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EXECUTIVE SUMMARY

Coal combustion by-products (CCBs) are produced in large volumes at coal-fired power plants.
CCBs include fly ash, bottom ash, boiler slag, and flue gas desulfurization materials, and these
materials have been shown to have advantageous properties for engineering, construction, and
manufacturing applications [1,2,3, 4]. As indicated by the 1993 decision by the U.S.
Environmental Protection Agency (EPA), CCBs do not warrant hazardous waste regulation
under the Resource Conservation and Recovery Act (RCRA). While this decision places the
regulation of CCBs in the jurisdiction of individual states that EPA “encouraged the utilization of
CCBs and supported State efforts to promote utilization in an environmentally beneficial
manner.” The utilization of CCBs has been demonstrated in numerous applications, including
concrete, soil stabilization, controlled low-strength materials, highway road base and subgrade,
soil amendments for agricultural uses, waste stabilization, extenders in plastics and paints, and
the manufacture of products such as cement, insulating materials, lightweight building block,
brick, and other construction materials. Some utilization applications, such as their use as a
mineral admixture in concrete, have gained full commercial status. Work continues to
demonstrate the effectiveness of CCBs in several applications, as is the case with the use of
CCB:s for soil stabilization.

CCBs, especially fly ash, have properties that are beneficial in soil stabilization applications such
as soil drying, soil amendments to enhance subgrade support capacities for pavements and floor
slabs, reduction of shrink—swell properties of soils, and stabilizers in aggregate road base
construction and asphalt recycling. Six percent of the fly ash utilized and 20% of the bottom ash
utilized were in road base and subbase applications in 1999, down slightly from 7% of fly ash in
1997 and 1998 and 25% and 31% of bottom ash in 1997 and 1998, respectively [5,6,7]. EPRI
and the U.S. Department of Energy (DOE) realize that both the engineering and environmental
performance of CCBs must be demonstrated and documented for CCBs to be fully accepted as a
commercially viable option for soil stabilization applications. These entities provided support to
the University of North Dakota Energy & Environmental Research Center (EERC) and the
University of Minnesota Department of Soil, Water, and Climate to perform a laboratory and
field investigation on the environmental performance of regionally available fly ash for soil
stabilization.

This effort was designed to evaluate the environmental performance of regional coal fly ash in
typical soil stabilization applications, with an emphasis on addressing issues raised by the
regulatory community. To determine the types of environmental risk associated with the use of
coal combustion fly ash in soil stabilization, the effort included laboratory evaluations of fly ash
composition, a field demonstration to evaluate runoff quality, and laboratory leaching of
stabilized soil samples from full-scale soil stabilization projects. Xcel Energy and Mineral
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Solutions, Inc., suppliers of coal fly ash, selected eleven commercial sites for demonstration of
the use of five regional fly ash samples to stabilize soils in various applications ranging from
road subgrade to backfilling in a utility trench. Typical of most soil stabilization applications, the
stabilized soil in these applications was surfaced or covered as part of the overall construction
project. The fly ash addition, based on the engineering performance required, was 12 or 14 parts
fly ash added to 100 parts soil.

Samples of background soil, fly ash used, background water sample (where used), and stabilized
soil were collected at each site and submitted for laboratory evaluations including bulk
composition and leaching characteristics of the stabilized soils. Similar samples from the runoff
demonstration (Site 12) were collected and subjected to the same laboratory evaluations. The
runoff demonstration was accomplished using equipment to simulate a rainfall event and
compared runoff quantity and quality from test sections of unstabilized soil, lime-stabilized soil,
and fly ash-stabilized soil.

Solid materials, laboratory generated leachates, and runoff samples were evaluated for a
predetermined list of parameters recommended by the Minnesota Pollution Control Agency
(MPCA). These included antimony, arsenic, barium, beryllium, boron, cadmium, chromium,
cobalt, iron, manganese, mercury, molybdenum, nickel, selenium, silver, thallium, vanadium,
zinc, and sulfate. Many of these elements are environmentally significant and have been shown
to be present in CCBs. CCB leachate concentrations of most of these elements are typically
below environmental and health limits. The analytical LLQ (lower limit of quantitation) used in
this study was at or below the LLQ required by MPCA, which in nearly all cases was lower than
any regulatory limits. The laboratory leaching methods were also selected to address MPCA
recommendations. These were the SPLP (synthetic precipitation leaching procedure), an 18-hour
procedure using a dilute sulfuric acid leaching solution, and American Society for Testing and
Materials (ASTM) D3987, an 18-hour procedure using distilled, deionized water as the leaching
solution. Additionally, long-term leaching was performed using the same leachant as the ASTM
D3987 procedure but using extended equilibration times of 30 and 60 days. Long-term leaching
results can demonstrate an increase or decrease in the mobility of the constituents of interest with
respect to time. Under static laboratory batch-leaching conditions, these changes are dependent
on chemical and mineralogical changes rather than on dilution or dispersion. Secondary
mineralization of CCBs has been shown to play an important role in the mobility of constituents
from CCBs and CCBs combined with other materials [13,14,15]. These reactions frequently take
extended periods of time and may occur over days or even months, so the use of long-term
laboratory leaching procedures can facilitate an understanding of potential field performance of
CCBs.

Results of the laboratory evaluations indicated that the range of concentrations of most
parameters were higher for the fly ash samples than the soil samples (Table ES-1). One source of
fly ash was used at seven of the eleven commercial demonstration sites, and it was noted that the
concentration range of this material over the course of the project was similar to the overall range
of elemental concentrations in all fly ash samples in the study.
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Table ES-1

Summary of Solids Data Ranges, pg/g

Parameter Fly Ash Data Soil Data Parameter Fly Ash Soil Data
Range Range Data Range Range

Sb 2.3-3.8 0.3-2.5 Mn 139-558 212-1337

As 11.9-19.0 3.5-9.7 Hg 0.015-0.600 | 0.011-0.480

Ba 134-6870 263-679 Mo 7.6-25.0 0.2-3.2

Be 1.5-5.3 0.3-1.2 Ni 16-165 8-108

B 480-1392 <4-39 Se 15.1-25.2 1.3-11.6

Cd 0.55-1.99 0.11-1.06 Ag 1.18-1.94 0.10-1.14

Cr 35-95 11-46 T 0.37-0.68 0.20-0.67

Co 13.0-29.9 9.0-18.0 \Y 56-312 16-103

Fe 24,825-44,666 13,830-22,502 | Zn 50-175 26174

Pb 21.1-54.5 9.0-16.8

For 12 of the 20 leachate parameters analyzed, more than 75% of the 43 leachates exhibited
concentrations less than the LLQ required by MPCA. This information is summarized in Table
ES-2. The lowest and highest detectable leachate concentrations obtained for each parameter are
also shown in Table ES-2. Leachate concentrations were compared to several regulatory limits
for drinking water and groundwater, and the comparison indicated that the ash—soil leachates
generally do not exceed these limits of concern by the regulatory community.

The short- and long-term leaching results were very similar, but some long-term results did
indicate changes in the leachate concentrations over time. Decreasing concentrations in long-
term leachates were noted in several cases for arsenic, barium, boron, selenium, and sulfate.
These results are consistent with leaching profiles obtained from fly ash and other moderate- to
high-calcium CCBs. These reductions in leachate concentration can be attributed to precipitation
reactions such as the formation of barium sulfate and the formation of secondary hydrated phases
that have been shown to incorporate several of the elements into the phase structure. The
relatively high leachate alkalinity, demonstrated by the leachate pH range of 8.8 to 11.3 was
consistent with these proposed mechanisms for reduced leaching potential.

Interpretation of the leaching results included calculating the maximum leaching potential of the
elements evaluated. This calculated value was obtained using the total bulk concentration of each
element in the ash—soil mixture and assuming that the maximum leachate concentration would be
represented by 100% dissolution of that element. Using the same liquid-to-solid ratio used in all
the leaching tests, the potential maximum leachate concentration of each element was calculated.



Table ES-2
Summary of Ash—Soil Leachate Results, pg/L

Parameter Values Low High | Parameter Values Low High

below LLQ | (detectable) below LLQ | (detectable)

(of 43) (of 43)

Sb all <3 Mn 42 values <5 8
As 22values<4 |4.4 14 Hg 29 values <0.01 | 0.0013 0.066
Ba 0 values <10 |42 296 | Mo 1 value <2 25 82.4
Be all <1 Ni 34 values <4 4.3 10
B 0 values <200 | 260 1400 | Se 9 values <2 2.1 71
Cd 42 values <0.3 0.96 | Ag 34 values <0.3 | 0.34 5.3
Cr 4 values <1 4.2 131 | TI 37 values <1 1.01 1.38
Co 41 values<2 |2.2 2.3 \ 14 values <40 |43 340
Fe 39 values <10 | 11 24 Zn all <30
Pb 42 values <2 9.2 |S0o” 0 values <1000 | 16,400 295,000

In every case, the actual leachate concentrations were much lower than the calculated maximum.
In most cases, the actual leachate concentrations were less than 10% of the calculated maximum,
but in a few limited cases the actual leachate concentrations ranged from 10% to 40% of the
calculated maximum leachate value. This is evidence of the low mobility of constituents from
the stabilized soil.

Solid samples (soil, fly ash, lime, and stabilized soil cores) and water from the simulated rainfall
event were all incorporated into the laboratory evaluations already discussed, and the results
from the fly ash and ash—soil samples were similar to the samples collected at the commercial
demonstration sites. Lime—soil stabilization was included in the simulated rainfall event because
lime is a typical stabilizing agent used for soils. Results from the lime-soil samples were
generally in the same ranges as those from the ash—soil samples.

The primary goal of the simulated rainfall test was to evaluate the runoff from stabilized surfaces
to address the issue of storm water runoff, which always needs to be addressed in construction
activities. Replicate test sections of soil-only, a lime—soil mixture, and a fly ash—soil mixture
were placed, and the simulated rainfall event was initiated. The soil-only and lime—soil mixtures
were included for comparison with the ash-soil mixture. Runoff samples were collected during
two simulated rainfall events, and these samples were evaluated for the parameters noted. The
cementation of the soil due to the addition of ash or lime greatly reduced total solids (TS) in the
runoff. The runoff from the lime and fly ash treatments contained less than one-third as much TS
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as the control soil treatment (Figure ES-1). The data clearly show that the cementation due to
lime and ash additions was effective in reducing the rate of detachment of soil particles from soil
surface.

Figure ES-1

Total solids in runoff over the time of two rainfall events
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The runoff solutions contained dissolved salts as well as suspended solids. However, the salt
concentrations were small,and the total solids (TS) obtained by drying the samples closely
approximated the concentration of total suspended solids (TSS). The greatest salt concentrations
were in the runoff from the fly ash treatment but made little difference in the TS and TSS
concentrations.

The total elemental concentrations of the runoff as collected (with suspended solids) and the
concentration of dissolved components were determined. These data were compared with MPCA
discharge water quality standards, and none of the elemental concentrations exceeded these
water quality standards.

The relative mobility per unit concentration in the soil or soil mixes of the elements of interest
varied in the ash—soil runoff samples. In some cases the mobility of an element was determined
to be lower from the ash than from the soil resulting in a lower concentration of that element than
predicted with a simple mixing model. These elements included Ag, Be, Co, Fe, Hg, Mn, Pb, Ni,
Sb, and T1. All of the elements of interest except B, Mo, S, and V were mostly associated with
the suspended solids.

The data assembled from the laboratory and field efforts for this project support the conclusion
that the environmental performance of fly ash in soil stabilization applications is environmentally
viable. The limited leachability of the constituents in laboratory tests and the quality of the
simulated field runoff indicated that fly ash used in this application is environmentally

Vil



appropriate and even offers advantages in limiting potential runoff in soil stabilization projects.
The reactive type of fly ash that is most suited to fulfill the engineering performance
requirements for soil stabilization also tends to provide leachate-limiting mechanisms that
recommend these materials as an environmentally sound choice. Laboratory evaluations can be
used to qualify CCBs but cannot predict field behavior. For the type of soil stabilization
applications evaluated in this project, the engineering design limits the potential for water to
contact the stabilized soil. The results presented support previous works showing little-to-
negligible impact on water quality. This and past work indicates that soil stabilization is an
environmentally beneficial CCB utilization application as encouraged by the EPA. This project
addressed the environmental aspect of fly ash use for soil stabilization, but the demonstrated
engineering performance and economic advantages also indicate that the use of CCBs in soil
stabilization can and should become an accepted engineering option, promoted by state and
industrial sectors.
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REPORT SUMMARY

The Minnesota Pollution Control Agency (MPCA) approved the use of coal ash in soil
stabilization, indicating that environmental data needed to be generated. An effort was funded by
EPRI and the U.S. Department of Energy (DOE) National Energy Technology Laboratory
(NETL), with involvement from Xcel Energy (formerly Northern States Power Company),
Mineral Solutions, Inc. (MSI), the University of North Dakota Energy & Environmental
Research Center (EERC), and the University of Minnesota Department of Soil, Water, and
Climate. The overall project goal was to evaluate the potential for release of constituents into the
environment from ash used in soil stabilization projects.

Background

Coal combustion by-products (CCBs) are produced in large volumes at coal-fired power plants.
CCBs include fly ash, bottom ash, boiler slag, and flue gas desulfurization materials, and these
materials have been shown to have advantageous properties for engineering, construction, and
manufacturing applications [1,2,3,4]. CCBs, especially fly ash, have properties that are beneficial
in soil stabilization applications such as soil amendments to enhance subgrade support capacities
for pavements and floor slabs, reduction of shrink—swell properties of soils, and stabilizers in
aggregate road base construction and asphalt recycling. The EPRI and DOE realize that both the
engineering and environmental performance of CCBs must be demonstrated and documented for
CCBs to be fully accepted as a commercially viable option for soil stabilization applications.
These entities provided support for a laboratory and field investigation on the environmental
performance of regionally available fly ash for soil stabilization.

Objectives
The overall project goal is to evaluate the potential for release of constituents into the
environment from ash used in soil stabilization projects. Supporting objectives are:

* To ensure sample integrity through implementation of a sample collection, preservation, and
storage protocol to avoid analyte concentration or loss.

* To evaluate the potential of each component (ash, soil, water) of the stabilized soil to
contribute to environmental release of analytes of interest.

* To use laboratory leaching methods to evaluate the potential for release of constituents to the
environment.

* To facilitate collection of and to evaluate samples from a field runoff demonstration effort.
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Approach

The EERC provided project management for the overall effort and performed the laboratory
efforts to determine the composition of the bulk materials and the laboratory leaching studies on
field-collected cores as reported in Chapter 1. Under subcontract to the EERC, the University of
Minnesota Department of Soil, Water, and Climate performed a simulated rainfall event,
associated sample collection of runoff, and analytical testing of the runoff samples reported in
Chapter 2. The project was designed to evaluate the environmental performance of regional coal
fly ash in typical soil stabilization applications with an emphasis on addressing issues raised by
the regulatory community. To determine the types of environmental risk associated with the use
of coal combustion fly ash in soil stabilization, the effort included laboratory evaluations of fly
ash composition, a field demonstration to evaluate runoff quality, and laboratory leaching of
stabilized soil samples from full-scale soil stabilization projects. Xcel Energy and MSI chose
eleven commercial sites and one field-scale demonstration site to demonstrate the environmental
and engineering performance of ash in soil stabilization. Leachate generation was performed in
the laboratory using several leaching protocols, including both short- and long-term batch shake-
leaching procedures. A field demonstration of soil stabilization was used to collect runoff
samples generated from a simulated rainfall event. Data generated was compared to appropriate
regulatory limits, with input from the MPCA.

Results

The results of this study indicated limited mobility of the coal combustion fly ash constituents in
laboratory tests and the field runoff samples. The results presented support previous work
showing little to negligible impact on water quality. This and past work indicates that soil
stabilization is an environmentally beneficial CCB utilization application as encouraged by the
U.S. Environmental Protection Agency. This project addressed the regulatory-driven
environmental aspect of fly ash use for soil stabilization, but the demonstrated engineering
performance and economic advantages also indicate that the use of CCBs in soil stabilization can
and should become an accepted engineering option.

EPRI Perspective
(EPRI provides this when it goes to Publishing)
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ABSTRACT

The Minnesota Pollution Control Agency approved the use of coal ash in soil stabilization,
indicating that environmental data needed to be generated. An effort was funded by EPRI and the
U.S. Department of Energy, with involvement from Xcel Energy (formerly Northern States
Power Company), Mineral Solutions, Inc. (MSI), the University of North Dakota Energy &
Environmental Research Center, and the University of Minnesota Department of Soil, Water,
and Climate. The overall project goal was to evaluate the potential for release of constituents into
the environment from ash used in soil stabilization projects.

Xcel Energy and MSI chose twelve sites to demonstrate the environmental and engineering
performance of ash in soil stabilization. One site was a simulated rainfall event used to evaluate
the potential for runoff and to determine the composition of the runoff collected.

The objective of this trace element project was to determine the environmental performance of
the use of fly ash in soil stabilization. The objective was met by determining trace element
transport from stabilized sites in both runoff and leachate generation. Leachate generation was
performed in the laboratory using several leaching protocols, including the U.S. Environmental
Protection Agency 1312 synthetic acid precipitation leaching procedure. The other procedure
was an American Society for Testing and Materials (ASTM) D3987 shake leach procedure with
long-term leaching components of 30 and 60 days. This modified ASTM leaching test is called
the synthetic groundwater leaching procedure. Both leaching procedures are batch leaching
protocols utilizing a 20:1 liquid-to-solid ratio.

The results of the testing protocols all indicate that the use of fly ash for soil stabilization can be
done in an environmentally sound manner and with good engineering performance. The tests
also demonstrate that there can be some variability between different fly ash samples, although
few leachate trace element concentrations were above any problematic levels.
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Environmental Evaluation for Utilization of Ash in Soil Stabilization

1 ENVIRONMENTAL EVALUATION FOR UTILIZATION
OF ASH IN SOIL STABILIZATION

Chapter 1 was prepared by Loreal V. Heebink and David J. Hassett of the University of North
Dakota Energy & Environmental Research Center.

1.1 Introduction

Many coal combustion by-products (CCBs) have advantageous properties for engineering,
construction, and manufacturing applications [1,2,3,4]. CCB utilization applications include
concrete, soil stabilization, controlled low-strength materials, highway road base and subgrade,
highway embankments, soil amendments for agricultural uses, waste stabilization, extenders in
plastics and paints, and the manufacture of products such as cement, insulating materials,
lightweight building block, brick, and other construction materials. CCBs have properties that
are beneficial in soil stabilization applications such as soil drying, a soil amendment to enhance
subgrade support capacities for pavements and floor slabs, reduction of shrink—swell properties
of soils, and a stabilizer in aggregate road base construction and asphalt recycling.

Approximately 31% of all U.S. CCBs produced in 1999 were utilized, which is up from 28% and
29% in 1997 and 1998, respectively [5,6,7]. These CCBs included fly ash, bottom ash, boiler
slag, and flue gas desulfurization materials. Six percent of the utilized fly ash and 20% of the
utilized bottom ash were used in road base and subbase applications in 1999, down slightly from
7% of fly ash in 1997 and 1998 and 25% and 31% of bottom ash in 1997 and 1998, respectively
[5,6,7]. The typical usage rate of CCBs for soil stabilization applications is 6%—15%, although
this varies on the basis of engineering performance in prescribed laboratory tests.

Laboratory batch leaching tests have been utilized to determine the potential impact of CCBs on
the environment, based on numerous articles in the literature. The most common laboratory
leaching tests are 1) the toxicity characteristic leaching procedure (TCLP), U.S. Environmental
Protection Agency (EPA) Method 1311 [8]; 2) the synthetic precipitation leaching procedure
(SPLP), EPA Method 1312 [9]; and 3) the American Society for Testing and Materials (ASTM)
D3987 leaching procedure [10]. TCLP is generally not a suitable leaching test for the evaluation
of field behavior of CCBs, as it was designed for the evaluation of leaching of wastes when
codisposed in a sanitary landfill. SPLP and ASTM D3987 are more appropriate for evaluating
the environmental performance of CCBs. Field evaluations of ground and surface water have
been performed to determine the impact of CCB use [11,12]. The use of CCBs in various
applications, including paving, embankments, and road base, resulted in little-to-negligible
impact on water quality, as shown in these reports.
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Although field leaching behavior cannot be accurately duplicated with laboratory leaching, the
mobility of constituents in materials to be placed in the environment can be estimated. The
Minnesota Pollution Control Agency (MPCA) recommended the use of SPLP and a pH-neutral
leaching test. The ASTM D3987 leaching procedure was chosen as the pH-neutral test, using
distilled, deionized water for the leachate. These short-term, 18-hour tests do not allow adequate
time for secondary mineralization to occur with the subsequent change in the materials
controlling long-term behavior. The use of long-term leaching (LTL), typically 30- and 60-day
equilibration times at the Energy & Environmental Research Center (EERC), can demonstrate an
increase or decrease in the mobility of the constituents of interest with respect to time. Under
static laboratory batch leaching conditions, these changes are dependent on chemical and
mineralogical changes rather than on dilution or dispersion.

Secondary mineralization of CCBs has been shown to play an important role in the mobility of
constituents from CCBs and CCBs combined with other materials [13,14,15]. These reactions
frequently take extended periods of time and may occur over days or even months. Ettringite, a
mineral having the nominal composition CagAly(SO4)3(OH);; - 26H,0, is an example of a
secondary hydrated mineral. Ettringite is also the family name for a series of related compounds.
Ettringite is a primary hydration product that forms when coal ash and water combine under
alkaline conditions with a nominal pH between 11.5 and 12.5. The formation of ettringite and
other secondary minerals can benefit the physical and engineering performance of stabilized
soils. Ettringite formation acts to “dry” wet sites by incorporating large amounts of water into the
CCB as it hydrates and improves handling properties of the soils as well as adds strength and
reduces permeability. The secondary mineralization of field samples must occur prior to or
during laboratory testing, so that laboratory results can best simulate real-world conditions.

Ettringite has characteristic structural features that are fairly unique. The structure consists of
columns of calcium aluminate (CagAl,[OH];> - 24H20)6+, with the channels between these
columns containing the other components, which include an oxyanion such as sulfate with
hydroxide and water ([SO4]H[OH]04[H20]0,6)60. Ettringite is unique in that several elements
that exist as oxyanions in aqueous solutions can substitute for the sulfate in the structure. These
elements include, but are not limited to, arsenic, boron, chromium, molybdenum, selenium, and
vanadium. Additionally, a decrease in the concentrations of major cations and anions such as
calcium, aluminum, and sulfate often occurs. Ettringite is also responsible for strength
development in products (such as concrete and controlled low-strength material) that contain
CCBs. Ettringite has been shown to form in several types of CCBs, including fly ash generated
from the combustion of subbituminous and lignite coal [13,14]. Many fly ashes meet the
requirements for ettringite, which are soluble calcium, aluminum, sulfate, alkaline pH, and
adequate water.

Leachate concentrations in this report are compared to Minnesota groundwater standards,
national drinking water standards, and leaching regulations. The Minnesota groundwater
standards are the Health Risk Limit (HRL) and the Health Based Values (HBV) set by the
Minnesota Department of Health. An HRL is the concentration of groundwater contaminant, or a
mixture of contaminants, that can be safely consumed daily for a lifetime. HBV are derived by
the same methodology as HRL but may or may not have the same level of confidence. HRLs are
promulgated by rule whereas HBVs are not. The national drinking water standards used are
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EPA’s Maximum Contaminant Level (MCL), Maximum Contaminant Level Goal (MCLG), and
Secondary Drinking Water Regulations (SDWR). The MCL is the highest level of a contaminant
that EPA allows in drinking water. The MCL of lead is listed as a treatment technique (TT),
which is a required process intended to reduce the level of contaminant in drinking water. It is
then given an action level, which if exceeded in over 10% of the homes tested triggers treatment.
An MCLG is the level of a contaminant in drinking water at which there would be no risk to
human health; this is a nonenforceable level. The SDWR are nonenforceable federal guidelines
regarding cosmetic effects (such as tooth or skin discoloration) or aesthetic effects (such as taste,
odor, or color) of drinking water [16]. The leaching regulations are the Resource Conservation
and Recovery Act (RCRA) and Universal Treatment Standards (UTS) levels, which have been
historically based on TCLP tests but can be used as a guideline when analyzing results from
other leaching tests. UTS are constituent-specific treatment standards.

The hierarchy of values utilized in Minnesota is HRL, HBV, and MCL. The MPCA required
leachate lower limit of quantitation (LLQ) for beryllium and thallium is higher than a few water
regulations. The beryllium LLQ of 1 pg/L is greater than the HRL of 0.08 pug/L. The thallium
LLQ of 1 ug/L is greater than the HRL of 0.6 ug/L and the SDWR of 0.5 pg/L. Since the LLQs
for Be and T1 are above the HRLs, MPCA desired comparisons will not be possible.

1.2 Experimental

Xcel Energy (formerly Northern States Power Company) and Mineral Solutions, Inc., chose
twelve sites to demonstrate the environmental and engineering performance of fly ash in soil
stabilization. One site was a simulated rainfall demonstration used to determine the potential for
trace element mobility of runoff collected during the simulated rainfall event.

1.2.1 Sample Description

A description of the type of soil stabilization for each site is listed in Table 1-1. Sites 3—6
consisted of a 2-mile stretch of road, with each one-half mile stabilized with different fly ashes.
The simulated rainfall demonstration site is split into three because a control plot and two types
of stabilized soil plots were compared and contrasted for runoff effects.

Table 1-2 indicates the addition rate of ash, the source of fly ash used, and the blend method at
each site. The addition rate indicates 12 or 14 parts fly ash (or five parts lime) added to 100 parts
soil. Fly ash from all five of Xcel’s Minnesota coal-fired power plants was utilized in the project.
Eagan Class C fly ash is a blend of fly ash from the Black Dog and High Bridge plants. Riverside
Unit 7 is a Class C fly ash. Sherco is short for Sherburne County Generating plant. Riverside
Unit 8 and Allen S. King are cyclone boiler units that burn 5%-10% petroleum coke. At Site 12,
plots were stabilized with either Allen S. King fly ash or lime to compare and contrast runoff
effects. A mixture of Sherco Unit 3 and Riverside Unit 7 fly ashes produces Pozzolite, which is
sold only to masonry producers.
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Table 1-1
Type of Fly Ash Soil Stabilization Project at Each Site
Site Description
1 Subgrade stabilization beneath arena floor prior to placement of sand base and concrete floor
2 Subdivision street subgrade stabilization prior to placement of base course and wear surface
3 Road subgrade
4 Road subgrade
5 Road subgrade
6 Road subgrade
7 Street subgrade stabilization prior to placement of base course and wear surface
8 Water main trench backfill (soil and fly ash mixed, backfilled into the trench and compacted)
9 Subgrade stabilization inside building prior to placement of sand base and concrete floor
10 Subgrade stabilization beneath basketball arena parking lots prior to placement of base
course and wear surface
11 Subgrade stabilization beneath parking lots prior to placement of base course and wear
surface
12a Simulated rainfall demonstration test plot (fly ash)
12b Simulated rainfall demonstration test plot (agricultural lime)
12c Simulated rainfall demonstration test plot (control)

1.2.2 Sample Collection

Samples collected from each site included a background soil sample, an ash sample, a
background water sample (only where needed to aid in the soil stabilization process), and
stabilized soil samples (collected in core tubes). One 350-mL sample of unstabilized soil and of
fly ash from the delivery truck was collected. Three samples of soil stabilized with fly ash were
collected using 12-inch-long zero contamination stainless steel shelby tubes. Liquid samples
were preserved by the addition of 2% hydrochloric acid. All samples were transported to the lab
in coolers at 4°C. The core tubes were stored sealed under controlled conditions (18°-20°C) for
at least 7 days. This allowed for strength development and accompanying mineralogical
transformations to occur.

Additional samples collected at the simulated rainfall demonstration included a lime sample, a
background water sample at the point of release, runoff samples from the stabilized soil
plots, and a background runoff sample.
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let)ili?i;;lzRates of Ash, Ash Sources, and Blend Methods Used in the Project
Site Addition Rate and Source of Ash Blend Method
1 12 parts Eagan Class C fly ash Rotary tiller
2 12 parts Eagan Class C fly ash Motor grader
3 14 parts Riverside Unit 7 Class C fly ash Pulvomixer
4 14 parts mix: 2/3 Sherco Unit 3, 1/3 Riverside Unit 8 fly ash Pulvomixer
5 14 parts Sherco Unit 3 fly ash Pulvomixer
6 14 parts mix: 2/3 Sherco Unit 3, 1/3 Riverside Unit 7 Class C fly ash Pulvomixer
7 12 parts Eagan Class C fly ash Motor grader
8 12 parts Eagan Class C fly ash Disk
9 14 parts Eagan Class C fly ash Rotary tiller
10 12 parts Eagan Class C fly ash Disk
11 12 parts Eagan Class C fly ash Pulvomixer
12a | 12 parts Allen S. King fly ash Rototiller
12b | 5 parts lime Rototiller
12c | Control (only soil) —

1.2.3 Bulk Composition

The raw materials (fly ash, lime, soil, and water) from the sites were analyzed for bulk
composition at the Xcel Energy Environmental Laboratory. Fly ash and soil were tested for all
sites; lime was tested for Site 12b; and water was tested for Sites 3—6. The elements required in
MPCA Permit SW-532 are listed in Table 1-3, as well as the LLQ required by the MPCA. The
soil samples were air-dried at 104°F and ground in a tungsten carbide mill. The samples

were digested with nitric, hydrochloric, and hydrofluoric acids in closed Teflon microwave
vessels. The test methods used to determine the concentration of these elements were inductively
coupled plasma (ICP), inductively coupled plasma/mass spectroscopy (ICP/MS), cold-vapor
atomic absorption (CVAA), and thermal decomposition, amalgamation, and atomic absorption
spectrophotometry (TDA/AAS) (listed in Table 1-4). EPA Method 245.1 was first used to
measure the concentration of Hg in the solids. The solids that yielded a concentration of less than
the method detection limit (MDL) of 0.06 ng/g were retested using EPA Method 7473 to achieve
the required LLQ of 0.001 pg/g.
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Table 1-3
MPCA Required Lower Limit of Quantitation
Solids, Runoff and Solids, Runoff and

Parameters Hg/g Leachates, pg/L Parameters Hg/g Leachates, pg/L
Sb 0.3 3 Mn 0.5 5
As 0.4 4 Hg 0.001 0.01
Ba 1.0 10 Mo 0.2 2
Be 0.5 5° Ni 04 4
B 20 200 Se 0.2 2
Cd 0.03 0.3 Ag 0.03 0.3
Cr 0.1 1 SO.* — 1000
Co 0.2 2 T 0.3 3
Fe 1.0 10 Vv 4 40
Pb 0.2 2 Zn 3 30

*The LLQ was lowered to 1 ug/L at the EERC.

Table 1-4
Test Methods Used to Analyze Solids
Test Method Element(s) tested
EPA 200.7 Ba, B, Fe, V (ICP)
EPA 200.8 Sb, As, Be, Cd, Cr, Co, Pb, Mn, Mo, Ni, Se, Ag, Tl, Zn (ICP/MS)
EPA 245.1 Hg (CVAA, manual) (MDL of 0.06 ug/g)
EPA 7473 Hg (TDA/AAS) (MDL of 0.001 pg/g)

1.2.4 Leaching

Leaching was performed on fly ash—stabilized soil composites. Duplicate fly ash—stabilized soil
core tubes were received from several locations at each site. One core from each of the locations
was disaggregated and used to make a composite for each site. Each composite was subjected to
SPLP, ASTM D3987, and LTL tests.
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The ASTM D3987 and SPLP leaching had an equilibration time of 18 hours. The SPLP
extraction fluid was prepared by adding a 60/40 weight percent H,SO,~HNOj; solution to
distilled, deionized water until a pH of 5.00 + 0.05 was reached, which is used to determine the
leachability of soil for sites west of the Mississippi River. A pH of 5.03 was achieved. The
ASTM D3987, referred to hereafter as the 18-hour test, and LTLs used distilled, deionized water.
The equilibration time for the LTL of the composites was 30 and 60 days. Four separate
leachings were done for each sample. A 20:1 liquid-to-solid ratio with end-over-end rotation at
30 rpm was used for all leachings. The leachates were filtered through a 0.45-um filter, and the
pH of the filtered solution was recorded. The solutions were preserved with nitric acid to pH less
than 2.

All leachates were analyzed at the EERC for the parameters in Table 1-4. The instrumental
methods used were graphite furnace atomic absorption (GFAA), inductively coupled argon
plasma (ICAP), CVAA, gaseous hydride atomic absorption, and ion chromatography (IC)
(Table 1-5). Minnesota Valley Testing Laboratories, Inc., in Bismarck, North Dakota, performed
the turbidimetric determination of sulfate.

Table 1-5
Test Methods Used to Analyze Leachates

Test Method Element(s) Tested Test Method Element(s) Tested
EPA 200.7 Ba, Be, B, Fe, Mn, V, Zn (ICAP) EPA 249.2 Ni (GFAA)
EPA 204.2 Sb (GFAA) EPA 272.2 Ag (GFAA)
EPA 206.2 As (GFAA) EPA 245.1 Hg (CVAA)
EPA 213.2 Cd (GFAA) EPA 270.3 Se (gaseous hydride AA)
EPA 218.2 Cr (GFAA) EPA 279.2 TI (GFAA)
EPA 219.2 Co (GFAA) EPA 300.0 Sulfate (IC)
EPA 239.2 Pb (GFAA) EPA 375.4 Sulfate (turbidimetric)
EPA 246.2 Mo (GFAA)

1.2.5 Simulated Rainfall Demonstration

The simulated rainfall demonstration was conducted at the University of Minnesota Rosemount
Research and Outreach Center. Composites were made of the four control (soil only) plots, of the
four fly ash—stabilized soil plots, and of the four lime-stabilized soil plots. The stabilized soil
composites were leached in the same manner as was done for the core composites. Runoff from
the study is evaluated in Chapter 2.
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1.2.6 Biotoxicity

On July 28, 2000, a report entitled Relative Toxicity of Soil, Soil/Lime, and Soil/Fly Ash
Leachates was sent to Xcel Energy by Environmental Toxicity Control, Inc., as a part of a study
conducted by the University of Minnesota to determine water quality of runoff from stabilized
soils. The following is a short summary of methods and findings from this report, which is
included as Appendix K.

There were two stabilized soils tested along with an unstabilized control:
1. Soil from the runoff site

2. Soil + 5% lime

3. Soil + 12% fly ash from the Allen S. King power plant

The levels of treatment are taken from the test plan used in the runoff demonstration. Five test
species were used in the toxicity testing.

1.  Fathead minnow, Pimephales promelas
2. Water flea, Ceriodaphnia dubia

3.  Algae, Selenastrum capricornutum

4.  Frog embryo, Xenopus laevis

5. Earthworm, Eisenia foetida

Leachates were prepared from the three test materials described above.

1.3 Results and Discussion
Table 1-6 gives the MPCA LLQs and state and federal regulatory limits. The hierarchy of values
utilized in Minnesota is HRL, HBV, and MCL. In this report, SDWR, RCRA, and UTS

regulatory limits are also included in comparisons.

Results from Sites 1-11 and the simulated rainfall demonstration are reported separately.

1.3.1 Bulk Composition

A summary of the range of data on the bulk composition of the solids from Sites 1-11 is
presented in Table 1-7. The results for the solids from the simulated rainfall demonstration are
presented later. All bulk composition values can be seen in Appendix A. Mercury values
obtained using EPA Method 7473 are denoted in Appendix A.
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Leachate and Runoff MPCA Lower Limits of Quantitation and Minnesota State and

Environmental Evaluation for Utilization of Ash in Soil Stabilization

National Regulatory Limits, pg/L

Minnesota National Regulations

Groundwater Drinking Water Leachates

Parameter | Leachate and HRL / HBV MCL SDWR RCRA uUTsS
Runoff LLQ

Sb 3 6 6 1500
As 4 50 5000 5000
Ba 10 2000 2000 10,000 | 2100
Be 5 0.08 4 1220
B 200 600
Cd 0.3 4 5
Cr 1 100 100 5000 600
Co 2 30
Fe 10 300
Pb 2 15° 5000 75
Mn 5 100 50
Hg 0.01 2 200 25
Mo 2 30
Ni 4 100 11,000
Se 2 30 50 1000 5700
Ag 0.3 30 100 5000 140
T 3° 0.6 2 0.5° 20
v 40 50 1600
Zn 30 2000 5000 4300
SO,” 1000 250,000

* Lowered to 1 ug/L at the EERC." TT action level. * MCLG. ° Cr III.

It can be seen that the fly ashes and soils are quite different in composition. Generally,
the concentration of the trace elements determined is higher in the fly ash than in the soil.
The stabilized soil chemistry is mostly dependent upon the interaction between the fly
ash and soil. These hydration reactions that the fly ash can undergo and possible ash
sediment interactions can take time to occur and are dependent on water contact and

chemistry of both the ash and the soil.
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Table 1-7
Summary of Solids Bulk Composition Data Ranges for Sites 1-11, pug/g
Parameter Fly Ash Data Soil Data Parameter Fly Ash Data Soil Data
Range Range Range Range

Sb 2.3-3.8 0.3-25 Mn 129-558 212-1337
As 11.9-19.0 3.5-9.7 Hg 0.015-0.600 0.011-0.480
Ba 134-6870 263-679 Mo 7.6-25.0 0.2-3.2
Be 1.5-5.3 0.3-1.2 Ni 16-165 8-108
B 480-1392 <4-39 Se 15.1-25.2 1.3-11.6
Cd 0.55-1.99 0.11-1.06 Ag 1.18-1.94 0.10-1.14
Cr 35-95 11-46 T 0.37-0.68 0.20-0.67
Co 13.0-29.9 9.0-18.0 v 56-312 16-103
Fe 24,825-44,666 | 13,830-22,502 | Zn 50-175 26-174
Pb 21.1-54.5 9.0-16.8

Table 1-8 shows the data range of the bulk elemental composition in the Eagan Class C fly ashes.
Eagan fly ash is a blend of fly ash from two different sources and is more of a marketing source
than an originating source. Eagan fly ash was used as the additive in Sites 1, 2, and 7-11. Other
sources of fly ash were used for Sites 3—6. Eagan Class C fly ash is comparable to the other fly
ashes used in the study.

Table 1-9 shows the range for the soil in Sites 3—6. These sites consist of four one-half mile
stretches of a road. The numbers are fairly consistent, as expected.

Water was used at Sites 3—6 to aid in the soil stabilization process. The elemental composition
results are shown in Table 1-10. The concentrations are compared to Minnesota HRLs and HBVs
and national drinking water regulations, as these are the highest in the MPCA hierarchical order.
All concentrations of this background water are lower than the Minnesota required limits.
However, the certainty of the Be comparison to the HRL is unclear since the LLQ is higher than
the HRL, but it is lower than the MCL.

1.3.2 Leaching

The range of all leaching results for the soil stabilization composites from Sites 1-11 is shown in
Table 1-11 (43 leachings total) and compared to regulatory limits. A 30-day leaching of Site 2
was not performed because of a lack of material. The results for the leachates from the simulated
rainfall demonstration are presented later. The number in the column labeled “Low” is the lowest
reported value above the LLQ. All leachate values can be found in Appendix B.
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Table 1-8
Eagan Class C Fly Ash Bulk Elemental Composition, pg/g
Parameter Data Range Parameter Data Range

Sb 2.3-2.7 Mn 129-162
As 11.9-19.0 Hg 0.162-0.600
Ba 4747-6870 Mo 7.6-10.2
Be 1.5-5.3 Ni 16-98
B 480-1084 Se 15.1-25.2
Cd 1.17-1.99 Ag 1.44-1.94
Cr 37-95 T 0.40-0.68
Co 13.0-29.9 v 160-202
Fe 30,989-44,666 Zn 54-175
Pb 46.1-54.5

Table 1-9

Bulk Elemental Composition of Soil from Sites 3-6, pg/g

Parameter Data Range Parameter Data Range
Sb 0.61-0.84 Mn 648—1337
As 7.3-8.0 Hg 0.14-0.2
Ba 628-655 Mo 0.9-1.9
Be 1.11-1.23 Ni 21.6-36.0
B <4-8 Se 1.3-3.0
Cd 0.22-0.48 Ag 0.33-0.38
Cr 26.7-45.7 Tl 0.46-0.61
Co 10.1-13.3 v 81-103
Fe 18,387-22,502 |Zn 64—69
Pb 13.1-15.9
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Table 1-10
Bulk Composition Results of Water Used for Sites 3-6, pg/L

Parameter | Concentration HRL / HBV MCL / SDWR
Sb <0.04 6 6

As 1 50

Ba 42 2000 2000
Be <0.1 0.08 4

B 360 600

Cd <0.1 4 5

Cr 13 100 100
Co 0.75 30

Fe 259 300
Pb 2.1 15°

Mn 96 100 50

Ha <0.02 2

Mo 0.7 30

Ni 1.4 100

Se <1 30 50

Aa <0.1 30 100

Tl <0.01 0.6 2/05
Vv 1 50

Zn 12 2000 5000
SO, 101,000 250,000
* TT action level. ° MCLG.

Few values were noted for Cd, Co, Fe, Pb, Mn, and Hg, and no values above the required MPCA
LLQs were seen for Sb, Be, Tl, or Zn in any of the leaching tests performed. Since a detection
limit below the MCL for Be and T1 was achievable, the LLQ was set to 1 ug/L at the EERC,
which showed actual T1 values but no Be values. All leachate values were well below RCRA and
UTS regulatory levels. Concentrations above the HRL or HBV limits were noted for B, Mo, TI,
and/or V in several sites. Three chromium values were slightly above the HRL and MCL limit.
No other concentrations were above MCL levels.

The leaching values of the fly ash-stabilized soil composites varied between sites because of the
differences in fly ash and bulk soil compositions, as well as because of potential geochemical
changes induced through ash—sediment interactions and hydration reactions of the fly ash.

Comparisons of the results from the four leaching tests are displayed graphically by site in
Appendix C. Only those elements with detected values are depicted in the figures. The number
of elements detected for each site ranged from five to twelve, excluding sulfate. Sulfate is not
included in the individual site figures in Appendix C because the values are much higher than
those of any other element. The higher values made graphic presentation difficult. A dotted line
indicates a separation between the right and left axes, both of which are in units of ug/L. The
SPLP value was, in many cases, higher than the 18-hour ASTM D3987 leachate value although
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Table 1-11

Comparison of Leachate Concentrations to MPCA LLQs and Regulatory Limits, pg/L
Parameter Values below Low High HRL / MCL / RCRA uTs

LLQ (of 43) (detected) HBV SDWR

Sb all <3 6 6 1500
As 22 values <4 4.4 14 50 5000 5000
Ba 0 values <10 42 296 2000 2000 10,000 2100
Be all <1 0.08 4 1220
B 0 values <200 260 1400 600
Cd 42 values <0.3 0.96 4 5
Cr 4 values <1 4.2 131 100 100 5000 600
Co 41 values <2 2.2 2.3 30
Fe 39 values <10 11 24 300
Pb 42 values <2 9.2 15° 5000 75
Mn 42 values <5 8 100 50
Hg 17 values <0.01 0.0013 0.066 2 200 25
Mo 1 value <2 25 82.4 30
Ni 34 values <4 4.3 10 100 11,000
Se 9 values <2 2.1 71 30 50 1000 5700
Ag 34 values <0.3 0.34 5.3 30 100 5000 140
T 37 values <1 1.01 1.38 0.6 2/0.5 20
\Y 14 values <40 43 340 50 1600
Zn all <30 2000 5000 4300
SO,/ 0 values <1000 16,400 295,000 250,000
*TT action level. ° MCLG.
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Each was an 18-hour test. This is most likely due to the instantaneous effect of the acidic pH
leaching solution.

1.3.2.1 Calculated Maximum of Leachability

A calculated maximum level of leachability was determined for each element at each site for the
fly ash (or lime) and the soil using Eq 1. Maximums were not determined for sulfate because it
was not part of the bulk elemental testing of the solids. Maximum calculated concentration
assumes total solubility of the material of interest or total release of analyte. A 20:1 liquid-to-
solid ratio was used in the leachings. The calculated maximum values were determined for the
fly ash and soil to show what could possibly leach if either solid were in an unstabilized
environment.

bulk elemental composition (ug/g) X sample size (g)

CalcMax (ppb) = [Eq. 1]

volume of leaching solution (L)

A core composite calculated maximum of leachability was determined by applying the ash
application rate for each site (Table 1-2) to Eq 2. Each sample consisted of 100 + x parts, where
x is the application rate. The calculated maximum assumes that the addition rate was accurate.
The maximum was in all cases much higher than the actual leachate values for Sites 1°11.
Figures of the leachate values plotted against the core composite calculated maximum values can
be found in Appendix F. The core maximum generally mimicked that of the soil.

Core Composite Calc Max (ppb) = [Eq. 2]

The core composite calculated maximum of leachability was also used to determine the
percentage of possible leachability that actually occurred. For these calculations, the percentage
was found by dividing the actual leachate result by the stabilized composite calculated maximum
of leachability. Most of what did leach was less than 10% of the calculated maximum. Some
leaching did occur between 10% and approximately 40%.

1.3.2.2 pH

Indirect evidence of ettringite formation is seen in some of the composite samples. This is in
evidence because of decreasing concentrations of key indicator elements such as arsenic, boron,
chromium, molybdenum, selenium, and vanadium. These trace elements and other elements
known to exist as oxyanions in aqueous solution are known to form partially and/or fully
substituted ettringites. It is also known that ettringite is the primary secondary hydration product
formed when alkaline coal ash reacts with water. If the proper ingredients: aluminum, calcium,
sulfate, and alkalinity are present, ettringite forms [17]. Optimal pH levels for ettringite
formation are 11.5 to 12.5. Although this optimal pH range is required for ettringite formation,
the bulk pH of samples may be below this limit and ettringite can still form. This is because of
localized high pH at the ash granule—water interface. Evidence of ettringite formation has been
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seen in samples with bulk pH values of between 9 and 10. Several trends of decreasing
concentrations of trace elements can be seen in the elements arsenic, barium, boron, selenium,
and sulfate. The decreasing concentration seen in barium is likely due to precipitation as barium
sulfate where the others, which are oxyanions in aqueous solution, may likely be due to ettringite
formation as well as to various other less likely precipitation reactions.

The final pH levels of all the filtered fly ash—soil-stabilized composite leachates are alkaline (see
Figure 1-1). Table 1-12 shows the final pH levels of all leachates.
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Figure 1-1

Final pH Levels of Fly Ash-Stabilized Soil Composite Leachates

It can be seen that the pH values for most of the samples were higher with distilled, deionized
water and lower for an acidic leaching solution, as would be expected. The minor discrepancies
for Samples 3, 8, 10, and 11, between the two 18-hour tests, are likely due to slight
nonhomogeneity of the samples and are (for Samples 3, 8, and 11) also within experimental error
for field samples of this type. The pH for 30- and 60-day leachings appears to increase with most
of the fly ash-modified samples. Although the SPLP was an acidic leaching solution, the actual
amount of acidity in a low ionic strength and unbuffered solution of this type is very low when
compared to the available alkalinity of ash and buffering capacity of soil-ash systems.
Differences in trace element concentrations and pH because of the use of an initially acidic
solution, such as that used in SPLP leaching, may be due to an initial and near instantaneous
effect of the acidic solution at the moment of first contact with sediment—ash systems. The
general observation for these pH determinations is that, except for the low pH Samplel2a with
acidic leaching solution, all of the mixtures were potentially capable of ettringite formation.
Even Sample 12a may have formed some ettringite. Direct evidence for ettringite formation can
be obtained using x-ray diffraction but only at levels of greater than 1%. Because of the low
loading of ash used in these projects, it would have been problematic to directly determine if
ettringite had formed. The reduction of boron concentrations as well as decreases in
concentrations of other oxyanionic element species with extended equilibration times in LTL,
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however, is fairly good indirect evidence for ettringite formation given the high solubility of
most boron compounds and minerals and because of the resistance of boron to sorptive removal.

Table 1-12
Final pH Levels of All Leachates

Site | SPLP pH ASTM 30-day pH 60-day pH
D3987 pH

1 9.50 9.88 9.51 9.50
2 10.68 10.89 NT 11.01
3 10.51 10.42 10.99 11.10
4 10.07 10.36 10.42 10.57
5 9.85 10.43 10.60 10.61
6 9.94 10.32 10.68 10.92
7 10.65 10.85 10.89 10.93
8 9.74 9.63 10.00 10.08
9 10.97 11.15 11.13 11.29
10 10.96 10.07 10.97 11.09
11 10.79 10.67 11.05 11.20
12a 8.79 10.51 10.44 10.40
12b 9.73 10.11 9.45 9.71
NT: Not tested.

Because ettringite formation can result in very efficient removal of select oxyanionic species
(>99%), its formation in ash projects is highly desirable [18].

1.3.3 Simulated Rainfall Demonstration

1.3.3.1 Bulk Composition

Table 1-13 compares the solids used in the simulated rainfall demonstration test plots. A vast
difference is seen in the concentrations of the elements among the three solids. The elemental
concentrations are higher, in most cases much higher, in the fly ash than in the lime. It should be
noted again that the fly ash utilized in this demonstration was from the Allen S. King plant,
which is a cyclone boiler unit that burns 10% petroleum coke. Therefore, higher leachate
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concentrations can be expected for Mo, Ni, V, and other trace elements that can be associated
with petroleum coke.

Table 1-13

Comparison of Simulated Rainfall Demonstration Solids, pg/g
Parameter | Fly Ash Lime Soil Parameter | Fly Ash | Lime Soil
Sb 6.6 0.10 0.7 Mn 321 106 468
As 26.3 6.2 54 Hg 0.810 TO.OO 0.190
Ba 432 5 514 Mo 105.1 0.2 1.2
Be 3.6 0.12 1.2 Ni 979 7.1 24
B 2005 38 <4 Se 294 24.6 1.8
Cd 1.90 0.06 0.18 Ag 1.87 0.06 0.38
Cr 78 4.3 38 TI 0.41 <0.01 | 0.52
Co 32.4 12.8 11.9 Vv 1537 3 80
Fe 43,885 1022 17,925 | Zn 160 10 57
Pb 68.8 0.4 14.7

Many of the King fly ash elemental concentrations are also higher than the concentrations of the
other fly ashes in the project. The lime trace element concentrations were much lower than the
concentrations in any fly ash samples, with the exceptions of cobalt and selenium. The soil is
very similar elementally to the other soils in the project. Bulk composition results can be found
in Appendix A.

1.3.3.2 Leaching

Table 1-14 compares the leachate ranges for each element to the regulatory limits. In most, but
not all, cases, the leachate values for the fly ash—soil composite are higher than the leachate
values for the lime—soil composite. The numbers do not directly correlate back to the bulk
composition of the elements. In the fly ash—soil leachates, the B values are two times higher than
the HRL. The Mo and V values are high in Site 12a, which is expected because of the 10%
petroleum coke used in the firing of the coal. The Mo values are seven to nine times higher than
the HBV in the fly ash-soil leachates. The V values are five to nine times higher than the HRL
but still below the UTS level. A high silver value is seen in a lime—soil leachate, which is
possibly an anomaly. The leachate values are found in Appendix B and are displayed graphically
in Appendix G.
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Calculated maximums of leachability were determined for the fly ash, lime, and soil using Eq. 1
and for the fly ash and lime-stabilized test plots using Eq. 2. The calculated maximum was
determined using a 12-part addition of fly ash for Site 12a and a 5-part addition of lime for

Table 1-14
Comparison of Simulated Rainfall Demonstration Leachate Data Range to Regulatory
Limits, pg/L

Parameter | Fly Ash-Soil Lime-Soil HRL / MCL/ RCRA uTs
Data Range | Data Range HBV SDWR
Sb all <3 all <3 6 6 1500
As <4-7.4 6-12 50 5000 5000
Ba 86-97 <10-13 2000 2000 | 10,000 2100
Be all <1 all <1 0.08 4 1220
B 1200-1300 all <200 600
Cd <0.3-0.45 all <0.3 4 5
Cr 2.4-3.6 <1-14 100 100 5000 600
Co all <2 <2-24 30
Fe all <10 all <10 300
Pb all <2 <2-2.6 15° 5000 75
Mn all <5 all <5 100 50
Hg <0.01-0.0236 <0.01- 2 200 25
0.0306
Mo 216-285 <2-4.7 30
Ni all <4 8.4-11 100 11,000
Se <2-5.2 all <2 30 50 1000 5700
Ag <0.3-5.2 <0.3-26 30 100 5000 140
Tl all <1 all <1 0.6 2/0.5 20
v 270-417 <4042 50 1600
Zn all <30 all <30 2000 5000 4300
SO.* 19,000— 2900- 250,000
227,000 17,800
*TT action level. * MCLG.

Site 12b. The composite calculated maximum was, in most cases, much higher than the actual
leachate values. In the samples where leaching above the LLQs did occur, the percentage of
maximum leachability that occurred ranged from 0.045% to 46.22% for all of the elements. The
highest percentages were for molybdenum. The 60-day silver leachate for Site 12b was higher
than the estimated calculated maximum and is not included in the percentage range. This
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represents some source of contamination, but because of the low bulk silver levels and low
leachability, the source of silver contamination was not identified, and further investigation was
considered to be beyond the scope of this project. The percentage values can be found in
Appendix G.
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1.3.4 Quality Assurance/Quality Control

The stabilized soil of five samples from four of the sites was leached again. Samples were

included from Sites 1, 3, 4, and both stabilized soils from Site 12. These samples were chosen for

duplicate leaching for the range of values to be tested. Sites 1, 3, and 4 had the most low,
medium, and high values, respectively, overall. Sites 12a and 12b were chosen to further
compare/contrast the values. Leachings performed were the deionized leachings: ASTM D3987
and the 30- and 60-day L'TLs. Tables 1-15 and 1-16 show the changes in the data ranges with the
duplicate results. Blank spots indicate no changes.

ET\ZIEQL; Ei)n Data Ranges for Duplicate Deionized Leachings of Sites 1, 3, and 4, pg/L
Element Site 1 Site 1D Site 3 Site 3D Site 4 Site 4D
As <4-11 6.2-7.4 5.9-14 6.7-7.4
Ba 68-93 69-147 42-234 59-115 59222 89-227
B 260-360 250-400 640-920 1200-1600 420-570 970-1300
Cr 13.1-20.3 9.3-17.1 14.7-67 20.7-46.5 54-11.4 3.5-9.1
Co <2 <2-2.8
Fe <10 <1042 <10 <10-20
Mn <5-8 <5
Mo <2-5.7 3-11 10-22 21.7-35.4 49.7-72 76.5-118
Ni <4-8.3 <4-4.7 <4-10 5.0-6.3
Se 2.2-4.8 5.3-6.4 3.2-5.6 5.0-6.4
SO.* 26,900— 44,500— 35,900— 83,200— 182,000- 332,000-
32,900 49,600 63,600 109,000 284,000 640,000
TI <1-1.38 <1 <1-1.27 <1 <1-1.14 <1
v 56-97 45-110 180-340 190-320

Changes in the data ranges for 13 elements were noticed in Sites 1, 3, and 4. Generally, increases
over previous concentrations were seen in boron, molybdenum, selenium, and sulfate; decreases
were seen in arsenic, chromium, and nickel. Mixed results were seen for barium and vanadium.
A few values were seen for cobalt and iron where no values had previously been seen above the
LLQs. Values above the LLQs were no longer seen for manganese and thallium.

The changes in concentrations of the elements for Sites 12a and 12b varied. Arsenic, barium,
selenium, and vanadium concentrations increased over the previous values for both samples;
chromium and sulfate concentrations were lower. The boron changes were mixed and the
molybdenum concentrations increased for Sample 12a. The cobalt, molybdenum, and nickel
concentrations for Sample 12b varied. Values above the LLQs were no longer seen for cadmium
and silver. The disappearance of silver confirms the suspicion that the original 60-day leaching
result of 26 pug/g for Site 12b was likely due to contamination.
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Table 1-16
Changes in Data Ranges for Duplicate Leachings of Sites 12a and 12b, pug/L
Element Site 12a Site 12aD Site 12b Site 12bD

As <4-7.4 6.5-9.4 6-12 12-16
Ba 86-92 96-102 <10-11 12—-14
B 1250-1300 1200-1500
Cd <0.3-0.45 <0.3
Cr 2.6-3.6 2.0-3.2 <1-1.4 <1
Co <2-2.4 <2-29
Mo 216-225 252-278 2.2-47 <2-29
Ni 8.4—11 5.7-11
Se <2-5.2 5.0-6.2 <2 2.2-26
Ag <0.3-5.3 <0.3 <0.3-26 <0.3
SO.* 194,000-227,000 | 202,000-210,000 | 3700-17,800 1400-2700
\Y 270-417 240-442 <40-42 <40-50

1.3.5 Biotoxicity

Leachates were prepared from the three test materials described earlier. One part of test material
by volume was mixed with four parts of water on a volume basis. Because of the higher solid-to-
liquid ratio used for the toxicity testing, concentrations of many trace elements were higher than
concentrations obtained from the environmental leaching which uses a 1:20 solid-to-liquid ratio
by weight.

Despite higher concentrations of several potentially toxic trace elements, the results of toxicity
testing indicated little differences between the lime and fly ash—stabilized soils. Both showed
limited increases in toxicity to all species except the earthworm, which was essentially
unaffected by the fly ash—soil and lime—soil leachates. All aquatic toxicity tests demonstrated
measurable responses from both lime—soil and fly ash—soil leachates. Soil leachates
demonstrated no detrimental effects for any of the species tested.

1.4 Conclusions

Conclusions from laboratory analyses are presented in two ways. First, the laboratory leaching
results are explained by site. Second, each element is examined, including the solids and
leachings. Sites 1-11 and the simulated rainfall demonstration are considered separately.

It is important to note that batch leaching using SPLP, ASTM D3987, and LTL were used for
generating data in this report. The decision to use these tests was made considering that either
groundwater or, more likely, rainwater would be the leaching solution in real-world scenarios.
TCLP leaching was deliberately left out because of the extreme unlikeliness of acetic acid
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leaching solutions contacting stabilized soils. It is highly recommended that future studies use
these batch leaching tests or tests that are similar.

1.4.1 Sites 1-11

The following describes the leaching results from Sites 1-11 in detail. Conclusions are based on
Minnesota groundwater and national drinking water regulations. All concentrations are well
below RCRA and UTS leaching limits.

1.4.11 Site 1

Site 1 was an arena floor subgrade Eagan Class C fly ash—soil stabilization prior to the placement
of a sand base and concrete floor. The 30-day leachate was not tested for sulfate because of a
lack of leachate sample. The only seven parameters with detectable values from the core
composite leachings are Ba, B, Cr, Hg, Mo, Tl, and sulfate. All Tl results exceed the HRL and
MCLG but are below the MCL, although only one Tl value is detected above the LLQ. All other
concentrations are below regulatory levels.

Site 1 was included in the duplicate leaching sample set because very few elements yielded
results above the LLQs. The duplicate results are not very different from the original leaching.
Thallium is no longer seen above the LLQ and cannot accurately be evaluated based on the HRL
and SDWR limits. All other concentrations are below regulatory limits.

Site 1 does not appear to pose a threat to the surrounding environment.

1.41.2 Site 2

Site 2 was a subdivision street subgrade Eagan Class C fly ash—soil stabilization prior to
placement of a base course and wear surface. A lack of material resulted in the 30-day leaching
experiment not being performed. Leaching of the parameters Ba, B, Cr, Hg, Mo, Se, Ag, Tl, V,
and sulfate is seen above the LLQs. Exceedances are noted in B, T1, and V. The boron SPLP and
60-day leachings are above the HRL limit of 600 pg/L. The 18-hour thallium concentration of
1.11 pg/L is above the HRL and MCLG but below the MCL. The 60-day vanadium
concentration of 59 ug/L is slightly above the HRL of 50 pg/L. All other concentrations are
below HRL, HBV, or MCL regulatory limits.

1.41.3 Site 3

Site 3 was the first one-half mile road subgrade of a 2-mile stretch. Riverside Unit 7 Class C fly
ash was used for the soil stabilization. Twelve parameters leached detectable levels including As,
Ba, B, Cr, Hg, Mo, Ni, Se, Ag, Tl, V, and sulfate. Exceedances above the HRL are found for B,
TIl, and V. No MCL exceedances are noted. The boron values of 640°940 ug/L are higher than
the HRL limit of 600 pg/L. The 18-hour and 30-day thallium concentrations of 1.14 and

1.27 ug/L are above the HRL of 0.6 ug/L and the MCLG of 0.5 pug/L, but below the MCL of 2
ug/L. The SPLP and 18-hour vanadium concentrations of 57 and 56 ug/L, respectively, are
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slightly above the HRL limit of 50 pg/L, while the 30- and 60-day concentrations are higher at
95 and 97 pg/L, respectively. All other concentrations are below regulatory limits.

Site 3 was chosen for the duplicate sample set because the original leachate values were
generally in the midrange. Increases in all leachate concentrations are seen for B, Mo, Se, and
sulfate. The boron values of 1200, 1500, and 1600 are all above the HRL. Arsenic and vanadium
showed decreases in the 18-hour and 30-day values, but increases in the 60-day values. Barium,
chromium, and nickel showed increases or no change initially, but decreases in the LTL results.
Thallium no longer is seen as leaching above the LLQ, but values for cobalt and iron are noticed.
The cobalt 60-day leaching concentration of 2.8 ug/L is below the HBV of 30 ug/L. The iron
values are well below the SDWR of 300 pg/L.

Boron and vanadium are the most problematic elements at Site 3, according to MPCA limits.

1.41.4 Site 4

Site 4 was the second one-half mile road subgrade of a 2-mile stretch. It was stabilized with a 14-
part mixture consisting of 2/3 Sherco Unit 3 fly ash and 1/3 Riverside Unit 8 Class C fly ash.
Thirteen parameters leached detectable concentrations. These are As, Ba, B, Cr, Mn, Hg, Mo, Ni,
Se, Ag, Tl, V, and sulfate. Nickel is below the HRL limit. This is the only site where manganese,
at a concentration of 8 ug/L, leached above the LLQ of 5 pg/L. The boron SPLP concentration
of 910 pg/L is above the HRL. The molybdenum concentrations ranged from 49.7 to 82.4 ug/L,
the highest of all leachates in Sites 1-11, and all above the HBV of 30 ug/L. The vanadium
concentrations are all much above the HRL limit of 50 pg/L, ranging from 180 to 340 pug/L. The
Mo and V concentrations are indicative of the Riverside Unit 8 fly ash present in the mixture.
The 18-hour Tl concentration is above the HRL and MCLG. The SPLP and 60-day sulfate
concentrations are above the SDWR of 250,000 pug/L.

Duplicate leachings of Site 4 were performed because many of the elemental leaching
concentrations are high since Riverside Unit 8 fly ash was included in the mixture. Increases in
all of the leachate concentrations are seen for Ba, B, Mo, Se, and sulfate. The boron
concentrations of 970-1300 pug/L are all above the HRL limit of 600 pg/L, and the sulfate
concentrations are above the SDWR of 250,000 ug/L. Arsenic showed decreases in the 18-hour
and 30-day values, but an increase in the 60-day values. The changes in the chromium values are
mixed. A nickel value is noted for the 18-hour leaching, and the long-term values decreased from
the original. The 18-hour and 30-day vanadium concentrations increased, but the 60-day
concentration decreased. An iron concentration of 20 ug/L for the 18-hour leaching is seen. The
Mn and TI values are no longer detected above the LLQs.

Boron, molybdenum, vanadium, and sulfate are of concern for Site 4.

1.41.5 Site 5

Site 5 was the third one-half mile stretch of road, which had a subgrade stabilized with Sherco
Unit 3 fly ash. The eleven parameters that leached are As, Ba, B, Cr, Co, Hg, Mo, Ni, Se, V, and
sulfate. The only cobalt concentrations above the LLQ are from Site 5; these are below all
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regulatory limits. All leachates except the 18-hour had boron concentrations above the HRL. The
30- and 60-day V concentrations of 76 and 90 pug/L, respectively, are above the HRL of 50 ug/L.
The SPLP and 60-day sulfate concentrations are above the SDWR of sulfate. All other
concentrations are below regulatory limits.

Boron, molybdenum, vanadium, and sulfate may be problematic at Site 5.

1.4.1.6 Site 6

Site 6 was the fourth one-half mile of the 2-mile stretch of road and had a subgrade stabilized
with a 14-part mixture consisting of 2/3 Sherco Unit 3 fly ash and 1/3 Riverside Unit 7 Class C
fly ash. The parameters that leached detectable values are As, Ba, B, Cr, Hg, Mo, Ni, Se, Ag, V,
and sulfate. The only exceedances are for B and V. The SPLP concentration of 1100 pug/L for
boron is above the HRL limit of 600 ug/L and the 18-hour concentration is slightly above it. The
vanadium 30- and 60-day concentrations of 90 and 99 pg/L, respectively, are above the HRL
limit of 50 pg/L. All other concentrations are below regulatory levels.

1.41.7 Site 7

Site 7 was a street subgrade Eagan Class C fly ash—soil stabilization prior to the placement of a
base course and wear surface. The ten parameters that leached are Ba, B, Cr, Fe, Hg, Mo, Se, TI,
V, and sulfate. Only B, TI, and V concentrations are above the HRLs. The boron concentrations
ranged from 440 to 810 ug/L with the SPLP and 60-day values above the HRL of 600 ug/L.
Thallium has a detectable value of 1.01 pg/L, which is above the HRL and MCLG. The 30- and
60-day V concentrations of 65 and 76 pg/L, respectively, are above the HRL of 50 pg/. All other
elements are below major regulatory limits.

1.4.1.8 Site 8

Site 8 was a water main trench backfill project. Soil and Eagan Class C fly ash were mixed,
backfilled into the trench, and compacted. Ten parameters, As, Ba, B, Cr, Fe, Hg, Mo, Ag, V,
and sulfate, leached. Both detectable vanadium concentrations, from the 30- and 60-day
leachings, are above the HRL limit. All other parameters are below regulatory limits. Site 8 does
not appear to be problematic.

1.41.9 Site 9

Site 9 was a subgrade Eagan Class C fly ash—soil stabilization inside a building prior to the
placement of a sand base and concrete floor. Ba, B, Cd, Cr, Fe, Hg, Mo, Se, V, and sulfate
leached. Boron, Cr, Mo, and V concentrations are higher than Minnesota state limits. The boron
concentrations ranged from 1010 to 1400 pug/L, which is approximately two times higher than
the HRL limit of 600 pg/L. Site 9 is the only site, from Sites 1-11, that showed leaching of
cadmium, 0.96 ng/L, above the LLQ); this is below the MCL of 5 ug/L. The chromium
concentrations are 110, 84, 113, and 131 ug/L for the SPLP, 18-hour, 30- and 60-day leachings,
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respectively. Three of the values are above the HRL and MCL limits of 100 ug/L. One Mo value
is slightly above the HBV of 30 ug/L. The vanadium concentrations ranged from 44 to 73 pg/L
with the 30- and 60-day leachates above the HRL limit of 50 ug/L. All other concentrations are
below regulatory levels.

Boron, chromium, and vanadium are problematic elements for Site 9.

1.4.1.10 Site 10

Site 10 was a subgrade Eagan Class C fly ash—soil stabilization beneath basketball arena parking
lots prior to the placement of a base course and wear surface. The ten parameters that leached at
detectable levels are As, Ba, B, Cr, Pb, Hg, Mo, Se, V, and sulfate. Only B and V leached above
regulatory levels. All boron concentrations are above the HRL limit of 600 pug/L. The only lead
that leached in Sites 1° 11 is in the SPLP leaching for Site 10. The concentration is 9.2 ug/L,
which is below the MCL action level of 15 pg/L. The SPLP and 18-hour values for vanadium are
below and the 30- and 60-day values are above the HRL limit of 50 pg/L. All other parameters
are below regulatory limits.

1.4.1.11 Site 11

Site 11 was a subgrade Eagan Class C fly ash—soil stabilization beneath parking lots prior to the
placement of a base course and wear surface. The ten parameters that leached are Ba, B, Cr, Fe,
Hg, Mo, Se, Ag, V, and sulfate. Only two elements leached above any regulatory limits: boron
and vanadium. Three of the boron concentrations are above the HRL limit of 600 pug/L. The
detectable vanadium leachate concentrations are 48 and 51 pg/L for the 30- and 60-day
leachates, respectively; the HRL limit is 50 pg/L. Site 11 would be considered a safe soil
stabilization site.

1.4.2 Elements

The following is a summary of data for Sites 1° 11 and the duplicate results for Sites 1, 3, and 4
for each of the twenty parameters included in this study. Data are presented in terms of pug/g for
solids and pg/L for leachates and other liquid samples. Additional comparative values are also
included in this discussion. Some of the reference values and calculated values from reference
oral doses (RfDs) are in mg/kg/day and mg/L, which are the standard terms. The values for RfD,
lowest observed adverse effect level (LOAEL) and no observed adverse effect level (NOAEL)
were taken from a U.S. EPA list of substances on IRIS (Integrated Risk Information System), an
on-line service that is regularly updated. This information can be obtained on the Internet at
http://www.epa.gov/iris/subst/index.html. Calculated values from RfD, LOAEL, and NOAEL are
based on an adult human weighing 70 kg, drinking 2 liters of water per day. Intakes of the
elements listed are not corrected for other dietary intakes associated with food.

Nearly all of the elements had higher bulk concentrations in the fly ash than the soil. This trend
of higher values in fly ash compared to soil is consistent except for iron, manganese, and
thallium. In the cases of these three elements, the soil mean is higher than the fly ash mean value
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although the differences in thallium concentrations are likely within experimental error at near
the LLQ. No detectable values are noted for antimony, beryllium, or zinc in the laboratory
leachates.

1.4.2.1 Antimony

Antimony is found to be present in fly ash at concentrations between 2.3 and 3.8 ug/g and in soil
at between 0.3 and 2.5 pg/g. Mean values for the fly ash and soil are 3.12 and 0.71 pg/g,
respectively.

The RfD for antimony is 0.0004 mg/kg/day. This gives a calculated reference dose of 14 pg/L.
The LOAEL is reported to be 0.35 mg/kg/day which at this value is 12.25 mg/L for a 70-kg
person drinking 2 L of water per day.

Leaching concentrations are all below 3 pg/L, placing antimony concentrations well below safe
drinking water limits. The concentrations of antimony in leachates are below calculated values
based on NOAEL of 14 pg/L and are also below the HRL and MCL of 6 ug/L. The
concentrations are well below the UTS level of 1500 ug/L. Antimony should not be a problem at
the study sites.

1422 Arsenic

Arsenic concentrations in bulk materials are 11.9-19.0 and 3.5-9.7 pug/g for fly ash and soil,
respectively.

The RfD for arsenic is 0.0003 mg/kg/day with a LOAEL at 0.014 mg/kg/day and a NOAEL of
0.0008 mg/kg/day. This calculates to drinking water containing 10.5 pg/L for the reference dose,
490 pg/L for the LOAEL, and 28 ug/L for the NOAEL, using the assumptions for drinking water
shown above.

Leaching concentrations for arsenic are <4.0 to 14 ug/L with a mean concentration of 8.1 pg/L.
Twenty-two of 43 leachates had arsenic concentrations below the required LLQ of 4 ug/L. The
leaching concentrations in the duplicates are <4.0 to 7.4 ug/L. Arsenic concentrations in
leachates are below the MCL of 50 ug/L and the NOAEL of 30 ug/L. Values of 11 ug/L for the
18-hour leachates at Sites 3, 4, and 5 and 60-day leachate at Site 8, 12 ug/L for the 30-day
leachate at Site 5, and 14 pg/L for the 30-day leachate at Site 4 are above the reference dose of
10.5 pg/L. All values are well below the RCRA and UTS levels of 5000 pg/L.

The percentage of arsenic that leached ranged from 1.01% to 3.17% and from 1.42% to 1.69% of

the calculated maximums of leachability in the original and duplicate leachings, respectively.
Arsenic should not be a problem in the study sites, with respect to the MCL.

1-26



Environmental Evaluation for Utilization of Ash in Soil Stabilization

1423 Barium

Barium concentrations in bulk materials are 134—6870 and 263—679 pg/g for fly ash and soil,
respectively.

The RfD for barium is 0.07 mg/kg/day; the LOAEL is 115 mg/kg/day; and the NOAEL is
0.21 mg/kg/day. This translates to drinking water containing 2.45 mg/L for the reference dose,
4025 mg/L for the LOAEL, and 7.35 mg/L for the NOAEL, using the assumptions described
above.

Barium leached at 42-296 ug/L and 59-227 ug/L in the duplicates, which is well below the HRL
and MCL of 2000 pg/L and the reference dose, LOAEL, and NOAEL levels. These values are
also below the RCRA level of 10,000 pug/L and the UTS level of 2100 pg/L.

The barium that leached is 0.08%—-1.00% of the potential leachable barium. The potential
leachable barium that leached in the duplicate samples is 0.11%—0.77%. Barium should not be a
problem at the study sites.

1424 Beryllium

Beryllium concentrations in bulk materials are 1.5-5.3 and 0.3-1.2 pug/g for fly ash and soil,
respectively.

The RfD for beryllium is 0.002 mg/kg/day. Using RfD and with the assumptions regarding water
intake listed above, a safe drinking water limit would be 70 ug/L. The leaching concentrations
for beryllium are all <1 pg/L, which is well below the safe limit as indicated by the current RfD
and are all below the MCL of 4 ug/L. It was not determined if beryllium concentrations are
below the HRL of 0.08. This is not unexpected for ash from coals in the United States, as they
typically contain very low concentrations of beryllium. The leachate concentrations are below
the UTS level of 1220 pug/L. Beryllium should not present a problem at the study sites.

1425 Boron

Boron concentrations in bulk materials are 480-1392 and <4 to 39 ug/g for fly ash and soil,
respectively.

The RfD for boron is 0.09 mg/kg/day. Using this value, a calculated safe drinking water limit
would be 3.15 mg/L. The NOAEL is 8.8 mg/kg/day, and the LOAEL is 29 mg/kg/day. This
translates to 308 and 1015 mg/L for drinking water, respectively, to provide the referenced
maximum dose. Although boron is not especially toxic to humans and other mammals, it can be
relatively toxic to plants. For this reason, irrigation standards exist for boron. These irrigation
standards are 0.75 mg/L for long-term irrigation and 2.0 mg/L for short-term irrigation.

Boron leachate concentrations are between 260 and 1400 pg/L in the original leachings and
between 250 and 1600 ug/L in the duplicate leachings. All boron concentrations are well below
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the short-term irrigation standard of 2.0 mg/L. Fifteen of 43 leachate concentrations are above
the long-term irrigation standard of 0.75 mg/L, as are six of the nine duplicate concentrations.
Twenty-five of the 43 original leachate concentrations and six of the duplicate leachate
concentrations are above the HRL of 600 pug/L. All leachate concentrations are well below the
human thresholds of 308 and 1015 mg/L for NOAEL and LOAEL, respectively.

The leachate concentrations are 4.72%-33.67% and 6.19%-35.88% of the potential maximums
for the original and duplicate leachings, respectively. Boron at these leachate concentrations
could be problematic for plants if used continuously for irrigation in the form of undiluted
leachate. It is viewed as a problem in Minnesota since the HRL is exceeded, but not on a national
level.

Boron is one of the trace elements that can exist as an oxyanionic species in aqueous solution.
Boron can, for this reason, be substituted into an ettringite structure during the hydration of
alkaline fly ash. In Sites 4, 6, 7, and 10, boron concentrations decrease as leaching using
distilled, deionized water approaches 60 days (see Appendix F, Figure F-6). This, because of the
relatively high solubility of most boron compounds, provides indirect evidence for ettringite
formation and likely accounts for the decreasing concentrations of this element over time as
indicated by the LTL. It is likely that boron concentrations would continue to decrease with time
for these sites and perhaps others as time went on.

1.4.2.6 Cadmium

Cadmium concentrations in bulk materials are 0.55-1.99 and 0.11-1.06 ug/g for fly ash and soil,
respectively.

The RfD for cadmium is 0.0005 mg/kg/day for water, giving a safe drinking water limit of

17.5 pg/L. The NOAEL for water is 0.005 mg/kg/day. This translates to 175 pug/L for drinking
water to provide the referenced maximum safe dose based on the NOAEL. Forty-two of 43 Cd
leachings are less than 0.3 pg/L, with one at 0.96 pg/L. All duplicate leachings are less than

0.3 pg/L. The measurable reading of 0.96 ug/L is well below the HRL of 4 ug/L, the MCL of

5 ug/L, the reference dose of 17.5 pg/L, and the allowed safe level of 175 pg/L, as calculated
from the NOAEL in water. It is 2.16% of what could have potentially leached. Cadmium should
not present a problem at the study sites.

1427 Chromium

Chromium concentrations in bulk materials are 35-95 and 1146 pg/g for fly ash and soil,
respectively.

The RfD for chromium is 1.5 mg/kg/day for Cr(IlI) and 0.003 mg/kg/day for Cr(VI); however, it
is not known what valence state of chromium was leached. It should likely be considered that
both valence states are present in fly ash. Chromium(V]) is considered a carcinogen and has a
Group A, known human carcinogen, rating by inhalation. Chromium(III) is rated as Class D, not
a human carcinogen, by oral exposure.
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The leaching results are <1-131 pg/L in the originals and 3.5-46.5 ug/L in the duplicates. The
HRL and MCL for chromium are 100 ug/L; thus three leachates from Site 9, at 110, 113, and
131 pg/L, are above regulatory limits. The 18-hour distilled water leachate for Site 9 is below
this at 84.3 pg/L. Site 9 had an addition of 14 parts Eagan Class C fly ash. Sites 1, 2, 7, 8, 10,
and 11 with 12 parts Eagan Class C fly ash had leachate concentrations of chromium between <1
and 55.5 pg/L. It would appear that some factor other than just the application of fly ash is
occurring at Site 9, but what this might have been is unknown at this time. All other sites leached
chromium at below the HRL and MCL. All values are below the RCRA of 5000 pug/L and the
UTS of 600 pg/L.

The leachate values ranged from 0.21%-5.63% of the calculated maximums of leachability. The
duplicate samples leached 0.17%—-2.48% of the potential. Other than one set of leachates from
one of the sites, chromium should not present a problem at the study sites.

1428 Cobalt

Cobalt concentrations in bulk materials are 13.0-29.9 and 9.0-18.0 pg/g for fly ash and soil,
respectively.

The RfD for cobalt is not listed, and there are no reported NOAEL or LOAEL values in U.S.
EPA IRIS tables. The only regulatory value for cobalt is an HBV of 30 ug/L. Cobalt had two
leachate concentrations (2.2 and 2.3 ug/L) above the LLQ. The duplicate samples had leachate
concentrations of 2.2 and 2.8 pg/L that are above the LLQ.

These values are 0.42% and 0.44% of the calculated maximum; the duplicate values are 0.30%
and 0.38% of the calculated maximum of leachability. Cobalt should not be problematic at the
study sites.

1429 Iron

Iron concentrations in bulk materials are 24.8—44.7 and 13.8-22.5 mg/g for fly ash and soil,
respectively.

The RfD for iron is not listed, and there are no reported NOAEL and LOAEL values in the U.S.
EPA IRIS tables. The leachate concentrations for all sites are between <10 and 24 pug/L with 39
out of 43 values at <10 pg/L. The duplicate leachates ranged from <10 to 42 ug/L, with three
values above 10 ug/L. The concentrations of iron in leachates are well below the SDWR, which
is 300 ug/L.

The four values above the LLQ leached at 0.0013%-0.0025% of the calculated maximums of

leachability. The duplicate values are 0.0019% and 0.0034% of the potential. Iron should not
present a problem at the study sites.
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1.4.2.10 Lead

Lead concentrations in bulk materials are 21.1-54.5 pg/g and 9.0-16.8 ug/g for fly ash and soil,
respectively.

An RfD for lead is not available. The SPLP of Site 9 gave a leachate concentration of 9.2 ug/L,
which is 0.95% of what could have possibly leached. All other leachates are below 2 pug/L, as
well as all of the duplicate leachate concentrations. The concentrations of lead are well below the
MCL, which is a treatment technique level of 15 pug/L at the tap. The detected concentration is
well below the RCRA level of 5000 pg/L and the UTS level of 75 pg/L. Lead should not present
a problem at the study sites.

1.4.2.11 Manganese

Manganese concentrations in bulk materials are 129-558 and 212-1337 pg/g for fly ash and soil,
respectively.

The RfD for manganese is 0.14 mg/kg/day. There is no water LOAEL or NOAEL. The leachate
values are <5 pug/L with an exception of 8 ug/L for Site 4. This is 0.013% of the calculated
maximum of leachability. All duplicate leachate concentrations are <5 pg/L, including Site 4. All
leachate values are below the HRL of 100 pg/L and the SDWR of 50 pg/L. Manganese should
not be problematic at the study sites.

14212 Mercury

Mercury concentrations in bulk materials are 0.015-0.600 pg/g and 0.011-0.480 ug/g for fly ash
and soil, respectively.

The RfD for mercury is 0.0003 mg/kg/day or a calculated reference dose of 10.5 pg/L. Leachate
values for mercury are between 0.0013 and 0.066 pg/L with 29 out of 43 leachate values

<0.01 pg/L. No concentrations above the LLQ are detected in duplicate samples. The MCL for
mercury is 2 ug/L; thus all leachate concentrations are well below the MCL. All values are well
below the RCRA level of 200 ug/L and the UTS level of 25 ug/L.

Mercury leaching values are at 0.01%—-0.90% of the calculated maximums of leachability. Under
current regulations, mercury should not be problematic at the study sites.

1.4.2.13 Molybdenum

Molybdenum concentrations in bulk materials are 7.6-25.0 ug/g and 0.2-3.2 ug/g for fly ash and
soil, respectively.

The RfD for molybdenum is 0.005 mg/kg/day. The calculated safe maximum reference dose
calculated from the RfD is 175 pg/L. The reported LOAEL is 0.14 mg/kg/day. The LOAEL
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gives a calculated drinking water value of 4.9 mg/L using the assumptions given above. There is
no reported NOAEL.

The leaching concentrations for molybdenum ranged from less than 2 to 82.4 ug/L, with only
one value below 2 ug/L. The duplicate leachate concentrations are 3—118 pg/L. Leachates from
Site 4 gave the highest leachate concentrations, ranging from 49.7 to 82.4 ug/L in the original
and 76.5 to 118 pg/L in the duplicate leachates. Leachates from all other sites had leachate
concentrations at or below 33.9 pug/L in the originals and 46.5 pg/L in the duplicates. An HBV of
30 pg/L is the regulatory limit for the state of Minnesota. Seven of the 43 original leachates are
above this limit; four of the values are from Site 4, which used Riverside Unit 8 fly ash in the
mixture, and the other three values are slightly over the limit. Five of the nine duplicate leachings
are above the HBV level, which included Site 4. Using the calculated limit from LOAEL, which
1s 4900 pg/L, molybdenum concentrations should not be problematic. Molybdenum leachate
concentrations are all below the calculated reference dose of 175 ug/L. Molybdenum is
potentially problematic at the study sites for Minnesota, but not nationally.

The leached molybdenum is 4.92%-40.83% of the calculated maximums for the original
leachings and 6.05%—-58.47% for the duplicate leachings.

This assessment of the potential for toxicity from molybdenum agrees well with that of Roffman
in which it was concluded that both Allen S. King fly ash and Riverside Unit 8 fly ash with and
without soil additions produced leachates using the SPLP test that indicated all calculated
exposure pathways for molybdenum were below the hazard index of 1.0 and even 0.2 [19]. It
was also stated in this report that the action limit set by the MPCA for the beneficial use of King
and Riverside Unit 8 power plants should be raised to at least 500 ug/L in the SPLP leachate
from applicable mixtures of fly ash and soil.

14214 Nickel

Nickel concentrations in bulk materials are 16—165 pg/g and 8—108 pg/g for fly ash and soil,
respectively.

The RfD for nickel is 0.02 mg/kg/day. This gives a calculated value of 0.7 mg/L using the
assumptions for drinking water provided above. The leachate concentrations for nickel are <4 to
10 pg/L, with 34 of 43 of these values <4. The duplicate leachate concentrations are <4 to

6.3 pg/L. The HRL for nickel is 100 pg/L. The leachate concentrations are well below this
standard, as well as the UTS level of 11,000 pg/L.

The leachate concentrations are 0.17%—0.76% and 0.19%-0.27% of the potential leachable

nickel for the original and duplicate leachings, respectively. Nickel should not be problematic at
the study sites.
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1.4.2.15 Selenium

Selenium concentrations in bulk materials are 15.1-25.2 ug/g and 1.3-11.6 pg/g for fly ash and
soil, respectively.

The RfD for selenium is 0.005 mg/kg/day, which calculates to 175 pug/L for drinking water. The
NOAEL and LOAEL are reported to be 0.015 and 0.023 mg/kg/day, which translate to 525 and

805 ug/L for drinking water limits.

Selenium leached between <2 and 7.1 ug/L with 9 out of 43 values <2 pg/L. The duplicate
results are <2 to 6.4 ug/L. All leachates are below the HRL of 30 pg/L and the MCL of 50 pg/L.
Using the calculated values for NOAEL and LOAEL or the HRL and MCL, the leachates should
be at safe levels for selenium. These values are below the RCRA level of 1000 pg/L and the UTS
level of 5700 pug/L.

In a human study, the NOAEL was calculated at 0.85 and the LOAEL at 1.26 mg Se/day. The
recommended dietary allowance for selenium is estimated to be 70 and 55 pg/day for males and
females, respectively. Using RDA values of 70 and 55 pg/day, the highest intake of selenium for
a leachate concentration of 7.1 pg/L should be quite safe, providing only 14.2 ug for a 2-liter
water intake per day.

Selenium leached at 0.32%-3.02% of the calculated maximums of leachability. The duplicate
samples leached at 2.51%-3.33% of the calculated maximums of leachability. Selenium should
not be problematic at the study sites.

Selenium is another trace element that can exist as an oxyanionic species in aqueous solution.
Thus selenium can be a substitute in an ettringite structure during the hydration of alkaline fly
ash. Decreasing selenium concentrations are noticed as the leaching using distilled, deionized
water approaches 60 days in Sites 4, 5, and 6 (see Appendix F