrigation of the site was conducted from May to November
and resulted in phenomenal growth of both the herbaceous cover and seedlings. As a result,
the mean above ground biomass level had climbed dramatically from 0.99 T/ha (2003) to 5.42
T/ha.

As in the previous year, foliage samples taken in mid-summer revealed sufficient macronutrient
levels in both species except for calcium which was low in all treatments. Calcium (Ca)
concentration seems to be slightly improved by mulching but not by irrigation. Boron is within
normal range for zero mulch/zero irrigation treatments, but very high for both treatments with
high irrigation (mulching also seems to increase B levels even further). Although boron levels
are high, sycamore seedlings show no signs of any toxicity. Sweet gum seedlings appeared
much healthier than in the proceeding year. Foliar discoloration in sweet gum seedlings (as
seen in 2003) was limited primarily to low-lying, poorly-drained portions of the site and did not
point to any particular nutrient limitation or excess.

Soils were more intensively sampled and evaluated during 2004. Soils were sampled shortly
after the cessation of irrigation activities in November 2003 and again in April 2004 in order to
access possible changes in soil chemistry as a result of irrigation and winter/spring rains. In
general, mulching with FGD materials resulted in an overall increase in calcium, sulfur, and
boron throughout the soil profile.

Year 5

The seasonal operation of the drip irrigation system began in early May and ended in mid-
October (five weeks earlier than in previous years) due to a complete pump engine failure. Due
to the degree of senesce observed in both tree species and the assumed adequacy of the
existing soil moisture levels, a decision was made to forego obtaining a new engine until the
beginning of the 2006 growing season. It was apparent from observations made during the year
that the irrigation was enhancing growth of both the herbaceous cover and seedlings, especially
sycamores. Precipitation at the site during 2005 was below normal. Plots not receiving
irrigation continued to experience seedling mortally, especially those planted in sweet gum. The
decline in biomass of sweet gum was offset by the increases in biomass of the sycamores and
herbaceous layer. As a result, the mean above ground carbon level continued to climb to 6.34
MT/ha.

As in the previous years, foliage samples taken in mid-summer revealed sufficient macronutrient
levels in both species except for calcium which was low in most treatments. Calcium (Ca)
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concentration seems to be slightly improved by mulching but not by irrigation. Manganese (Mn)
concentrations were slightly deficient in some plots and may be attributed to its low availability
in soils with a high soil pH, high organic matter or poor drainage. Boron was within normal range
for zero mulch/zero irrigation treatments, but very high for both treatments with high irrigation
(mulching also seems to increase B levels even further). Although boron levels were higher than
in previous years, sycamore seedlings showed no signs of boron toxicity. Boron levels in sweet
gum seedlings were lower than in 2004 and could possibly be attributed to the overall
stagnation in growth and lower plant uptake.

Below-ground biomass was measured in all plots during December. The average amount of
carbon being stored below ground (roots and soil by depth increment across all treatments) in
2005 indicated a shift in carbon distribution with depth, as well as an overall decline in root
carbon as compared to baseline estimates made in 2001. Baseline C in coarse roots in the 0 to
30cm interval was estimated at 1.65 T/ha in 2001. 2005 estimates of the same root fraction
(including some fine roots) indicated a 67% decrease or 0.545 T/ha. Similar declines in root C
were observed in the 30 to 60 cm and 60 to 90 cm depth intervals as well. This decline in the
carbon stored in the roots may be due to shifts in the vegetation type (from a fescue dominated
system to one dominated by Lespedeza and planted trees) or possibly affected as a result of
herbicide treatments to remove vegetation prior to mulching and planting trees. In the base line
estimates made in 2001, 90% of the root carbon was found in the 0 to 30 cm depth interval. In
2005, carbon measurements revealed that only 63% of root carbon is in the surface
representing a shift in depth distribution that may also be attributed to vegetation changes.

FGD and soil from all plots were sampled at two depths (0-25cm and 26-50 cm) in conjunction
with below-ground biomass determinations. The sampling of the FGD gypsum was in response
to the observation that plants (primarily in the herbaceous layer, but includes trees) are rooting
directly in the mulch in many plots. Most nutrients were at acceptable levels for plant growth,
although soil potassium and phosphorous in all plots were considered to be at deficient levels
for optimum growth. Boron, calcium and sulfur concentrations are all higher in the FGD than the
mineral soil, but do not differ significantly by either mulch or irrigation treatment as in the soil.
Boron concentrations are significantly impacted by irrigation treatments, while calcium and
sulfur concentrations are tied directly to mulch treatments. The results of the higher irrigation
treatment is the continued accumulation of B in the top 50 cm of the soil profile that is
significantly higher than in either the zero or low irrigation treatments Calcium and sulfur
continue to leach from the FGD mulch as indicated by the significant difference between their
concentrations in the mulched and non-mulched plots.

Project expenditures from allocated DOE-NETL funding in Year 1 were $241,601, in Year 2,
$446,897 and in Year 3, that total was $286,866. Year 4 project expenditures were $127,500.
Year 5 project expenditures were $116,000.
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List of Acronyms and Abbreviations

B
BMP

CCWESTRS

cm
CO;
DAP
DOE
EA
EDR
EPRI
ET
FGD

g

gal
GIS
ha
H.O
KDEP
kg

I

LDI
Iph
Ipm
m

mg
Mw
N, No

NEPA
NETL
NPDES
NOx

O

PAF
SCR
SMCRA
SO,
SOy
TVA
u.S.
USEPA
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Boron

Best Management Practice

Carbon Capture and Water Emissions Treatment System
Centimeter

Carbon Dioxide

Days after planting

United States Department of Energy
Environmental assessment
Environmental decision record
Electric Power Research Institute
Evapotranspiration

Flue gas desulfurization

Gram

Gallon

Geographic Information System
Hectare

Water

Kentucky Department for Environmental Protection
Kilogram

Liter

Leaf damage index

Liters per hour

Liters per minute

Meter

Milligram

Megawatt

Nitrogen

National Environmental Policy Act

National Energy Technology Laboratory

National Pollutant Discharge Elimination System
Nitrogen Oxides (both nitric oxide and nitrogen dioxide)
Oxygen

Paradise Fossil Plant

Selective Catalytic Reduction

Surface Mining Control and Reclamation Act (1977)
Sulfur Dioxide

Sulfur Oxides (both sulfur dioxide and sulfur trioxide)
Tennessee Valley Authority

United States

United States Environmental Protection Agency
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Appendices

Appendix 1. Common and scientific names of plant species referred to in this report.

Aleppo pine
American elm
Arizona cypress
Barley

Black locust
Box-Elder

Broom Sedge
Carolina Geranium

Cattail Typha latifolia
Corn e.g., Plagiobothrys or Zea spp.
Cotton Gossypium spp.

Eastern Cottonwood
Eastern Red Cedar
Eastern Redbud

Pinus halepensis
Ulmus americana.
Cupressus arizonica
Elyhordeum

Robinia pseudoacacia
Acer negundo
Andropogon virginicus
Geranium carolianum

Populus deltoides
Juniperus virginiana
Cercis canadensis

Fig Ficus
Grapes Vitis
Honey-Locust Gleditsia triacanthos

Incense cedar
Kidney beans
Korean Lespedeza

Calocedrus decurrens
Phaseolus vulgaris
Lespedeza stipulacea

Lespedeza Lespedeza sericea
Live oak Quercus virginiana.
Moss Bryophytes

Pea Lathyrus

Peach Prunus persica

Pecan Carya illinoinensis
Pokeweed Phytolacca

Pokeweed Phytolacca americana
Potato Solanum tuberosum
Prickly lettuce Lactuca serriola
Prickly Lettuce Lactuca scariola

Rabbitfoot grass Polypogon monspeliensis
Red maple Acer rubrum.

Reed Phragmites australis
Sericea Lespedeza Lespedeza sericea
Sour Clover Melilotus indica

Sugar beet Beta procumbens
Sweetgum Liquidambar styraciflua
Sycamore Platanus occidentalis
Tall fescue Festuca arundinacea
Tall Fescue Festuca arundinacea
Thalia Thalia dealbata
Thistle Cirsium sp.

Tobacco Nicotiana.

Tomato Solanum lycopersicum

Tulip poplar (Yellow poplar)
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Turnip Brassica septiceps

Venus' Looking Glass Triodanis perfoliata

Violet Viola sp.

Virginia Creeper Parthenocissus quinquefolia
Walnut Juglans

Water hyacinth Eichhornia

White oak Quercus alba

White pine Pinus strobus
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Appendix 2. Results of baseline surface water chemistry analyses.

Sample Description

PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
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STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

Analysis Result
POND- Aluminum, Total 0.95
POND- Ammonia as N 0.14
POND- Antimony, Total 0.012
POND- Arsenic, Total 0.006
POND- Barium, Total 0.069
POND- Beryllium, Total 0.0053
POND- Boron, Total 62
POND-Ca & Mg Calculated 2700

Hardness
POND- Cadmium, Total 0.055
POND- Calcium, Total 570
POND- Chemical Oxygen Demand < MDL
POND- Chloride, Total 400
POND- Chromium, Total 0.007
POND- Cobalt, Total 0.029
POND- Copper, Total 0.0047
POND- Copper, Total < MDL
POND- Filterable Residue 5800
POND- Fluoride, Total 29
POND- Inorganic Carbon, Total 3
POND- Iron, Total 0.35
POND- Lead , Total <MDL
POND- Magnesium, Total 320
POND- Manganese, Total 1.3
POND- Mercury, Total 0.0015

Units
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
CaCO3
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

mg/L

MDL

0.05

0.01

0.001

0.001

0.01

0.001

0.2

0.0001

20

0.001

0.001

0.001

0.01

10

0.1

1

0.01

0.001

0.01

0.005

Analysis
Date
06/13/2001
06/05/2001
06/12/2001
06/09/2001
06/13/2001
06/13/2001
06/13/2001
06/14/2001
06/08/2001
06/13/2001
06/11/2001
06/08/2001
06/08/2001
06/13/2001
06/08/2001
06/13/2001
06/06/2001
06/14/2001
06/14/2001
06/13/2001
06/11/2001
06/13/2001

06/13/2001

0.0002 06/07/2001
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5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A
PAF-FGD
5A

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

STILLING

POND- Molybdenum, Total
POND- Nickel, Total

POND- Nitrate-Nitrite as N
POND- Nitrite as N

POND- Non-Filterable Residue
POND- Organic Carbon, Total
POND- Phosphorus, Total
POND- Potassium, Total
POND- Selenium, Total
POND- Silica Calculation
POND- Silicon, Total

POND- Silicon, Total

POND- Silver, Total

POND- Silver, Total

POND- Sodium, Total

POND- Strontium, Total
POND- Sulfate, Total

POND- Thallium, Total
POND- Tin, Total

POND- Titanium, Total
POND- Total Kjeldahl Nitrogen
POND- TSS Initial Weight
POND- Vanadium, Total

POND- Zinc, Total

PAF-FGD UPPER WEIR-5A  Aluminum, Total
PAF-FGD UPPER WEIR-5A Ammonia as N
PAF-FGD UPPER WEIR-5A Antimony,Total

40930R05

1.1

0.18

12

0.32

<MDL

0.01
45
0.0174
23.525
11

11
0.00047
< MDL
39

< MDL
2700

< MDL
< MDL
0.022
0.76
1.6671
0.014
0.45
0.59

0.21
0.014

mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
g

mg/L
mg/L
mg/L

mg/L
mg/L

0.02

0.001

0.01

0.01

0.2

0.01

0.1

0.001

0.02

0.0001

0.01

0.1

0.05

0.002

0.05

0.005

0.02

0.01
0.01
0.05

0.01
0.001

06/13/2001

06/08/2001

06/05/2001

06/01/2001

06/05/2001

06/08/2001

06/11/2001

06/08/2001

06/12/2001

06/14/2001

06/14/2001

06/13/2001

06/08/2001

06/13/2001

06/08/2001

06/13/2001

06/12/2001

06/12/2001

06/13/2001

06/13/2001

06/11/2001

06/05/2001

06/13/2001

06/13/2001

06/13/2001

06/05/2001
06/12/2001
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PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A

PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD UPPER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A

40930R05

Arsenic, Total 0.008
Barium, Total 0.061
Beryllium, Total 0.0051
Boron, Total 61

Ca & Mg Calculated 2700
Hardness

Cadmium, Total 0.056
Calcium, Total 560
Chemical Oxygen Demand 24
Chloride, Total 380
Chromium, Total 0.0055
Cobalt, Total 0.026
Copper, Total < MDL
Copper, Total <MDL
Filterable Residue 6800
Fluoride, Total 32
Inorganic Carbon, Total 12
Iron, Total 0.24
Lead , Total <MDL
Magnesium, Total 320
Manganese, Total 14
Mercury, Total 0.0009
Molybdenum, Total 0.97
Nickel, Total 0.18
Nitrate-Nitrite as N 12
Nitrite as N 0.23
Non-Filterable Residue 4
Organic Carbon, Total 2
Phosphorus, Total 0.01
Potassium, Total 43
Selenium, Total 0.0075
Silica Calculation 23.525
Silicon, Total 11
Silicon, Total 11
Silver, Total <MDL
Silver, Total <MDL
Sodium, Total 51
Strontium, Total <MDL
Sulfate, Total 2800
Thallium, Total 0.0074
Tin, Total < MDL
Titanium, Total 0.015
Total Kjeldahl Nitrogen 0.76
TSS Initial Weight 1.6773
Vanadium, Total 0.012
Zinc, Total 0.41
Aluminum, Total 1
Ammonia as N 0.3
Antimony, Total <MDL
Arsenic, Total 0.009

mg/L
mg/L
mg/L
mg/L
mg/L
CaCO3
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
g
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

0.001
0.01
0.001
0.2

0.0001
0.1

20

1
0.001
0.001
0.001
0.01
10

0.1

0.01
0.001
0.01
0.005
0.0002
0.02
0.001
0.01
0.01

0.2
0.01
0.1
0.001

0.02
0.0001
0.01
0.1
0.05

0.002
0.05
0.005
0.02

0.01
0.01
0.05
0.01
0.001
0.001

06/09/2001
06/13/2001
06/13/2001
06/13/2001
06/14/2001

06/08/2001
06/13/2001
06/11/2001
06/08/2001
06/08/2001
06/13/2001
06/11/2001
06/13/2001
06/06/2001
06/14/2001
06/14/2001
06/13/2001
06/11/2001
06/13/2001
06/13/2001
06/07/2001
06/13/2001
06/08/2001
06/11/2001
06/01/2001
06/05/2001
06/09/2001
06/11/2001
06/08/2001
06/12/2001
06/14/2001
06/14/2001
06/13/2001
06/08/2001
06/13/2001
06/08/2001
06/13/2001
06/12/2001
06/21/2001
06/13/2001
06/13/2001
06/11/2001
06/05/2001
06/13/2001
06/13/2001
06/13/2001
06/05/2001
06/12/2001
06/09/2001
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PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A

PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-FGD LOWER WEIR-5A
PAF-CATFISH POND-5A

PAF-CATFISH POND-5A

PAF-CATFISH POND-5A

PAF-CATFISH POND-5A

PAF-CATFISH POND-5A

40930R05

Barium, Total 0.057
Beryllium, Total 0.0048
Boron, Total 56

Ca & Mg Calculated 2700
Hardness

Cadmium, Total 0.054
Calcium, Total 560
Chemical Oxygen Demand < MDL
Chloride, Total 350
Chromium, Total 0.0064
Cobalt, Total < MDL
Copper, Total < MDL
Copper, Total < MDL
Filterable Residue 6300
Fluoride, Total 25
Inorganic Carbon, Total 22
Iron, Total 4.4
Lead , Total < MDL
Magnesium, Total 310
Manganese, Total 1.6
Mercury, Total 0.001
Molybdenum, Total 0.91
Nickel, Total 0.15
Nitrate-Nitrite as N 10
Nitrite as N 0.12
Non-Filterable Residue 11
Organic Carbon, Total 2.2
Phosphorus, Total <MDL
Potassium, Total 40
Selenium, Total 0.0083
Silica Calculation 20.103
Silicon, Total 94
Silicon, Total 94
Silver, Total <MDL
Silver, Total < MDL
Sodium, Total 74
Strontium, Total < MDL
Sulfate, Total 2700
Thallium, Total < MDL
Tin, Total <MDL
Titanium, Total 0.024
Total Kjeldahl Nitrogen 0.84
TSS Initial Weight 1.6742
Vanadium, Total 0.017
Zinc, Total 0.4
Aluminum, Total 0.31
Ammonia as N 0.12
Antimony, Total <MDL
Arsenic, Total 0.003
Barium, Total 0.012

mg/L
mg/L
mg/L
mg/L
CaCO3
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
g
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

0.01
0.001
0.2

0.0001
0.1

20

1
0.001
0.001
0.001
0.01
10

0.1

0.01
0.001
0.01
0.005
0.0002
0.02
0.001
0.01
0.01

0.2
0.01
0.1
0.001

0.02
0.0001
0.01
0.1
0.05

0.002
0.05
0.005
0.02

0.01
0.01
0.05
0.01
0.001
0.001
0.01

06/13/2001
06/13/2001
06/13/2001
06/14/2001

06/08/2001
06/13/2001
06/11/2001
06/08/2001
06/08/2001
06/13/2001
06/14/2001
06/13/2001
06/06/2001
06/14/2001
06/14/2001
06/13/2001
06/11/2001
06/13/2001
06/13/2001
06/07/2001
06/13/2001
06/08/2001
06/11/2001
06/01/2001
06/05/2001
06/09/2001
06/11/2001
06/08/2001
06/12/2001
06/14/2001
06/14/2001
06/13/2001
06/08/2001
06/13/2001
06/08/2001
06/13/2001
06/12/2001
06/12/2001
06/13/2001
06/13/2001
06/11/2001
06/05/2001
06/13/2001
06/13/2001
06/13/2001
06/05/2001
06/12/2001
06/09/2001
06/13/2001
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PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A

PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-CATFISH POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A

40930R05

Beryllium, Total <MDL
Boron, Total 14

Ca & Mg Calculated 1400
Hardness

Cadmium, Total <MDL
Calcium, Total 270
Chemical Oxygen Demand < MDL
Chloride, Total 180
Chromium, Total <MDL
Cobalt, Total <MDL
Copper, Total < MDL
Copper, Total < MDL
Filterable Residue 3100
Fluoride, Total 0.24
Inorganic Carbon, Total 44
Iron, Total 0.84
Lead , Total <MDL
Magnesium, Total 170
Manganese, Total 0.1
Mercury, Total <MDL
Molybdenum, Total <MDL
Nickel, Total 0.0096
Nitrate-Nitrite as N 0.98
Nitrite as N <MDL
Non-Filterable Residue 78
Organic Carbon, Total 5.2
Phosphorus, Total 0.06
Potassium, Total 11
Selenium, Total <MDL
Silica Calculation 9.196
Silicon, Total 4.3
Silicon, Total 4.3
Silver, Total <MDL
Silver, Total <MDL
Sodium, Total 210
Strontium, Total <MDL
Sulfate, Total 1600
Thallium, Total <MDL
Tin, Total < MDL
Titanium, Total 0.01
Total Kjeldahl Nitrogen 0.73
TSS Initial Weight 1.6805
Vanadium, Total < MDL
Zinc, Total <MDL
Aluminum, Total 0.14
Ammonia as N 0.02
Antimony, Total <MDL
Arsenic, Total 0.002
Barium, Total 0.046
Beryllium, Total <MDL

mg/L
mg/L
mg/L
CaCo03
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
g
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

0.001
0.2

0.0001
0.1

20

1
0.001
0.001
0.001
0.01
10

0.1

1

0.01
0.001
0.01
0.005
0.0002
0.02
0.001
0.01
0.01

0.2
0.01
0.1
0.001

0.02
0.0001
0.01
0.1
0.05

0.002
0.05
0.005
0.02

0.01
0.01
0.05
0.01
0.001
0.001
0.01
0.001

06/13/2001
06/13/2001
06/14/2001

06/08/2001
06/13/2001
06/11/2001
06/08/2001
06/08/2001
06/13/2001
06/08/2001
06/13/2001
06/06/2001
06/14/2001
06/14/2001
06/13/2001
06/11/2001
06/13/2001
06/13/2001
06/07/2001
06/13/2001
06/08/2001
06/05/2001
06/01/2001
06/05/2001
06/09/2001
06/11/2001
06/08/2001
06/12/2001
06/14/2001
06/14/2001
06/13/2001
06/08/2001
06/13/2001
06/08/2001
06/13/2001
06/12/2001
06/12/2001
06/13/2001
06/13/2001
06/11/2001
06/05/2001
06/13/2001
06/13/2001
06/13/2001
06/05/2001
06/12/2001
06/09/2001
06/13/2001
06/13/2001
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PAF-POTATO POND-5A
PAF-POTATO POND-5A

PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-POTATO POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A

40930R05

Boron, Total 14

Ca & Mg Calculated 180
Hardness

Cadmium, Total 0.0021
Calcium, Total 37
Chemical Oxygen Demand 32
Chloride, Total 1.6
Chromium, Total <MDL
Cobalt, Total <MDL
Copper, Total 0.004
Copper, Total 0.01
Filterable Residue 270
Fluoride, Total 0.22
Inorganic Carbon, Total 21
Iron, Total 0.27
Lead , Total 0.0027
Magnesium, Total 21
Manganese, Total 0.06
Mercury, Total <MDL
Molybdenum, Total <MDL
Nickel, Total 0.013
Nitrate-Nitrite as N 0.26
Nitrite as N <MDL
Non-Filterable Residue 8
Organic Carbon, Total 6.5
Phosphorus, Total 0.04
Potassium, Total 4.2
Selenium, Total <MDL
Silica Calculation 0.984
Silicon, Total 0.46
Silicon, Total 0.46
Silver, Total <MDL
Silver, Total <MDL
Sodium, Total 6
Strontium, Total <MDL
Sulfate, Total 97
Thallium, Total < MDL
Tin, Total <MDL
Titanium, Total <MDL
Total Kjeldahl Nitrogen 0.85
TSS Initial Weight 1.0929
Vanadium, Total <MDL
Zinc, Total <MDL
Aluminum, Total 0.73
Ammonia as N 0.02
Antimony, Total <MDL
Arsenic, Total 0.004
Barium, Total 0.074
Beryllium, Total <MDL
Boron, Total 4.3

mg/L
mg/L
CaCoO3
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
g
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

0.2

0.0001
0.1

20

1
0.001
0.001
0.001
0.01
10

0.1

0.01
0.001
0.01
0.005
0.0002
0.02
0.001
0.01
0.01

0.2
0.01
0.1
0.001

0.02
0.0001
0.01
0.1
0.05

0.002
0.05
0.005
0.02

0.01
0.01
0.05
0.01
0.001
0.001
0.01
0.001
0.2

06/13/2001
06/14/2001

06/08/2001
06/13/2001
06/11/2001
06/08/2001
06/08/2001
06/13/2001
06/08/2001
06/13/2001
06/06/2001
06/14/2001
06/14/2001
06/13/2001
06/11/2001
06/13/2001
06/13/2001
06/07/2001
06/13/2001
06/08/2001
06/05/2001
06/05/2001
06/05/2001
06/09/2001
06/11/2001
06/08/2001
06/12/2001
06/14/2001
06/14/2001
06/13/2001
06/08/2001
06/13/2001
06/08/2001
06/13/2001
06/12/2001
06/12/2001
06/13/2001
06/13/2001
06/11/2001
06/05/2001
06/13/2001
06/13/2001
06/13/2001
06/05/2001
06/12/2001
06/09/2001
06/13/2001
06/13/2001
06/13/2001
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PAF-FLY ASH POND-5A

PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-FLY ASH POND-5A
PAF-BOOT POND-5A

PAF-BOOT POND-5A

PAF-BOOT POND-5A

PAF-BOOT POND-5A

PAF-BOOT POND-5A

PAF-BOOT POND-5A

PAF-BOOT POND-5A

PAF-BOOT POND-5A

40930R05

Ca & Mg Calculated 370
Hardness

Cadmium, Total 0.00045
Calcium, Total 92
Chemical Oxygen Demand < MDL
Chloride, Total 37
Chromium, Total <MDL
Cobalt, Total <MDL
Copper, Total 0.0035
Copper, Total 0.017
Filterable Residue 700
Fluoride, Total 1.5
Inorganic Carbon, Total 26
Iron, Total 1

Lead , Total 0.0019
Magnesium, Total 34
Manganese, Total 0.084
Mercury, Total <MDL
Molybdenum, Total 0.1
Nickel, Total 0.0065
Nitrate-Nitrite as N 1.3
Nitrite as N 0.01
Non-Filterable Residue 16
Organic Carbon, Total 3.3
Phosphorus, Total 0.05
Potassium, Total 5.2
Selenium, Total 0.002
Silica Calculation 7.485
Silicon, Total 3.5
Silicon, Total 3.5
Silver, Total <MDL
Silver, Total <MDL
Sodium, Total 18
Strontium, Total <MDL
Sulfate, Total 290
Thallium, Total <MDL
Tin, Total < MDL
Titanium, Total 0.029
Total Kjeldahl Nitrogen 0.56
TSS Initial Weight 1.6746
Vanadium, Total <MDL
Zinc, Total < MDL
Aluminum, Total 1.1
Ammonia as N 0.07
Antimony, Total < MDL
Arsenic, Total <MDL
Barium, Total 0.02
Beryllium, Total <MDL
Boron, Total 11

Ca & Mg Calculated 1200

mg/L
CaCO3
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
g
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

06/14/2001
0.0001 06/08/2001
0.1 06/13/2001
20 06/11/2001
1 06/08/2001
0.001 06/08/2001
0.001 06/13/2001
0.001 06/08/2001
0.01  06/13/2001
10 06/06/2001
0.1 06/14/2001
1 06/14/2001
0.01  06/13/2001
0.001 06/11/2001
0.01  06/13/2001
0.005 06/13/2001
0.0002 06/07/2001
0.02  06/13/2001
0.001 06/08/2001
0.01  06/05/2001
0.01  06/01/2001
1 06/05/2001
0.2 06/09/2001
0.01  06/11/2001
0.1 06/08/2001
0.001 06/12/2001

06/14/2001

06/14/2001
0.02 06/13/2001
0.0001 06/08/2001
0.01  06/13/2001
0.1 06/08/2001
0.05 06/13/2001
1 06/12/2001
0.002 06/12/2001
0.05 06/13/2001
0.005 06/13/2001
0.02 06/11/2001

06/05/2001
0.01  06/13/2001
0.01  06/13/2001
0.05 06/13/2001
0.01  06/05/2001
0.001 06/12/2001
0.001 06/09/2001
0.01  06/13/2001
0.001 06/13/2001
0.2 06/13/2001

06/14/2001
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PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-BOOT POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A

40930R05

Hardness CaCO3
Cadmium, Total 0.00064 mg/L
Calcium, Total 250 mg/L
Chemical Oxygen Demand 43 mg/L
Chloride, Total 180 mg/L
Chromium, Total 0.0026 mg/L
Cobalt, Total <MDL mg/L
Copper, Total 0.0037 mg/L
Copper, Total <MDL mg/L
Filterable Residue 3000 mg/L
Fluoride, Total 0.26 mg/L
Inorganic Carbon, Total 45 mg/L
Iron, Total 1.8 mg/L
Lead , Total <MDL mg/L
Magnesium, Total 150 mg/L
Manganese, Total 0.72 mg/L
Mercury, Total <MDL mg/L
Molybdenum, Total <MDL mg/L
Nickel, Total 0.0082 mg/L
Nitrate-Nitrite as N <MDL mg/L
Nitrite as N <MDL mg/L
Non-Filterable Residue 10 mg/L
Organic Carbon, Total 8 mg/L
Phosphorus, Total 0.16 mg/L
Potassium, Total 10 mg/L
Selenium, Total <MDL mg/L
Silica Calculation 13.473 mg/L
Silicon, Total 6.3 mg/L
Silicon, Total 6.3 mg/L
Silver, Total <MDL mg/L
Silver, Total <MDL mg/L
Sodium, Total 180 mg/L
Strontium, Total <MDL mg/L
Sulfate, Total 1500 mg/L
Thallium, Total <MDL mg/L
Tin, Total <MDL mg/L
Titanium, Total 0.016 mg/L
Total Kjeldahl Nitrogen 1.7 mg/L
TSS Initial Weight 16753 ¢
Vanadium, Total <MDL mg/L
Zinc, Total <MDL mg/L
Aluminum, Total 0.14 mg/L
Ammonia as N 0.04 mg/L
Antimony, Total <MDL mg/L
Arsenic, Total 0.002 mg/L
Barium, Total 0.016 mg/L
Beryllium, Total <MDL mg/L
Boron, Total 6.9 mg/L
Ca & Mg Calculated 840 mg/L
Hardness CaCO3

0.0001
0.1

20

1
0.001
0.001
0.001
0.01
10

0.1

1

0.01
0.001
0.01
0.005
0.0002
0.02
0.001
0.01
0.01

0.2
0.01
0.1
0.001

0.02
0.0001
0.01
0.1
0.05

0.002
0.05
0.005
0.02

0.01
0.01
0.05
0.01
0.001
0.001
0.01
0.001
0.2

06/08/2001
06/13/2001
06/11/2001
06/08/2001
06/08/2001
06/13/2001
06/08/2001
06/13/2001
06/06/2001
06/14/2001
06/14/2001
06/13/2001
06/11/2001
06/13/2001
06/13/2001
06/07/2001
06/13/2001
06/08/2001
06/05/2001
06/01/2001
06/05/2001
06/09/2001
06/11/2001
06/08/2001
06/12/2001
06/14/2001
06/14/2001
06/13/2001
06/08/2001
06/13/2001
06/08/2001
06/13/2001
06/12/2001
06/12/2001
06/13/2001
06/13/2001
06/11/2001
06/05/2001
06/13/2001
06/13/2001
06/13/2001
06/05/2001
06/12/2001
06/13/2001
06/13/2001
06/13/2001
06/13/2001
06/14/2001
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PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-SOUTH POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A

PAF-POOH BEAR POND-5A

40930R05

Cadmium, Total
Calcium, Total

Chemical Oxygen Demand

Chloride, Total
Chromium, Total
Cobalt, Total

Copper, Total
Copper, Total
Filterable Residue
Fluoride, Total
Inorganic Carbon, Total
Iron, Total

Lead , Total
Magnesium, Total
Manganese, Total
Mercury, Total
Molybdenum, Total
Nickel, Total
Nitrate-Nitrite as N
Nitrite as N
Non-Filterable Residue
Organic Carbon, Total
Phosphorus, Total
Potassium, Total
Selenium, Total

Silica Calculation
Silicon, Total

Silicon, Total

Silver, Total

Silver, Total

Sodium, Total
Strontium, Total
Sulfate, Total
Thallium, Total

Tin, Total

Titanium, Total

Total Kjeldahl Nitrogen
TSS Initial Weight
Vanadium, Total
Zinc, Total
Aluminum, Total
Ammonia as N
Antimony, Total
Arsenic, Total
Barium, Total
Beryllium, Total
Boron, Total

Ca & Mg
Hardness
Cadmium, Total

<MDL
170
32

68
<MDL
<MDL
<MDL
<MDL
1900
0.78
49
0.37
<MDL
100
0.026
<MDL
<MDL
0.0022
0.04
<MDL
8

6.6
0.05
10
<MDL
0.577
0.27
0.27
<MDL
<MDL
190
<MDL
960
<MDL
<MDL
0.0065
1.3
1.6856
<MDL
<MDL
0.087
1.3
<MDL
< MDL
0.013
<MDL
54

Calculated 1600

<MDL

mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
g
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
CaCo03
mg/L

0.0001
0.1
20

1
0.001
0.001
0.001
0.01
10
0.1

1

0.01
0.001
0.01
0.005
0.0002
0.02
0.001
0.01
0.01

1

0.2
0.01
0.1
0.001

0.02
0.0001
0.01
0.1
0.05

1
0.002
0.05
0.005
0.02

0.01
0.01
0.05
0.01
0.001
0.001
0.01
0.001
0.2

0.0001

06/08/2001
06/13/2001
06/11/2001
06/08/2001
06/08/2001
06/13/2001
06/08/2001
06/13/2001
06/06/2001
06/14/2001
06/14/2001
06/13/2001
06/11/2001
06/13/2001
06/13/2001
06/07/2001
06/13/2001
06/08/2001
06/05/2001
06/01/2001
06/05/2001
06/09/2001
06/11/2001
06/08/2001
06/12/2001
06/14/2001
06/14/2001
06/13/2001
06/08/2001
06/13/2001
06/08/2001
06/13/2001
06/12/2001
06/15/2001
06/13/2001
06/13/2001
06/11/2001
06/05/2001
06/13/2001
06/13/2001
06/13/2001
06/05/2001
06/12/2001
06/11/2001
06/13/2001
06/13/2001
06/13/2001
06/05/2001

06/08/2001
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PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A
PAF-POOH BEAR POND-5A

40930R05

Calcium, Total

Chemical Oxygen Demand

Chloride, Total
Chromium, Total
Cobalt, Total

Copper, Total
Copper, Total
Filterable Residue
Fluoride, Total
Inorganic Carbon, Total
Iron, Total

Lead , Total
Magnesium, Total
Manganese, Total
Mercury, Total
Molybdenum, Total
Nickel, Total
Nitrate-Nitrite as N
Nitrite as N
Non-Filterable Residue
Organic Carbon, Total
Phosphorus, Total
Potassium, Total
Selenium, Total

Silica Calculation
Silicon, Total

Silicon, Total

Silver, Total

Silver, Total

Sodium, Total
Strontium, Total
Sulfate, Total
Thallium, Total

Tin, Total

Titanium, Total

Total Kjeldahl Nitrogen
TSS Initial Weight
Vanadium, Total

Zinc, Total

350
<MDL
110
<MDL
<MDL
<MDL
<MDL
3700
0.27
140
0.59
<MDL
170
0.51
<MDL
<MDL
0.0025
0.16°
0.02

9

41
0.01
14
<MDL
9.196
4.3
4.3
0.00056
<MDL
430
<MDL
1900
< MDL
<MDL
0.0088
1.7
1.6799
<MDL
<MDL

mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
g

mg/L
mg/L

0.1
20

1
0.001
0.001
0.001
0.01
10
0.1

1

0.01
0.001
0.01
0.005
0.0002
0.02
0.001
0.01
0.01

0.2
0.01
0.1
0.001

0.02
0.0001
0.01
0.1
0.05

0.002
0.05
0.005
0.02

0.01
0.01

06/13/2001
06/11/2001
06/08/2001
06/08/2001
06/13/2001
06/08/2001
06/13/2001
06/06/2001
06/14/2001
06/14/2001
06/13/2001
06/11/2001
06/13/2001
06/13/2001
06/07/2001
06/13/2001
06/08/2001
06/05/2001
06/01/2001
06/05/2001
06/09/2001
06/11/2001
06/08/2001
06/12/2001
06/14/2001
06/14/2001
06/13/2001
06/08/2001
06/13/2001
06/08/2001
06/13/2001
06/12/2001
06/15/2001
06/13/2001
06/13/2001
06/11/2001
06/05/2001
06/13/2001
06/13/2001
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Appendix 3. Drilling and lysimeter installation report
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