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1. ABSTRACT 

The 488-D Ash Basin (488-DAB) is an unlined, earthen landfill containing 

approximately one million tons of dry ash and coal reject material at the U.S. Department 

of Energy's Savannah River Site, SC. The pyritic nature of the coal rejects has resulted in 

the formation of acidic drainage (AD), which has contributed to groundwater 

deterioration and threatened biota in adjacent wetlands. Establishment of a dry cover is 

being examined as a remedial aitemative for reducing AD generation within this system 

by minimizing the contact of oxygen and water to the waste material. To determine the 

potential benefit of a cover on pore water chemistry, a series of flow-through column 

experiments were performed under varying environmental conditions using materials 

from the site. The experiment was designed to demonstrate the influence of temperature, 

gaseous composition (dissolved nitrogen vs. oxygen), and flow regime (continuous flow 

VS. episodic wettinddrying) on effluent chemistry. Results indicated that the fluid 

composition (e.g., pH, redox, elemental composition) was closely associated to dissolved 

andlor gaseous oxygen content and wetting regime. Given these conditions, the use of a 

dry cover could reduce the production of acid lechate over time, pending that it retards or 

eliminates fluid and oxygen transport to the subsurface. 

Chemrsrry of Trace EIcrnenls In Fly Ash, edlted b y  Sajwan et a1 
a ~ e r  AcadernidPlenum Publ~shers, 2003 



2. fNTRODUCTION 

The d e p d a t i o n  of water resources from coal mining and coal combustion 

activities is a problem of global significance. Acidic drainage (AD), a low pH water 

enriched in iron, altlminum, sulfate and trace elements (e.g., lead, selenium, arsenic, 

mercury, zinc), is formed upon exposure of p jn te  to the oxidizing forces of air and water. 

Pyrite (FeS2), the most common sulfide mineral on Earth, is offen found within coal 

seams and their associated geologic strata. Once disturbed or extracted during the mining 

process, pyrite oxidation and .4D generation ntay begin and can continue for thousands of 

years. Moreover, since pyrite is found within coal seams, AD is not solely a "mining" 

problem and may occur anywhere that pyrite enriched coal or its byproducts are stored. 

In the United States alone, approximately 20,000 km of streams and over 72,000 ha of 

lakes and reservoirs are impacted by AD'. 

The oxidation of sulfide minerals and formation of AD is a complex process 

involving hydrolysis, redox, and microbial reactionsz. The general stoichiometry can be 

descnbed by the following reactions: 

2FeS2(,, + 702 + 2H20 -+ 2Fe2' + 4~0:. + 4Ht [ I ]  

Fez' + 0.2502 + H' -+ ~ e ~ '  + 0.5H10 PI 

~ e ' *  + 3 H 2 0  + Fe(OH)3(,, + 3H' I31 

FeSzcr, + 1 4 ~ e "  + 8 H 2 0  -+ 1 5 ~ e "  + 2 ~ 0 4 ~ .  -i- 1 6 ~ '  [4] 

where iron sulfide and other mixed-metal sulfides decompose upon exposure to the 

atmosphere, producing ferrous iron, sulfate and proton acidity [I] .  The partial oxidation 

of ferrous to ferric iron consumes some protons (21. However, ferric iron may act as an 

electron acceptor and contribute to additional acid production through hydrolysis [ 3 ]  

and,'or further pyrite oxidation [4]. Subsequently, acids produced from the oxidation may 

dissolve mirlerals and mobilize metals from materials found in the surrounding 

environment (coal, ash, soil etc.). 

The oxidation of ferrous to femc iron was determined by Singer and stumm3 to 

rate-limiting step in the generation of AD. Further, these researchers showed that 

idation of ~ e "  is pH dependent and extremely slow at pH -3.0. However, the 

a 23iobaciflus thiooxidans, a sulfi~r-oxidizing bacteria, and Z4iobacillus 

xidans, a chemosynthetic iron-oxidizing bacteria, were found to act as catalysts and 

lerate the oxidation of ferrous sulfide to femc sulfate at pH levels below 4.0'. Singer 

g* $-'::"and ~tumm' demonstrated that the rate of Fez' ox~datlon rn an untreated mlne sa rn~le  wa? 

es greater than that observed in a sterilized sample. As such, the rate of pynte 

ation may be influenced not only by redox conditions, but also by environmental 

ditions that may affect the microbial communities (i.e., temperature and pH). 

Several innovative techniques have been proposed to reduce AD generation by 

g the exposure of pyrite to air and water. Inundation is a basic application of t h s  

cept. The diffusion coefficient of dissolved oxygen in water is approximately 10,000 

es lower than that in the gas phase. As such, oxygen-consuming reactions are greatly 

uced upon flooding of pyrite-bearing materials and bacterially enhanced pynte 

dation is diminished. However, equation [4] (above) indicates that oxidation of pyrite 

continue as long as ferric iron is present. Hence, long-term stagnation or bacterially 

iated hypoxia must also occur to maintain a reducing environment and hold iron in 

e ferrous state 

A dry cover is an innovative technology that utilizes a layer of soil, compost or 

her organic material (peat, hay, straw, sawdust) above mining waste to deplete oxygen 

ugh bacterial consumptions. The organic waste may also inhibit oxidation by removal 

e3' from solution through complexation, and the formation of  pynte-~ez'-hurnate 

omplexes6. Changes in the particle size distribution of the cover over that of the mining 

aste may also be engineered to enhance water storativity. As such, water percolation 

ugh the waste and exposure to the pyrite could be decreased. Under such a scenario, 

se of vegetation may also be included to aid in the removal of water through 
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Figure 1 D-Area power plant and vicinity on the Savannah River Site. SC. 

evapotranspiration7. On a large scale, the net effect of these techniques is to cut off the 

oxygen source. On a microscopic scale, these techniques may also aid in preventing 

oxidation by altering the surface chemistry of pyrite. Several researchers have shown that 

soluble organic acids from the breakdown of litter, and colloidal silicate and phosphate 

salts from soils may act as passivating agents through the formation of a surface coating, 

which may render pyrite impenetrable to oxidative a t t a ~ k ~ . ' . ~ .  

Establishment of a dry cover is being examined as a remedial alternative for 

reducing AD generation within the 488-D Ash Basin (488-DAB) at the U.S. Department 

of Energy's Savannah River Site, SC. In order to determine the potential benefits of a 

cover, a series of column experiments was conducted to determine the effect of 

temperature and wetting regime on surficial materials collected from the 488-DAB. Data 

from these experiments are used to predict the chemistry of lechate anticipated under 

various field conditions. 

3. MATERIAIS AND METHODS 

.I. Site Description and Background 

The 488-DAB is an unlined, earthen containment basin located on the Savannah 

er Site, SC that received sluiced fly ash, dry fly ash and coal reject material from the 

ly 1950's to the mid 1990's (Figure 1). Non hazardous wastes deposited in the basin 

contain metals typical of fly ash and coal (As, Co, Cr, Cu, Fe, kln, Ni and Zn). The 485- 

AB is -1,800' x 600' x 18' in size and contains -19 x 10' A' of waste material. The 

basin was constructed on the existing land surface at -35m (msl) and is -9m above the 

vannah River. The present surface of the basin is at -40 to 37' (msl), sloping gently to 

e west and it is filled with waste, except in the far western reach where surface waters 

llect during rainfall events. 

The extent of  water-saturated material in 488-DAB is not known, nor if any 

rnmunication exists between basin waste and the local water table. Based on limited 

il borings, the waste seems to be variably saturated, having both wet and dry zones that 

with depth. The source of this water may be meteoric infiltration or lateral 

undwater flow from adjacent basins (488-ID, -2D and -4D). Hydraulic anisotropies 

ay have been created when various materials were introduced to the basin. 

Itematively, post-depositional features such as diagenetic "hard pans" may have 

eveloped as materials weathered over time, creating local anisotropies 

.2. Column Construction 

A 2 x 1 x 1 m deep trench was excavated in the center of 488-DAB to retrieve 

terial for the column study. Six horizons were noted in a cross-section of the trench; 

these, a coal rubble zone (A) and fly ash residue zone (Dj best represented the 

acter of the waste and were chosen for additional study. Ln the field, zone A 

sisted of poorly-sorted, pebble-sized pieces of coal and plnte, while zone D contained 

latively uniform fine-grained material. Approximately 1 m3 of material was shoveled 

m zone A and D into individual plastic bags and subsequently placed inside large 
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plastlc containers to minimize atmospheric interaction. The containers were transported 

to the laboratory where subsamples were collected for thin sectioning. The remaining 

material was disaggregated by hand and stored for later use. 

Flow-through columns were made using clear PVC pipe of  approximately 15 cm 

in diameter and 25 cm in length (-4500 cm3). Attached to the ends of each cylinder were 

PVC plates that contained a circular groove, to ensure a snug fit, and ports for influent or 

effluent flow. The base plate was permanently fixed with epoxy, while the top plate was 

removable and contained a compression o-ring for an airtight seal. Each column was 

connected to fluid and gas reservoirs with tubing. Columns were flushed with fluid from 

the bottom up to minimize air-filled void space, and from top to bottom with gas to 

facilitate the expulsion of liquid and accelerate the drying process. Preliminary 

experiments revealed that the waste material could be dried to ambient water saturation 

!-12°/o by u~t .)  within a day at a gas flushing rate of 1 L per minute. 

3.3. Flow-through Experiment Procedures 

Waste material from the selected horizons was packed in columns. Nylon screens 

(600-mesh) were placed on each end of a column to prevent mass loss. After loading, the 

lid was securely fastened to the column base plate by connection with metal rods and 

bolts. Gas-equilibrated water was pumped independently into the columns from a 

common reservoir at 2.5 mL min" with Barnant metering pumps. The flow rate was set 

to be similar to measured infiltration rates for waste at 488-DAB (Smail, pers. comm.). 

Depending upon the treatment, gas-equilibration of the influent was achieved by 

continuous sparging of the inlet reservoir with either breathing quality oxygen or zero 

g a d e  nitrogen gas. Ultra purification of the nitrogen was achieved by passing the gas 

over hot copper in a reduction furnace prior its introduction in an experiment. Non- 

potable ground water pumped from a local artesian aquifer was stored in fifty-liter 

carboys and pre-equilibrated to the appropriate temperature and gaseous conditions 

before being pumped into the columns. Prior to an experimental run, each column setup 
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was examined for leakage, settling, and mass loss by flushing gas-equilibrated fluid 

ough the system. 

Four experimental runs were conducted sequentially, each run consisted of four 

dependent columns that were leached for approximately 35 days. In each run, two 

olumns contained zone A material (columns 1 and 2) and two columns contained zone D 

aterial (columns 3 and 4). In each run, columns 1 and 3 were flushed continually with 

i f lu~d whlle columns 2 and 4 experienced a penodic wetting ( 5  days) and drytng (2 days) 

ycle flow regime. Based on preliminary tests, gas flow rate was set at 1 L per minute. 

Flow rates were monitored and adjusted periodically during each experiment. Column 

experiments were conducted at two different temperatures, 12.7' and 29.4"C, to simulate 

nter and summer soil temperatures, respectively. Maintenance of the experimental 

condltlons was ach~eved by hous~ng the entire column set-up, lncludlng g ~ s  and llquld 

reservoirs, in a large env~ronmental chamber 

The treatment sequence for the experimental runs was: 1) 0;-equilibrated fluid at 

2.7" C (Run I) ,  2) Nz-equilibrated fluid at 12.7'C (Run 2). 3) N2-equilibrated fluid at 

9.4"C (Run 3), and 4) 0;-equilibrated fluid at 29.4'C (Run 4). IVhen a column 

experiment was initiated, effluent was collected every 4 hours for the first 48 hours, and 

aily thereafter. During each sampling event, effluent pH, Eh, temperature, and EC were 

orded, measurements of total Fe and ~ e ; '  were performed (HACI-1 test kit), and three 

ples of fluid were collected for laboratoy analysis. Twenty milliliters of effluent was 

tered (0.45 micron acetate syringe filter) into a glass scintillation vial preloaded with 

0 microliters of trace metal grade nitric acid for dissolved metal analysis, 60 mL of 

filtered effluent was stored in an amber glass vial for measurement of acidlty, and 

proximately 20 mL of unfiltered effluent was collected for sulfate (SO,,) analysis. 

-4. Analytical Methods 

Measurements of pH, temperature, and EC were made In the envlronrnentdl 

chamber using a HI 991 301 Manna pH meter and probe Eh wab measured separately 



using an ORP probe and meter. Calibration checks were performed on all probes once 

per week for quality control. 

Acidity titration was performed using an ABU901 autoburette and TimTalk 9 

computer software. The ICP-OES analyses were performed on a Perkin-Elmer Optima 

4500DV Optical Emission Spectrometer. Total Fe, ~ e ' *  and sulfate analysis were 

conducted using HACH test kits and a DW890 Calorimeter. Samples for iron and sulfate 

determination were filtered with 0.1 micron and 0.22 micron syringe filters, respectively, 

prior to analysis. Gcochemical modeling of aqueous-phase chemical equilibria was 

performed with the MINTEQA4 computer Measured pH and Eh values were 

used as model inputs in the computer simulation. 

Thin sections were made by Mineral Optics Laboratory (Wilder, Vermont) to 

determine the texture, fabric and mineralogy of zone A and D materials prior to the 

experiments. Percent silt and clay were determined on samples of zone A and D starting 

material using the hydrometer method of Gee and ~ a u d e r " .  The XRD analyses were 

conducted on powder mounts of zone A and D materials prior to and at the conclusion of 

each experiment using a XRD difkactometer (X2 Advanced Diffraction System, Scintag 

Inc.) with Co KCY radiation. A TGA 2950 thermogravimetric analyzer (TA Instruments, 

New Castle, DE) was used for TG and DTG characterizations. 

4. RESULTS AND DISCUSSION 

4.1. X-Ray Diffraction and Thermal Analysis 

Surticial waste material at the 488-DAB experienced fluctuating 

saturated/unsaturatetl conditions that promoted the incongruent precipitationidissolution 

of minerals. During dry periods of the summer, yellow eftlorescences erupting from 

below the surface were observed and were a common superficial feature on the basin. In 

addition, white globules consisting of a hard inner shell and soA outer coating with the 

consistency of powder were abundant in the upper 1 c n ~  of the surFace horizon. 

Diffraction patterns of the yellow efflorescences showed sharp peaks at 8.25, 5.45 and 

112 

"20, CoKa 

Figure 2 .  X-ray powder diffraction patterns of waste matenal from hvo depths in the 488- 
DAB. 

2.76-81, which are consistent with the iron sulfate mineral coquimbite (F~~"~(so , ) ,  

9H20). The precipitation of iron sulfate minerals is a commonly associated product of an 
B 

[ evaporative system that has accumulated dissolved specles from pyrite ox~dation" As 

noted by Jambor et all3, the subsequent dissolution of these salts dunng rain events 

represents an addit~onal source of ac~dity and a major contnbutor to the contarnrnant pool 

I of these systems and adjacent environments 

f 
f Two minerals associated w ~ t h  the white globular matenal were ~dent~fied by 

)(RD Sharp diffraction peaks at 7 63, 4 25, 3 06 and 2 87- A charactenstic of gypsum 

(CaSO.,. 2H20) were exh~b~ted  from the external powder coatlng The inner hard 

matenal showed reflections at 3 03, 2 49 and 2 28- A, which are consistent uith that of 

calcite (CaCO,) Apparently, the acldlc condrtions of the bastn have contnbuted to the 

dissolution of llmestone particles that were co-mingled wrth~n the waste matenal As n ~ t h  

h the iron salts, recrystalizatlon of limestone as a sulfate salt l~kely occurred on the surldce 

of the calc~te minerals during evaporative penods 



The XRD patterns of basin material collected from zones A and D exhibited a 

very similar array of peaks (Figure 2).  Both horizons displayed sharp peaks at 3.34,4.25, 

2.45, 2.28 and 1.81- A, which are consistent with quartz; and at 3.12, 2.71, 2.42, 2.2 and 

1.63- A suggesting the presence of pyrite. Although it is difficult to assess due to 

potential peak overlap, the reflection at 4.95- A may also suggest the presence of goethite 

(a-FeOOH) in samples from both horizons. Material from zone A also displayed weak 

reflections at 9.3, 4.71 and 3.69- i\, which is indicative of basaluminite (AL(S04)(0H)'o). 

Insoluble aluminum hydroxysulfates may precipitate from acid sulfate solutions when 

buffered to a relatively high pH by carbonate materials, however, a pH near 5.0 must be 

achieved for this to occur (pKI for Al-hydrolysis is 5.0"). Although the presence of  

calcite was verified in this zone, samples analyzed for pH rarely exceeded a value greater 

than 2.5. It is possible such minerals formed in the local environment when pH was 

buffer by the release of alkalinity. 

Thermogravimetric (TG) analysis of zone A material displayed a weight loss of = 

5% between 25 and 300°C, followed by weight losses of = 9 and 3% in the 400 to 500 

and 750 to 900°C regions, respectively (Figure 3).  Derivative thermogravimetry (DTG) 

indicated an inflection at 150°C, which is typical for the dehydration of gypsum'5. 

Weight loss (TG) and strong DTG inflections at 450 and 500°C correspond to the 

oxidation of pyrite to hematite'"". A broad and weak inflection at 800°C corresponding 

to the weight loss in the 750 to 900°C region is likely indicative of the decomposition of 

carbonates (calcite) and evolution of ~ 0 2 ' ~ .  Another weak DTG inflection is exhibited at 

250°C may be the result of dehydroxylation of poorly crystalline goethite, lepidocrocite, 

or akaganeite" andlor an Al-hydroxide mineral". 

Material from zone D showed only -1% weight loss in the 25 to 300°C range and 

no significant DTG inflections. A weight loss of 4% occurred at the 300 to 600°C range 

wtth sharp DTG inflections at 350 and 500°C. The inflection at 350°C is likely due to the 

dehydroxylation of goethite20, while the 500°C inflection is attributable to the oxidation 
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Figure 3. TG and DTG of waste material from hrro depths in the 488-DAB. 

of pyrite to hematite as noted for zone A. Weight loss of -3% was observed in the 600 to 

9 0 0 ' ~  region, but no significant DTG inflections were detected. 

Based upon these results, it is likely that materials in the upper part of the basin 

are enriched to some extent with carbonate materials, while subsurface zones are 

primarily dominated with pyrite and secondary precipitates that resulted from its' 

oxidation. Apparently, gypsum precipitation is a surface phenomenon on the basin due to 

the relative abundance of carbonates in that zone. In addition, further evidence to support 

the presence of Al-hydroxides in zone A was revealed by the thermal analysis. Given that 

calcite was detected in zone A by both XRD and TG, the possibility for localized areas 

containing enough buffering potential to support a mineral such as basalurninite exists. 

However, gypsum and the i21-mineral phase will likely be short-lived on the 388-DAB as 

carbonate alkalinity is consumed over tlme 
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Transmitted Reflected 
F~gure J I'h~n section from zones A and D of the 488-DAB In transmitted and reflected 
light tinder I 25x and I O  Ox magnification 

Thernial analys~s and XRD on samples collected from each column after the 

leaching procedure indicated that no major changes in mineralogy occurred during the 

course of the experiment. 

4.2. Particle Size a n d  T h i n  Section Observations 

Bulk samples collected from the basin lnd~cated that zone A and D contained 41.4 

and 6 3% course fragments (;,2mrn diameter). respectively Texture analysis indicated 

that zone A rnatenal -3s composed of 7.1% clay, 14.2% silt and 78.1% sand, while zone 

D contained 18% clay, 29.9% silt and 52.1% sand. 

Thin sections of start~ng material for zones A and 1) are sh0a.n in Figure 4. Zone 

:\ coritairis large clasts ofcocil and tietrital p l ~ i t e ,  shown as bronn and brassy material in 



reflected light, respectively, and as black grains in transmitted light. White areas in 

transmitted light are pore space, occasional mineral grains, or country rock. 

Zone D predominantly contains fine-grained material that cannot be distinguished 

at relatively low magnification (12 .5~) .  Under hgher magnification (100~) .  a fine- 

grained brassy texture is noted under reflected light that is pervasive throughout the 

section. This material is either detrital or authigenic pytite. At high magnification, 

spherical brassy grains are observed and these are most probably authigenic pyrite grains 

that formed througb the weathering of overlying detrital pyrite grains. The circular cross- 

section is indicative of pyrite framboids that commonly occur in marine sediments where 

dissolved SO4 diffuses into microenvironments that are slightly to strongly reducing. It is 

probable that pyrite was oxidized at the surface, either inorganically or through 

biomediated reactions, and the liberated SO4 was transported with infiltrating waters to 

the subsurface where n~icrobial Fe- and sulfate-reduction were active. Analyses are 

presently underway to measure 3 4 ~ / ' 2 ~  ratios in these grains, as relatively low ratios are a 

strong indicator of biological sulfate reduction in terrestrial environments. 

4.3 Column Eluent Chemistry 

4.3.1 Eh and pH 

A plot of pH over time is presented in Figure 5 for each experimental run. For 

column Al (coal rubble, continuous flush), pH generally increased from -1.0 to 6.0 over 

the first two weeks and then remained relatively constant thereafter. Similar low pH 

values (pH - 1 or lower) have been observed in sulfide-rich tailings impoundments and 

mine waste sites that have been exposed to atmospheric conditions for long periods of 

time"'" , For column A2 (coal rubble, periodic flush), pH generally increased from -1.0 

to -2.5 within the first 3 days and increased to - > 3.0 by the end of the experiment. 

Occasional transient events were noted in the lower temperature columns where pH 

increased to -6.0 over a relatively short time interval. For the fly ash residue columns 

(Dl and D2j, effluent pH was initially higher at -2.5 and less variable over the course of 

113 



the experiments. At the low temperature, zone D effluent pH rarely exceeded -3.0-3.5, 

regardless of flow regime. However, the higher temperature produced several events 

where the pH exceeded -6.0 in both the oxygen and nitrogen equilibrated columns. 

Effluent Eh for the column experiments are presented in Figure 6.  For column 

A i ,  effluent Eh was relatively constant at -450 mv for the first week then decreased 

abruptly (< 200 mv) thereafter. For column A2, effluent Eh remained relatively high at 

-400-500 mv, except for several transient low Eh spikes (-100 mv) that were coincident 

with spikes in pH. For the fly ash residue columns (Dl and D2), effluent Eh remained 

relatively higher than that observed from the coal rubble material and exhibited less 

fluctuation for the duration of the experiments. 

A general inverse correlation was observed between Eh and pH for all four 

experimental runs and this relationship is similar to that noted elsewhere for acid mine 

drainage2"*.'. The relationship between Eh and pH was consistent (+ = 0.78) both within 

columns of an experimental run (e.g., among flow regimes for both the coal rubble and 

fly ash residues) and among experimental runs (e.g., for different fluid compositions and 

temperatures), although slight differences in the Y-intercept were noted which could be 

explained by a temperature dependent reaction mechanism (Figure 7). This observation 

suggests that the basic chemical mechanism responsible for the production of column 

effluent was similar among treatments. In addition, the closeness of the curve fit between 

runs may suggest that the driver for pyrite oxidation in these sediments is one of a 

physicochemical nature rather than biological. As indicated in the introduction (equations 

[2] and [ 3 ] ) ,  ferric iron may act as an electron acceptor and contribute to acid production 

througll hydrolysis and!or as a direct mechanism for pyrite oxidation. Further 

examination of Figure 7 reveals two dominating clusters of points; one in the pH 2 to 3 

range with Eh values behveen 300 and 500 mv, and another in the pH 5 to 7 range with 

Eh values less t11an 200 m\*. The clusters may represent the transition of iron from the 

~e"va1ence state (low pH, high Eh) to the Fe2' state (circumneutral pH, low Eh). With 
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Run i Run 2 Run 3 Run ? 

I F~gure 7 Relat~onshtp between pH and Eh In column effluents 

the removal of femc Iron from the system ( v ~ a  reduction or preclp~tat~on) acid generation 

and potentla1 pynte ox~datlon is lowered and waters make the trans~tion frorn acidic to 

E circumneutral. 

4.3.2 Major Element Composition 

The discharge ofsulfur from columri A1 exhibited similar patterns throughout the 

xperiment, regardless of the temperature or gas phase (Figures 8 - I I ) .  In general, the S 

content gradually fell from an initial concentration near 10,000 mg L-' to 100 mg L-' afler 

one week of flushing. Subsequent effluent S concentrations remained relatively flat 

etween 100 mg L-' and 50 mg L.'. Systematic decreases were obsen~ed in individual 

flushing cycles of runs that experienced periodic wetting and dqlng  conditions and this 

was consistent with the pH-Eh data. Peaks and valleys observed in continuously flushed 

olurnns may be indicative of the highly reactive material of the basin, but could also be 

attributable to changes in the solution flow path within the column. Sulfur concentrations 

fiom D l  eluents (all runs) followed the same pattern as those described for column h i  

except that the initial concentrations were significantly lower in the deeper horizon 
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Figure 12 Rt-ldtronsh~p between sulfur and femc lron In column effluents 

material (1,000 vs. 10,000 mg L - I ) .  The higher initial S content in the column A l  material 

is likely a result of the dissolution of evaporative salts that formed on the basin's surface. 

The episodic wetting and drying in columns A2 and D2 showed the same general 

downward trend in S levels with time, however, concentrations tended to exhibit a 

"rebound" effect afier each successive dry-down period. The magnitude of this "rebound 

differed slightly among columns and between runs, but the general result was similar in 

that the S concentrations at the beginning and end of a wetting cycle were lower than that 

of the preceding cycle. Even though the pH of these episodic events reached levels above 

6.0 toward the end of a cycle, the pH value at the beginning of a cycle rarely exceeded a 

level of 3.0 for both columns (A2 and D2) during all runs (Figure 5 ) .  As such, mobility of 

the elements was highest at the beginning of a cycle. 

Initial calcium concentrations in effluents were 5 400 mg L-' for all runs. By the 

end of week 1. Ca concentrations from zone A columns dropped to levels similar to that 

of S and tracked S concentration thereafter. In zone D columns, S approached Ca by the 

end of the experiment. The approach was kinetically favored at the higher temperature. 

e strong association between Ca and S suggests that these elemental concentrations 

ay be controlled by the solubility of  a solid or mineral of similar stoichiometry, most 

obably The episodic flushing of column D2 yielded a Ca "rebound" effect 

ilar to that of column A2. 

Iron concentrations for column A1 eluents were near 10,000 mg C' at the 

begnnmg of each expenmental run, and rapidly fell to levels approach~ng 10 mg L ' by 

e end of the first week. Subsequent effluent Fe concentrations remained in the I to 10 

mg L" range. Although lower in concentration, column A1 elution curves for Fe 

aintained a similar pattern to that observed for S and Ca for all runs. Column D l  

uents were similar to that of A l  for all runs. Once again, the eluent pattern for the 

columns experiencing episodic wetting exhibited a "rebound" effect, and mimicked that 

f sulfur. A plot of  ferric iron ( ~ e ~ " v s .  sulfur resulted in a positive correlation (2 = 0.80) 

r all four experimental runs (Figure 12). This observation reemphasizes the possibility 

t a basic chemical mechanism responsible for the production of column eluent was 

ilar among all treatments. In addition, the closeness of  the curve fit between runs may 

uggest that Fe3' is the principal oxidizing agent leading to the formation of AD from the 

8-DAB material. As such, maintenance of the iron redox couple at a level favoring the 

ous state (- < 150 mv) may be an essential factor for the control of pyrite oxidation in 

ese sediments. 

Initial eluent aluminum concentrations for column A1 were less than 300 mg L-' 

r runs 1 and 2 (Figures 8a and 9a), and greater than 1,000 mg L-' for runs 3 and 4 

igures 10a and I la). The difference between the concentration levels is most likely 

ttributable to initial pH conditions of the runs. The warmer runs (3 and 4) produced a 

re acidic initial solution (-0.3 pH units lower), which likely increased the solubility of 

inum in those columns. By the end of the first week, A1 columns generally exhibited 

eluent pH > 4.0 (Figure 5) and aluminum concentrations were 5 1.0 mg L-'. Runs 1, 2 

d 4 for column A1 maintained an eluent concentration around 1.0 mg L' for the 



-- 

duration of the experiment, however, run 3 w2 at 29.4'C) exhibited a hrther decrease to 

- 0.05 mg L" (Figure 10a). We suspect that the lower aluminum concentration in run 3 is 

attributable to enhanced microbial metabolism under anaerobic conditions, which 

resulted in a higher pH within the column and enhanced Al precipitation. 

4.3.3 Trace Element Composition 

Examination of  the trace element data from ICP analysis revealed four elements 

(As, Cu, Se, and Zn) with appreciable quantities in the eluent samples. Graphs depicting 

the change in concentration of these elements over the course of the experiment are 

presented in Figures 13 -16. The concentration of zinc was relatively stable during the 

experiment regardless of the temperature, gas phase, or column material. Zinc 

concentrations fluctuated from 1 mg L-' at the beginning of a run to - 0.1 rng L-' at the 

end. The rebound effect observed with the major elements did occur for Zn in columns 

A2 and D2. 

Copper concentration in columns A1 and D l  follows a similar pattern to that of 

zinc during the first week, but concentrations tend to decline further to the 0.01 mg I,.' 

level through the remainder of the experiment. The "rebound of copper is exhibited in 

episodically flushed column t22 when oxygen is present (Figures 13c and 1 6 ~ ) .  however, 

the response does not occur in the presence of nitrogen (Figures 14c and 15c). In 

addition, the final effluent concentration in the A2 column is generally lower when 

leached in the more reducing Nz environment. Column D2, on the other hand, exhibits 

the rebound for all runs but is more expressed at the higher temperature with a general 

order of magnitude change in concentration during each solution pulse phase. This 

suggest that a slight reduction in the water oxidation state may deter Cu leaching from the 

zone A coal rubble material, whereas continual Cu releases from the zone D ash zone are 

l~kely to continue with each successive wetldry period. 

Selenium concenhations in runs 2 through 4 were below detection for columns 

A 1 and D 1 after one u eek of conti~lual leachlng (F~gures 14a,b- 16a,b), w h ~ l e  In run 1 (Oz 
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2.7 '~)  Se concentrations were slightly above detection - 0.03 mg L-' In both columns 

e 13a,b). Selenium mobility in soils is controlled by pH and redox  condition^'^, but 

difference between these factors over the four runs was not significant enough to 

tit the observed response. Relationships to other chemical constituents that may 
d 

2. 
plain the S e  behavior in run 1 were not observed. As such, the enhanced Se mobility 

was probably due to a mobile Se-colloidal fraction that formed under the specific 

rn 

environmental conditions of  t h s  run. Selenium concentration in the eluents from episodic 
= 

ushing (columns A2 and D2) in the presence of N* (Figures 14c,d and 15c,d) did not 

" 
r significantly from that in the saturated columns. Some fluctuation in Se . 

ncentration was observed in the lower temperature run during episodic flushing (Figure 

a 4), however, a "rebound" was not observed for all pulses. The episodically flushed 

I 
lumns saturated with oxygen at a low temperature exhibited a nearly identical pattern 

( T ~ U ~ I  ~ ~ I u ~ , , ~ ~  those described for the saturated columns in run 1 (Figure 13). Once again, 
5' 5' 

ncentration levels did not fall below - 0.03 mg L-', and the rebound between pulses 

ere minimal during this run. At the higher temperature, the rebound was clearly evident 

d the zone A coal rubble column (A2) (Figure 16c) but missing in the deeper zone D ash 

lumn (D2) (Figure 16d). 

JI 
Arsenic showed a very similar pattem to that described for selenium. Initial As 

8 
ncentrations were > 10 mg L-' and - 1 mg L - I  in zones A and D, respectively. In the 

rated columns, As concentrations fell below detection after one week of leaching for 
" . runs. Arsenic in the episodically flushed columns exhibited a wide array of responses 

th changes in environmental conditions. At low temperature, eluted As was below 
a 
I 

I 

detection in zone A materials within two weeks of leaching in the presence of O2 (Figure 

f i  
rd 3c), but exhibited a rebound to levels of - 0.03 mg L-' with each successive pulse in the 

resence ofN2 (Figure 14c). Eluent As concentrations from zone Dl materials at this 

emperature were below detection by week four regardless of the gas phase (Figures 13d 

d 14d). Conversely, the higher temperature elicited quite a different response. Eluent 
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ils levels from the zone D2 colun~ns 0.I: and 02) were below detection by the second 

pulse phase of the run (Figures 15d and 16d). In the zone Al columns under higher 

temperature, As concentrations eventually fell below detection during week 2 in the 

presence of Nz (Figure I Sc), but were maintained well above detection with each 

successive pulse in the presence of O2 (Figure 16c). 

The response of As and Se in zone .4 under the presencc of the differing gases at 

the higher temperature (Figures 15 and 16) is vely informative from the standpoint of 

evaluating the usefulness of a cover for controlling .4D release. For demonstration 

purposes, we may assume that these two runs represent the ambient state of  the 488-DAB 

basin during the summer. Under saturated conditions there would be essentially no 

release of these toxic substances from the surface materials once an initial pulse of fluid 

has niigrated through the subsurface. This initial contaminant pulse is probably 

attributable to the dissolution of evaporative salts. Under the changing conditions 

associated with intermittent rains at 488-DAB, the pulse is reestablished through each 

successive wetldry period. As such, the waste is a long-term source ofpotential 

contarnination via evaporation and precipitation. However, if there were a slight 

reduction in the oxidation state of water that comes in contact with the coal rubble 

material (e.g. N2 column experiments) Se and As mobility would be inhibited. The use of  

a cover, particularly one enriched with organic matter, could generate this response. Not 

only would the cover provide a buffer against direct exposure to the oxidizing forces of 

water and air, but microbial oxygen demand within the cover could also result in 

lowering the oxidizing potential of rainwater prior to contact with the waste material. 

4.4 Mineral Solubility 

The solution saturation indices (SI) of the column eluents with respect to various 

minerals were evaluated using the equilibrium geochemical speciation model 

MINTEQM'! The SI (IogQK), where Q = ion activity product and K = solubility 

product constant, was calculated for each column aAer one and four weeks of leaching 

ables 1 and 2). A SI of zero Indicates equilibrium, a negative value undersaturation, 

d a positive value supersaturation. At one week of  leaching most columns were 

dersaturated with respect to the various minerals examined (Table 1). The column A i ,  

uring run 2 (N2 at 12.7'C), was the only example of a run containing eluents that were 

supersaturated with respect to more than one mineral. The precipitation of basaluminire, 

banite (AI(OH)SOd), boehrnite (y-AIOOH), diaspore (x-ALOOH), gibbsite (Al[OH):), 

oethite, hematite (x-Fe203), lepidocrocite, magnetite (Fe304), and possibly an 

orphous Al(OH), may have occurred in this colurnn due to high pH (6.0) conditions 

hat were not achieved by any other run or column at this stage of the experiment. 

ematite was also exhibited at or above saturation in many other columns and runs. 

ypsum, anhydrite (CaS04) and jurbanite were close to equilibrium in several columns 

uring various runs. 

AAer four weeks of leaching, column Al exhibited tremendous changes in its SI 

r all runs. In this column, most of the eluent solutions were either at equilibrium or 

upersaturated with respect to the Al and Fe oxide, hydroxide and hydroxysulfate 

inerals modeled (Table 2). This correlates well with the high pH conditions observed 

r column A1 at four weeks. With the exception of  run 3 (N: at 29.4"C), however, SI's 

r column D l  did not change significantly after four weeks of leaching. Once again, t h ~ s  

orrelates well with the pH values at that point in time (Figure 5). The experimental 

onditions of run 3 resulted in pH levels that were sustained above 6.0 in column D l ,  

thus allow~ng for the potential precipitation of various Fe and '41 minerals The episodlc 

flushing of columns A2 and D2 resulted In lower pH calues and higher element 

I concentrations at four weeks than that observed in the conbtantly saturated columns As 

such, the saturation indices did not change greatly through the course of the experiment 

A slight enrichment in SI was observed at four weeks for the iron minerals goethite, 

lepidocrocite, magnetite and hematite for column D2 during run 1 (0: at 12.7"C). 

Saturation indices for pynte remained highly unsaturated throughout the course of the 
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experiment. Given the rcdox conditions of the experiment (Figure 6), the re-precipitation 

of pyrite or formation of metal sulfides was not anticipated and was not considered as a 

pathway for metal retention in the columns during the flow-through experiments. 

5. CONCLUSIONS 

In an effort to evaluate remedial options for an abandoned fly ash/ reject coal 

landfill, a laboratory column experiment was conducted to characterize the geochemistry 

of the waste material and associated lechate under differing environmental conditions. 

Columns were generated using materials from the surface of the landfill, primarily coal 

rubble, and those found deeper in the profile, primarily fly ash residue. The coal rubble 

zone contained large clasts of coal and detrital pyrite, secondary iron and aluminum 

precipitates, and evaporative iron-sulfate and calcium-sulfate salts, which formed from 

the weathering of pyrite and dissolution of carbonates. The iron-sulfate salts 

(coquimbite) represent a significant source of acidity on the landfill. The fly ash zone 

contained authigenic pyrite framboids that were likely formed through the weathering of 

the overlying detrital pyrite fragments, and secondary iron precipitates. Because of their 

dissimilar compositions, the two materials responded differently to the environmental 

conditions of the flow-through experiment. 

Initial eluents &om the coal rubble zone columns (zone A) were substantially 

lower in pH (- 4 1 .O) than that from the fly ash coluntns, regardless of temperature or 

flow regime. In continuous flowing (saturated) columns, the pH of fluids from the coal 

rubble zone established a dynamic equilibrium at a pH of 6 to 7 within the first week of 

the experiment, whereas eluent pH From the fly ash zone fluctuated more erratically from 

low to hic&. Eluent pH also increased consistently within columns that were episodically 

flushed; regardless of the temperature or flow regime, although the long-term increase in 

pH was significantly lower than that observed in the continuous flow experiments. A 

temperature effect on acidity was exhibited in the fly ash columns. At 12.7 '~.  effluent 

chemistry was not affected greatly by gas composition or flow regime, and pH generally 
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not increase above 3.5. However, eluent pH increased both episodically and 

odically at 29.4 '~,  suggesting that reactive surfaces were partially stabilized and 

anic salts were effectively mobilized from the system. This effect was more 

ounced in columns that were exposed to nitrogen compared to those exposed to 

As with the pH response, initial concentrations of major and minor elements were 

bstantially higher in the coal rubble effluents than the fly ash zone. However, 

centration ranges were similar between the two zones once the initial flush had 

w e d .  Elemental concentration patterns for eluents from the continuous flowing 

eriments were similar between columns from the two zones regardless of gas phase or 

perature. In the episodically flushed columns, significant differences with respect to 

eiuent elemental concentrations were obsemed under the varying environmental 

nditions. These columns, which most closely resemble actual conditions on the basin, 

owed the dynamic nature of materials in response to alterations in saturation and 

idation state. In general, the column materials responded to the periodic wetting and 

ng cycles with great swings in elemental concentrations. The beginning of a cycle 

ould generally correspond with high element concentrations in the eluents, followed by 

ecline through the wetting period, and a subsequent rebound to higher levels following 

-down period. This is most likely a result of the deposition and resolubilization of 

ctive salts during drylng and wetting cycles, respectively. The magnitude of  this swing 

influenced by both temperature and gas phase. The concentration gradient fiom 

ginning to end of a cycle was greatest at the higher temperatures for elements directly 

ociated with pyrite oxidation (i.e. Fe and S), while species that may be influenced by 

tle changes in redox (i.e. As and Se) responded more clearly to differences with 

spect to the gaseous composition. 

These results suggest that the low pH fluibs and high elemental concentrations 

mating from materials in the 488-DAB are closely associated with environmental 



factors that control dissolved andor  gaseous oxygen and to periodic wetting and drying 

events. As such, a dry cover should reduce the production of acid lechate over time if it is 

designed to retard or eliminate fluid flow and oxygen transport to the subsurface. In 

a d d ~ t ~ o n ,  the use of a cover to minimize the occurrence of evaporative salts on the 

landfills' surface may significantly reduce the contaminant load given that they are a 

major contributor of acidity in this system 
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