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ABSTRACT 
 
Use of high pH coal ash to mitigate the effects of acid rock drainage was evaluated at 
the first field site where this strategy had been implemented.  Three concerns 
addressed in this study are (1) the ability of the ash to neutralize the pH, (2) the 
potential for leaching of potentially hazardous constituents from the ash to the 
groundwater, and (3) the transport of leached constituents through downgradient soil.  
Fresh and weathered ash samples from the site were used to determine the acid 
neutralizing capacity and leaching potential of the ash.  Transport of leached 
constituents was evaluated using well water and downgradient soil.  Results were 
compared to site water quality data. 
 
The ash exhibited a high acid neutralizing capacity that increased with retention time, 
and neutralization of ground and surface water was observed at the site.  However, the 
pore-water within the ash fill contained potentially hazardous constituents, most of 
which were depleted very slowly from ash and reached higher aqueous concentrations 
at extended retention times.  The two main constituents of concern at the site were 
arsenic and boron.  Arsenic transport was highly attenuated by soil.  Arsenic was not 
detected in downgradient monitoring wells and its transport is expected to be highly 
dependent on preferential flow conditions.  Boron exhibited very low sorption to soil and 
its transport lagged slightly behind groundwater flow.  For both elements, proximity of 
the site to a water source and dilution during transport are critical in evaluating the 
environmental impacts of the ash. 
 
 
INTRODUCTION 
 
Due to widespread reliance on coal combustion as an energy source, approximately 
134.7 million tons of coal combustion products were produced in the United States in 
20091.  Coal ash consists of two components: bottom ash, or slag, that is removed from 
the bottom of the furnace, and fly ash that is suspended in the gas stream during 
combustion and collected by electrostatic precipitators.  Fly ash represents nearly 80% 
of the total coal ash generated1.  While most ashes tend to be alkaline, fly ash samples 
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can have pH values ranging from 1.2 to 12.52-4.  Trace element concentrations also vary 
widely, with fly ashes being enriched in potentially hazardous elements including 
arsenic, boron, cadmium, mercury, lead and selenium5.  In 2009, approximately 41 % of 
the coal combustion products generated by power plants in the United States were used 
beneficially1.  However, the majority of coal ash is deposited in holding ponds, lagoons, 
landfills and slag heaps6. 
 
One alternative use, which is evaluated in this research, is filling abandoned strip mines 
with high pH coal ash to mitigate acid rock drainage conditions.  Many abandoned 
mines contain sulfide minerals, primarily pyrite, that produce sulfuric acid when 
microbially oxidized, resulting in acid rock drainage.  Filling these abandoned mines can 
restore their original topography, reduce atmospheric exposure of remaining sulfide 
minerals, and, depending on the pH and acid neutralizing capacity of the ash, may 
mitigate the effects of acid rock drainage.  However, a concern with deposition of coal 
ash in an acidic environment is the possible release to the environment of many 
potentially toxic trace elements enriched within the ash.  Thus, the applicability of such a 
remediation strategy is dependent on the composition of the ash, local and regional 
hydrologic conditions defining the flow paths and flow rates, the geochemistry of the 
groundwater at the site, and the buffering and attenuation capacities of the 
downgradient soil.  The latter will govern the behavior and transport of leached 
constituents as they migrate beyond the source zone. 
 
Three concerns addressed in this study are the (1) ability of the ash to neutralize the 
pH, (2) potential for leaching of potentially hazardous constituents from the ash to the 
groundwater, and (3) transport of leached constituents through downgradient soil.  
 
 
SITE DESCRIPTION 
 
The Universal Ash Disposal Site is located in Vigo County approximately five miles 
north-northwest of Terre Haute, Indiana.  In the mid-1980s Peabody Mining Company 
began and completed high wall mining operations at the site, resulting in a pit 
measuring approximately 585 m long, 100 m wide and 27 m deep.  Prior to the mining 
operations, the geology of the site consisted of a thin layer of fine clay overlain by a coal 
seam with a thickness of approximately 0.5 m.  The coal seam was overlain by shaley 
limestone, shale, and a thick deposit of loess.  The Site is part of an upland located 
north of Coal Creek and west of the Wabash River.  It is about 30 m above the Coal 
Creek flood plain.  A portion of this property, including the pit, was acquired by PSI 
Energy, Inc. (then Cinergy and now Duke Energy effective May 2005) in 1988 for the 
purpose of coal ash deposition.  The Indiana Department of Natural Resources issued a 
permit to PSI Energy to dispose of ash from its nearby Wabash River Station into the 
pit.  The permit allowed approximately 1.1 x 106 m3 of ash to be deposited in the pit with 
a thickness ranging from 9 to 23 m. Between April 1989 and October 2001, 
approximately 1.46 x 109 kg of coal ash and 1.49 x 107 kg of coal gasification slag 
(~ 1.49 x 109 kg of coal combustion products in total) were deposited into the pit, 
reclaiming it to its original topography.  A 1.5 m non-compacted soil cover with 
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vegetation was established as a final cover.  The Universal Ash Disposal Site property, 
including the reclaimed mine pit, will be maintained as a wildlife refuge.  
 
Approximately one year before the coal ash filling began, four groundwater monitoring 
wells were installed at the site (MW-1, MW-2, MW-3, and MW-4).  Since this time, 
MW-1, MW-2, and MW-3 have been replaced with MW-1BR and MW-1UR, MW-2A, and 
MW-3R, respectively.  In 1997, three additional wells were installed in the mine spoil 
material downgradient of the ash fill (MW-5, MW-6, and MW-7) and monitoring well 
MW-8 was installed within in the ash fill.  While the previously mentioned wells have the 
longest series of monitoring data, an additional 16 monitoring wells were installed for 
this research project.  Twelve were installed in March 2001 and 4 additional wells were 
installed in October 2001.  CB-1D and CB-1S (deep and shallow) were installed in the 
ash fill, and CB-9 is an upgradient well.  Monitoring well locations are shown on Figure 
1, and well depths are included in Table 1.  Groundwater potentiometric data indicate 
that there is a groundwater divide within the ash fill, and that the primary direction of 
groundwater flow is toward the southwest.  Surface water from a mine seep (location 
shown on Figure 1) has been sampled since 1988.   
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Figure 1: Universal Mine Site
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Figure 1. Layout and topography of the Universal Ash Disposal Site (Figure generated 
by Dr. Byron Jenkinson, Jenkinson Environmental, LLC, Consulting Soil 
Scientist).   
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In March 2001, core samples were collected from several of the borings when the new 
monitoring wells were installed.  This includes a continuous core to a depth of 17.8 m 
below ground surface (bgs) taken from CB-1D in the ash fill, and soil core samples from 
selected monitoring wells located downgradient of the ash fill. 
 

 
Table 1. Summary of Universal Ash Disposal Site Monitoring Well Depths. 
 

Well ID Total Depth (m) Well ID Total Depth (m) 

CB-1S 9.1 CB-12S 8.3 
CB-1D 17.8 CB-12D 14.6 
CB-2 18.1 CB-13 6.1 
CB-3 6.2 MW1RU 13.8 
CB-4 13.8 MW1RB 3.1 

CB-5S 9.1 MW2A 20.5 
CB-5D 18.8 MW3R 18.3 
CB-6 19.7 MW4 22.7 
CB-7 18.4 MW5 22.6 
CB-8 8.5 MW6 9.6 
CB-9 19.8 MW7 21.8 
CB-10 18.2 MW8 20.2 
CB-11 13.8   

 
 
MATERIALS AND METHODS 
 
Ash Acid Neutralizing Capacity (ANC) 
A sample of fresh ash, assumed to be representative of ash deposited at the site, was 
collected in March 2001.  Hydrochloric acid (0.1 M) titrations of the fresh ash were 
performed to calculate the acid neutralizing capacity (ANC) of the ash and to evaluate 
the potential for the ash fill to ameliorate the acid rock drainage conditions at the site.  
For each titration, 2 g fly ash were added to 47 mL water and stirred continuously with a 
magnetic stir bar in a polypropylene beaker covered by parafilm with openings for the 
pH probe and acid addition tube.  A Labview program was designed to repeatedly 
record the pH, signal for an addition of approximately 30 µL HCl, and pause for a 
specified equilibration time until a final pH value below 4 was measured.  Equilibration 
times of 5 and 10 min, in duplicate, were compared to determine the temporal response 
to acid addition.  The molarity of the acid and mass of the ash were selected to reduce 
titrant volume.  ANC was calculated as equivalents of HCl required to lower the pH to 
4.5.  
 
Aqueous Ash Extraction Studies 
Aqueous batch extractions of ash samples (24-hr contact time) were performed 
repetitively to simulate recurrent flushing of ash by groundwater, and to characterize the 
depletion patterns of the selected elements under these conditions.  For each replicate, 
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a 9 g aliquot of fresh ash or a selected sample from the ash core CB1D was rotated 
end-over-end with 36 mL water in an acid-washed 50-mL polycarbonate test tube for 24 
hr.  Between two and six replicates were analyzed for each sample.  Tubes were 
centrifuged at 4000 rpm for 20 min.  The pH was measured, and the supernatant was 
collected, filtered through 0.45 µm regenerated cellulose filters, acidified with two drops 
of concentrated (70%) trace metal grade HNO3, and stored in acid-washed 60-mL 
polyethylene or polypropylene bottles with polypropylene caps.  Analysis of Al, As, Ca, 
Cr, Fe, K, Mg, Mn, Na, S, Se and Si was done using a Thermo Jarrell Ash AtomScan16 
Inductively Coupled Plasma (ICP) emission spectrometer in combination with a CETAL 
Technologies Ultrasonic Nebulizer (Model U5000AT+).  Boron (B) concentrations were 
determined using the Azomethine-H colorimetric method7 modified to increase the 
amount of L-ascorbic acid by 20% in the Azomethine-H solution to ensure that all 
Azomethine-H existed in the protonated form and to decrease reagent quantities 
proportionally to allow for measurements with 3-mL samples.  B concentrations were 
determined on a Perkin Elmer Lambda 20 UV/VIS spectrophotometer.  After 
supernatant removal, the ash pellet was resuspended with 30 mL water and the 
extraction procedure repeated ten times.   
 
Boron and Arsenic Column Leaching Studies 
Saturated-flow soil column studies were performed in duplicate using soil samples 
CB10, CB11 and CB12 (collected during installation of monitoring wells CB-10, CB-11, 
and CB-12) to estimate the magnitude of attenuation of boron and arsenic 
concentrations during transport through downgradient soils.  These three soil samples 
were collected from different points along the predicted flow path of the groundwater 
leaving the ash filled pit (Figure 1) and represented the range of characteristics 
expected for soils at the site.  CB10 are mine spoils (pH ~ 5.6), CB11 represent soils  
downgradient of the ash fill (pH ~ 7.6), and CB12 are a bedrock/shale material (pH ~ 
6.8). Columns in the first set were labeled CB10R1, CB11R1, and CB12R1 to indicate 
the boring locations from which the soils were collected.  Replicate columns started 
approximately 4 months after the first set are identified as CB10R2, CB11R2, and 
CB12R2.  
 
Columns were constructed of PVC pipe (2.54 cm x 14 cm) with a nylon mesh 
membrane affixed to the bottom with epoxy glue.  Columns were packed with a 0.5 cm 
layer of fine sand, followed by a 10 cm layer of a soil-sand mixture (≈ 60 g), and topped 
with a 0.5 cm layer of fine sand.  The soil was mixed with a small amount of sand to 
decrease preferential flow.  Columns were packed wet with 0.005 M CaSO4 to avoid air 
entrainment.   
 
Flow was established with 0.005 M CaSO4 using a Mariott flow system with a constant 
head at 3 cm above the upper sand layer.  Flow was monitored for 7 to 14 d to ensure 
constant flow prior to switching the influent solution from the CaSO4 solution to an 
amended ash fill well water solution.  Well water was collected from MW-8 and analyzed 
for pH, As(III), total As, and B.  Based on these results, known concentrations of As(III) 
and As(V) were spiked into the water to reach a total arsenic concentration of 1.0 mg/L 
(four to six times the concentration measured in the well) and to maintain a ratio of 
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60/40 As(V)/As(III).  The As concentration was increased to ensure a conservative 
condition as higher concentrations are likely to result in increased mobility.  No 
additional boron was added.  The Mariott aspirators that held the influent MW-8 water 
were covered in aluminum foil to minimize photolytic conversion of arsenic.  Column 
effluent was collected using a polypropylene bottle and funnel as a catch reservoir 
generally on a daily basis until analysis indicated that less frequent sampling was 
warranted.  For B and total As analyses, a 50 mL aliquot was removed from each 
composite sample with a 10-mL Luer-Lok syringe, filtered through a 0.45 µm 
regenerated cellulose filter, acidified with trace-metal grade HNO3, and stored in a 50-
mL polypropylene tube.  For As(III) analysis, a 10-mL aliquot of each composite sample 
was removed and filtered as above, but acidified with concentrated trace-metal grade 
HCl, and stored in a 15-mL polypropylene tube.  All samples were stored at 4°C in the 
dark.  As(III) analysis was done by hydride vapor generation (Shimadzu AA-6800), total 
As was analyzed at 197.7 nm by graphite furnace AA spectroscopy (Shimadzu AA-
6800) using a standard addition method, and As(V) was estimated by difference 
between total arsenic and As(III).  Boron was analyzed by using the modified 
azomethine-H colorimetric method previously described. 
 
 
RESULTS AND DISCUSSION 
 
Acid Neutralizing Capacity (ANC) of Coal Ash 
The March 2001 fresh ash sample was alkaline with an initial pH of 9.63 and titration 
curves indicate a pH region of high buffer capacity occurring between pH 7 and 8 
(Figure 2).  Data collected with a 5 min equilibration time indicate an ANC of 
approximately 0.29 eq acid (H+) per kg fly ash.  A 10 min equilibration time results in a 
higher ANC of 0.37 eq H+ per kg fly ash (a 28% increase).  In the pH regions of low 
buffer capacity, such as the initial pH range of 8 to 9, the slopes of the curves generated 
with the 5 and 10 min equilibration times between acid additions are essentially the 
same.  However, in the regions of higher buffer capacity, the longer equilibration time 
allows the ash pH to rebound more between additions, increasing the apparent ANC of 
the ash.  This behavior can be attributed to the dynamics of solid phase dissolution in 
response to the acid addition.  An extended interruption of one replicate (data not 
shown) resulted in a pH drift of nearly a full pH unit, indicating that equilibrium has not 
been achieved and that a longer equilibration time would result in a greater calculated 
ANC of the ash.  Upon resuming acid additions, the interrupted titration curve returned 
to the same pattern as its replicate for which no interruption occurred.  Representative 
titration curves for 5 and 10 minute equilibration times are shown on Figure 2. 
 
Extrapolation of the laboratory data to the field scale requires estimating the ratio of ash 
mass to water volume and the hydraulic retention time of the field site.  A groundwater 
divide was observed at the site; therefore, estimations were done using the portion of 
the ash below the water table and south of the groundwater divide as the source zone.  
The ash to water ratio was estimated to be 4.5:1 (kg:L) assuming an average porosity of 
0.3 cm3/cm3and bulk density of 1.36 g/cm3 as reported in the literature5.  A groundwater 
flux in the ash of 1.08 m/y and pore-water velocity of 3.6 m/y were calculated based on 
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hydraulic head measurements in the monitoring wells and assumed hydraulic 
conductivity and saturated water content values of 3.4 cm/d and 0.3, respectively, 
based on ranges reported in the literature5,8-9.  At these calculated flow rates, the 
estimated time required for groundwater to pass through the source zone would range 
from 28 to 95 years.  This wide range results from groundwater flow paths which are not 
perpendicular to the source zone, and variations in the width of the pit. 
 

 
 

Figure 2. Representative titration curves for titration of fresh ash at 5 and 10 minute 
equilibration intervals (t) between acid additions. 

 
 
The calculated alkalinity of the fresh ash based on the titrations with 10 min equilibration 
intervals, indicates that the 1.45 x 109 kg of coal combustion ash that were deposited at 
this site would have the potential to neutralize 5.37 x 108 eq H+, and the portion of the 
ash to the south of the groundwater divide would neutralize 2.08 x 108 eq H+.  However, 
given the estimated residence time of 28 to 95 years, the true ANC of the ash is likely to 
be significantly greater than this estimate due to the additional ANC not measured 
during the short titrations.  Monitoring wells MW-8, CB-1D and CB-1S indicate that the 
groundwater in the ash-fill at the site remains alkaline (over 14 years after ash 
deposition) with pH values of 9.3, 9.6 and 8.5, respectively.  Within one year following 
the ash deposition, the pH in the mine seep (surface water sampling location) was 
increased from a value of approximately 3 to near neutrality.  This indicates the 
effectiveness of the ash in ameliorating acid mine drainage conditions. 
 
Leaching of Constituents from Coal Ash 
Three different patterns of elemental depletion with aqueous leaching were observed for 
the elements measured, which are exemplified by B, Fe, and As in Figure 3.  B, Ca, Mg, 
Na, and S are observed to be highly soluble in the first few extractions followed by a low 
concentration plateau for subsequent extractions.  For the core samples, potassium (K) 
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also appears to fall into this category, but in the fresh ash, K release appeared to be 
more constant.  A second group of elements, including Al, Fe, and Si have a delayed 
release and exhibit increasing concentrations in the first few extractions as the ash is 
weathered and elements that are initially soluble are depleted.  In the case of Fe 
release from the ash core, a maximum release in the ash core sections is observed in 
extraction 6 (Figure 3).  In the fresh ash, Fe concentrations continued to increase with 
extraction number.  For some elements, including As, Cr, Mn, and Se, concentrations 
remain relatively constant with leaching and of relatively low concentrations, thus no 
significant depletion was observed, indicating that the ash may be a long-term source at 
the observed concentrations.  For Cr, Mn, and Se the extracted concentrations are very 
low with average values in the core extractions of 0.0038 mg/L, 0.0013 mg/L, and 
0.0031 mg/L, respectively (data not shown).  For As, aqueous concentrations in 
extractions of fresh ash and several ash core samples exceed the EPA maximum 
concentration level (MCL) of 0.010 mg/L by an order of magnitude. 
 

 
 
Figure 3: Concentrations of selected elements in supernatant vs. number of repetitive 

aqueous extractions of selected ash samples 
 
 

Although the aqueous concentrations of many elements (B, Ca, Mg, K, Na, S) are 
observed to decrease following the initial extractions, in most cases only a small 
percentage of the total mass of each element initially in the ash is removed (Table 2).  
The total mass of elements in each ash sample was determined by a nitric acid 
digestion method (data not shown).  Although the total extracted mass of each element 
has a large standard deviation due to error propagation of summing many values, it is 
clear that, for most of the elements, only a small fraction of the total mass has been 
released in the initial 10 extractions.  Hence, large quantities of many of these elements 
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potentially could be released during extended periods of weathering.  This is especially 
problematic in the case of arsenic as only 4 – 30% of the total As was depleted from the 
ash samples over ten sequential aqueous extractions, with an average depletion of 
14.7%.  The latter and the lack of a significant decrease in aqueous As concentrations 
with repetitive leaching indicate that the ash may be a long-term source of As. 
 

 
Table 2. Percentage of total mass depleted during ten sequential extractions averaged 

over all ash core samples and the fresh ash sample. 
 

Percentage Range Elements 
0 – 5 % Al, Cr, Fe, Mn, Se 

5 – 15 % As, K, Mg, Na 
> 15 % B, Ca, S 

 
 
Monitoring well data from wells within the ash fill (MW-8, CB-1S, and CB-1D) confirm 
the release of metals including As and B from the ash.  As concentrations range from 
0.012 mg/L in well CB-1S to 0.2 mg/L in well MW-8.  B concentrations range from 40 
mg/L in well CB-1D to 80 mg/L in well CB-1S.  While these arsenic concentrations are 
similar to the range observed in the repetitive aqueous extraction experiments, the 
aqueous boron concentrations observed in monitoring wells in the field are 
approximately 2 to 4 times greater than the highest measured aqueous concentration of 
23 mg/L for B in the laboratory extractions.  Assuming that 80 mg/L B and 0.1 mg/L As 
observed in monitoring well CB-1D reflect the composition of the groundwater flowing 
toward the south slope, a mass discharge (MD, kg/y) of 103 kg B and 0.13 kg As from 
the ash fill is estimated for each year until the leachable fraction of each element is 
depleted.  MD is estimated using equation (1):   

 

1000
qCAMD =          (1)  

where q is the average groundwater flux (m/yr) and A is the cross-sectional area of the 
control plane (m2). 
 
Transport of Leached Metals 
In general, mean arrival time of As(III), As(V), and B was consistent between replicates, 
with the exception of the CB12 soil columns where extreme differences in flow rate 
between replicates occurred, (Table 3) and with measured multi-concentration sorption 
isotherms (not shown).  For the CB10 columns, complete breakthrough of As(V) was 
not observed, thus the mean arrival of mass in these columns could not be determined, 
but is only known to exceed the pore volumes (PV) already passed through the column.  
As(V) sorption by the CB10 soil was at least two times greater than observed for the 
other 2 soils.  
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Table 3: Observed mean arrival times in pore volumes (PV) for As(III) and As(V) in 
saturated-flow columns. 

   Mean Arrival Times (PV) 
Soil ID Column ID q* (cm/h) Arsenic (III) Arsenic (V)

CB10 17.7-18.3 m bgs CB10-R1 0.48 105 >190 
CB10-R2 0.46 110 >265 

CB11 11.9-12.5 m bgs CB11-R1 1.52 20 100 
CB11-R2 0.51 30 95 

CB12D 9.0-9.6 m bgs CB12-R1 0.61 70 250 
CB12-R2 0.15 1 10 

* Average Darcy velocity = Volumetric flow rate /Cross sectional area 

 
The mean arrival time for boron occurred before the first or second sampling and was 
less than 3 pore volumes.  Effluent pH increased rapidly from the initial soil pH to a 
value between 8 and 9 within the first 30 pore volumes (data not shown).  The ability of 
the soils to buffer the rise in pH due to high pH ash leachate is dependent on competing 
buffering capacities of the leachate and the soil as well as the leachate residence time. 
Boron sorption tends to follow a parabolic curve with sorption with a maximum sorption 
typically occurring around pH 8 – 910-11.  However, complete boron breakthrough 
preceded the rise in pH, thus the potential pH-induced increase in boron sorption in the 
presence of high pH ash leachate will likely not substantially slow boron mobility in 
downgradient soils.  Consequently, boron can be considered a non-reactive tracer due 
to its low sorption relative to other constituents of potential concern, such as As, thus 
useful in evaluating water flow at the Universal Ash Disposal Site.  
 
The lower ability for attenuation of both As(V) and As(III) transport in soil CB11 may be 
due to its higher pH (pH ~ 7.6) and/or mineralogical differences relative to the other 
soils.  Likewise, the high sorption observed for soil CB10 may be due to its lower pH 
(pH ~ 5.6).  As(V) typically sorbs more in acidic soils below the 5 to 7 pH range (soil 
dependent)12-14.  For As(III), adsorption on Fe oxide, Al oxide, and clays (kaolinite, illite, 
and montmorillonite) was parabolic with a maximum around pH 8.512.  Thus, As(III) 
should generally be mobile at high and low pH values with the maximum sorption 
occurring between pH 6 and 9 depending on the composition of the soil. 
 
With a ratio of 60/40, the concentration of As(V) is significantly higher than that of As(III) 
in the columns, simulating conditions in the deeper monitoring wells at the site.  
Although the influent solution for the columns was replaced with freshly amended 
solution approximately weekly, significant As species conversion in influent reservoirs 
was observed such that the average influent As(III) concentration was approximately 
0.27 mg/L rather than the intended 0.40 mg/L.  Conversion in the columns was also 
significant and by the end of the column experiments As(V) comprised 80 – 94 % of the 
total arsenic in the effluent.  At high pH, conversion of As(III) to As(V) is likely and 
increased conversion of As(III) to As(V) within the columns is observed following the 
increase in effluent pH.  None the less, the mean arrival of the As(III) front in the column 
experiments was generally 3 – 5 times earlier than that of As(V).  This is expected with 
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greater sorption of As(V) compared to As(III), thus earlier breakthrough of As(III), being 
observed on a variety of soils15-17.  Additionally, some of the As(III) in the influent is 
converted to As(V) at some distance within the column, which accelerates the observed 
breakthrough of As(V). This phenomenon can dampen the appearance of a self-
sharpening breakthrough front which may otherwise have been observed and 
anticipated due to the known non-linear sorption behavior of As(V) in these soils (data 
not shown) and as documented in the literature14. 
 
Using Darcy’s Law, an assumed hydraulic conductivity based on literature values, and 
the average measured hydraulic gradient between monitoring wells CB-1D and CB-11, 
the Darcy velocity (q) along the flow path at the study site is approximated to be 0.012 
cm/h, which is 12 to 127 times less than those calculated for the saturated-flow columns 
(Table 3).  Monitoring well concentrations along the flow path show mobility of arsenic 
and boron that correspond with retardation values predicted from equilibrium sorption 
studies (data not shown).  Figure 4 shows the boron and arsenic concentrations 
measured in the groundwater monitoring wells 14.3 y after the initial deposition of ash at 
the site.  The zero distance point in Figure 4 is the background well CB-9 which is 
upgradient of the ash fill and should not be impacted by the ash.  The wells at 90 m, 
CB-1D and CB-1S, are located within the ash fill.  The deeper well CB-1D has higher 
boron concentrations but lower arsenic concentrations than its neighboring shallow well.  
Based on the measured hydraulic gradient, and literature-based estimates of 3.4 cm/d 
for hydraulic conductivity, 0.3 cm3/cm3 for ash porosity (θash), and 0.45 cm3/cm3 for soil 
porosity (θ), the front of impacted groundwater is expected to progress through the soil 
at a rate of 2.4 m/y.  Thus at 14.3 y, the front is expected to have progressed 
approximately 34 m beyond the ash fill.  Because the retardation values for boron are 
around 1.2 for all soils, increased boron concentrations are expected to progress slightly 
behind the groundwater flow.   
 
Arsenic retardation is expected to be much higher than boron retardation.  Based on the 
nonlinear isotherms, a θ of 0.45 cm3/cm3, a soil bulk density (ρ) of 1.45 g/cm3, and an 
arsenic concentration of 0.1 mg/L (observed in the CB-1D monitoring well), retardation 
values for As(V) in the downgradient soil range from 231 – 7340.  Therefore, in 14.3 
years, the mean arsenic breakthrough is expected to have advanced less than 0.1 m 
beyond the ash boundary.  The two wells CB-11 and CB-10, located at 140 and 145 m 
along the flow path (1.5 and 6.5 m beyond the ash boundary), respectively, have been 
impacted by boron, but arsenic concentrations remain similar to background as 
predicted.  The increased arsenic concentrations in wells further downgradient can be 
attributed to mine tailings located in this vicinity, and the absence of boron at these 
locations indicates that the groundwater does not originate from the ash fill.   
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Figure 4: Concentrations of boron and arsenic in groundwater monitoring wells 
approximately 14 years following ash deposition at the Universal Ash 
Disposal Site. 

 
 
The primary receptor of concern at the Universal Ash Disposal Site is Coal Creek, which 
is located approximately 325 m beyond the ash fill boundary (Figure 1) and is the 
source of water for wildlife in the area.  According to the calculated average flow rate, 
boron is expected to reach the creek approximately 135 years following the initial 
deposition of ash.  Arsenic would require over 30,000 years to travel this distance 
assuming average flow rates and homogeneous soil properties.  However, regions of 
preferential flow will accelerate transport for both elements, as evidenced in a mine 
seep at the site.  The mine seep is located approximately 155 m beyond the ash 
boundary (Figure 1) and arsenic and boron are present at 0.013 – 0.017 mg/L and 6 – 8 
mg/L, respectively.  These elements were not detected in the mine seep prior to ash 
deposition, indicating preferential flow is impacting water quality at the mine seep. 
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CONCLUSIONS 
 
While the use of alkaline ash to fill the impacted strip mine pit is likely to mitigate the 
acid rock drainage effects through a combination of acid neutralization and reduced 
atmospheric exposure of acid-producing sulfide minerals upon filling the open pit, 
elevated concentrations of many elements, including boron and arsenic, are predicted 
by laboratory experiments and observed in site monitoring wells.  Significant 
concentrations of these potentially hazardous elements can be leached from the ash 
even following aqueous extractions or years of weathering in the field; thus, the ash is 
expected to be a long-term source of these elements.  Indeed, in groundwater within the 
ash fill, measured boron concentrations exceed the toxicity limits for many plants, and 
measured arsenic concentrations exceed drinking water quality standards.  However, as 
these elements move through soils downgradient of the ash, their transport is likely to 
be attenuated, especially for arsenic.  Therefore, assessing the magnitude to which 
soils may attenuate the mobility of boron and arsenic becomes critical in evaluating the 
overall environmental impacts at the site. 
 
As indicated by the site monitoring well data, boron species do not adsorb to the soil to 
any appreciable extent and hence, only minimal to negligible retardation can be 
expected.  Thus, the total content of boron in the ash and the concentration and rate at 
which it is released will determine its impacts at the site.  Arsenic species, on the other 
hand, are strongly sorbed by the soil.  The magnitude of sorption, however, may be 
affected by the groundwater pH.  Breakthrough of arsenic has not been observed in the 
monitoring wells except at locations that may be affected by mine tailings.  The ash will 
likely be a long-term source of arsenic, primarily in the As(V) form, and calculations 
indicate that eventual breakthrough may occur although movement of arsenic through 
soil will be very slow, requiring thousands of years for arsenate to advance 20 m, 
assuming no preferential flow.  Arsenic in the As(III) form is also likely to be present in 
the field due to reducing conditions or microbial activity, although at high pH conversion 
to As(V) is likely.  In the column experiments, the mean arrival time of As(III) was 3 to 5 
times earlier than that of As(V).  Preferential flow paths may also accelerate arsenic 
breakthrough, although this is not yet evident in the monitoring well data.  Thus, the 
hydrologic properties of the site are particularly important in predicting arsenic transport.  
The presence of seeps and regions of preferential flow can reduce sorption and 
significantly increase the arsenic transport rate.  Additionally, dilution in the groundwater 
or surface water will determine the actual concentrations of both boron and arsenic 
which are available to plants and animals.  A flow rate of 1.6 L/s in Coal Creek would be 
sufficient to dilute both boron and arsenic to environmentally acceptable levels.  
Because As(III) is expected to be more mobile than As(V) with sorption being 
approximately an order of magnitude lower, additional work is needed to characterize its 
behavior and the conversion rates between the two oxidation states within the 
surrounding soil. 
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