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ABSTRACT 

This paper provides an overview of geochemical principles that control groundwater 

chemistry relevant to coal combustion residuals (CCR). An understanding of these 

principles is needed in order to effectively evaluate site conditions and identify 

appropriate corrective measures. CCR have a characteristic mineralogy and chemical 

composition that are distinct from natural soils. The composition and properties of CCR 

are initially defined by the source of the coal and the processes used in coal 

combustion. Over time, the geochemistry of the combined CCR, surrounding soils, and 

native groundwater is reflected in the groundwater chemistry.   

Geochemical parameters, such as pH and oxidation reduction potential (ORP), 

influence the behavior of dissolved metals and other constituents in groundwater. 

Changes in field conditions, such as excavation or changes in groundwater flow, also 

contribute to geochemical changes. Several trace metals commonly detected in coal 

ash, including arsenic, selenium, and chromium, are redox-active, and the oxidation 

state of the environment can influence the behavior of these metals in groundwater. 

Additionally, changes in pH contribute to mobility and behavior of multiple constituents. 

 

PROPERTIES OF COAL COMBUSTION RESIDUALS 

Coal combustion residuals (CCR), including fly ash and bottom ash, have a 

characteristic mineralogy and chemical composition that are distinct from natural soils. 

The composition and properties of CCR can be highly variable and are initially defined 

by the source of coal and the processes used in coal combustion. This paper provides 

an overview of the geochemical principles affecting CCR constituents in groundwater. 

The reader will obtain general knowledge of the origin of constituents, the behavior of 

constituents upon being exposed to porewater and groundwater, and the implications 

for management of these systems.  



The composition of CCR is determined by the composition of source coal and the 

changes that occur during combustion, which affect the relative concentrations of 

elements occurring in coal. A number of minerals undergo transformation during 

combustion of organic carbon in coal. Phyllosilicate minerals are converted to glass, 

mullite, and quartz. Combustion is an oxidizing process, and iron, calcium, and 

magnesium minerals are primarily converted to oxides. The combustion process results 

in formation of the characteristic glassy matrix of ash particles, which is composed 

primarily of aluminum, calcium, iron, potassium, sodium, magnesium, and sulfur. The 

predominant minerals found in ash determine the solubility of these elements and of the 

trace elements incorporated within the ash matrix. Table 1 summarizes the 

transformation of inorganic mineral phases in coal during combustion (Mattigod et al., 

1990). 

 

Table 1. Thermal transformation of major inorganic phases during coal 

combustion (Mattigod et al., 1990) 

Minerals in coal* Transformation products in fly ashes 

  
Phyllosilicates Glass, mullite (Al6Si2O13), quartz (SiO2) 

Quartz Glass, quartz (SiO2) 

Pyrite (FeS2), siderite (FeCO3), iron sulfates  Hematite (Fe2O3), magnetite (Fe3O4) 

Calcite (CaCO3) Lime (CaO) 

Dolomite [CaMg(CO3)2] Lime (CaO), periclase (MgO) 

Gypsum (CaSO4  2H2O) Anhydrite (CaSO4) 

Ankerite [CaMgxFe(1-x)(CO3)2] Calcium ferrite (CaFe2O4), periclase (MgO) 

*Iron oxides, feldspars, and anhydrite do not undergo phase changes during combustion 
 

During the combustion process, trace elements in coal become concentrated in ash 

particles. Fly ash generally exhibits elevated concentrations of arsenic, boron, lead, 

nickel, selenium, strontium, vanadium and zinc relative to soil or coal (Eary, 1990). 

While some trace elements are incorporated into the glassy matrix of fly ash, 

chalcophilic trace elements in coal (e.g., arsenic, cadmium, copper, lead, mercury, 

selenium, vanadium, and zinc) tend to be associated with organic fractions of coal that 

volatilize during combustion. Volatilized trace elements condense on the surface of fine 

particles in fly ash as combustion gases cool. These elements are enriched in ash 

fractions having smaller particle sizes, and because they are condensed on particle 

surfaces, they are accessible for leaching when CCR is exposed to porewater or 

groundwater.   



 

ENVIRONMENTAL GEOCHEMISTRY IN CCR SYSTEMS 

Behavior of trace elements in CCR systems is affected by three major factors: 1. 

composition of CCR (resulting from coal composition and combustion processes), 2. 

exposure of CCR to porewater and/or groundwater, and 3. the geochemical properties 

of the combined system of ash, porewater, groundwater, and soil. 

At locations where porewater is present in the CCR unit or CCR is in a saturated 

groundwater zone, aqueous concentrations of trace elements may initially be elevated 

due to the dissolution of soluble species from the surface of ash particles. Over time, 

the concentrations of elements located on the surfaces of ash particles are depleted, 

and CCR in contact water undergoes weathering. Weathering of CCR allows release of 

elements incorporated within the ash matrix. The rate of depletion of surface elements 

from ash and CCR weathering is primarily driven by hydraulic factors, including the 

amount of recharge of water to the system (e.g. influent water, precipitation), and the 

flow rate of water through the system. The resulting geochemistry in the CCR unit and 

surrounding groundwater system approaches a balance between the properties of the 

CCR and porewater and the surrounding soils and native groundwater.   

Under equilibrium conditions, chemistry of porewater and groundwater is controlled by 

precipitation and dissolution of solid phases (e.g. minerals) based on the solubility 

reactions of elements present. For example, in a limestone environment, calcium and 

carbonate concentrations in porewater may be determined by the calcium carbonate 

solubility constant (i.e. excess calcium and carbonate will be precipitated as a solid 

phase); however, if an ash with high sulfur content is introduced, the concentrations of 

sulfur species will increase and calcium sulfate may precipitate (in place of calcium 

carbonate) as a controlling solid phase. In some cases, trace elements can be 

incorporated into the matrix of solid phases and co-precipitated, reducing groundwater 

concentrations of these species. In general, solubility reactions may be kinetically 

limited in the environment and equilibrium may not exist in ash porewater due to 

differences in leaching rates, kinetic limitations, and distribution of elements throughout 

the ash matrix.  

As porewater flows from the ash unit into the surrounding soil, aqueous concentrations 

of elements in solution will be attenuated by the affinity of the existing species to adsorb 

onto the surfaces of soil particles. Adsorption/desorption reactions of species present in 

the groundwater generally result in reduced concentrations of trace elements relative to 

porewater. The magnitude of this change is dependent on the properties of the specific 

aqueous species in groundwater, the soil properties, and the geochemical environment. 

Geochemical factors, such as pH and oxidation reduction potential (ORP), influence the 

solubility of mineral species, the leaching of constituents from CCR to groundwater, and 

the behavior of these elements in the subsurface. Geochemical conditions in the vicinity 

of coal ash are influenced by many factors, including the type and quantity of ash 



present, the properties and mineralogy of native soil in the area, groundwater flow rates 

and infiltration, and microbial activity. Introduction of CCR into an environmental system 

changes the geochemical conditions, which were previously determined by native soil 

and groundwater. For example, CCR derived from high sulfur coals generally produce 

lower pH leachates, while CCR derived from low sulfur coal generally produce alkaline 

leachates (Adriano, 1980); the pH of the combined system will be a balance of the CCR 

properties and those of the native soil and groundwater. Changes in geochemical 

conditions can alter the solubility and adsorption characteristics of naturally occurring 

elements, as well as introducing elements that occur in the coal ash.   

Changes in pH affect the leachability of trace elements from CCR and their mobility in 

environmental systems. Leaching studies with coal ash indicate that in general, lower 

pH of the leaching solution results in the release of higher concentrations of trace 

metals from coal ash (Theis and Wirth, 1977). This may be due to dissolution of solid 

phases or reduced sorption at lower pH, which can result in release of elements from 

the matrix of the ash or persistence of concentrations in solution. One notable exception 

was arsenic, which demonstrated elevated concentrations at both high and low pH 

(Theis and Wirth, 1977). Sorption may also be pH dependent, as pH can affect the 

charge on particle surfaces and forms of aqueous species present. Constituents 

exhibiting higher sorption are less mobile in the groundwater system, and their transport 

is attenuated relative to groundwater flow rates. 

Several trace metals commonly detected in coal ash, including arsenic, selenium, 

copper, manganese, vanadium and chromium, are redox-active and the oxidation state 

of the environment can influence the behavior of these metals in groundwater. High 

ORP is generally indicative of oxidizing conditions (lower electron activity), while low 

ORP indicates more reducing conditions. Changes in the ORP and pH determine the 

predominant species of the metal that will be present in solution and, consequently, the 

behavior of that metal in the subsurface. For example, in an aqueous system arsenic is 

present as an oxyanion either in the reduced form as arsenite (oxidation state of As+3) 

or the oxidized form as arsenate (oxidation state of As+5). Figure 1 shows the 

predominant form of arsenic expected to be present in solution, as determined by pH 

and oxidation conditions (pE is a measure of the electron activity, with higher pE 

indicating more oxidizing conditions). While multiple forms of a redox active element 

may be present simultaneously due to heterogeneity and non-equilibrium conditions, 

over time concentrations are expected to trend toward the form indicated by the 

geochemical conditions of the system. In the case of arsenic, the distinction between 

arsenite and arsenate is important because the two oxyanions have significantly 

different properties, with arsenite having lower sorption on soil surfaces and 

consequently being more mobile in the environment. 

 

Figure 1: pE pH diagram for arsenic species (Dove and Rimstidt, 1985) 
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Geochemical conditions within a CCR unit impact the leaching of constituents from ash, 

while geochemical conditions in the soil and groundwater downgradient of a CCR unit 

affect the speciation of redox active elements, and, consequently, their behavior and 

mobility in groundwater. Understanding these concepts and contributing factors on a 

site-specific basis can provide insight relative to groundwater data, and potentially 

enable predictive modeling. 

 

APPLICATION OF GEOCHEMICAL PRINCIPLES IN CCR SYSTEMS 

Developing a conceptual site model that includes both physical and geochemical 

parameters at a site facilitates an understanding of behavior of elements in the 

subsurface and resulting groundwater concentrations. Changes in groundwater 

concentrations may be detected due to application of corrective measures or other 

activities and can typically be explained through a thorough understanding of site 

conditions. 

Hydraulic controls can affect groundwater recharge to the site and/or migration of 

chemicals from the site. Limiting movement of groundwater in the vicinity of the ash 

tends to create a zone where the ash properties control the geochemistry and 

porewater concentrations are controlled by solubility limits of CCR minerals and leached 

constituents. Conversely, where groundwater flow and/or infiltration to the porewater is 



higher, geochemical conditions will be more strongly influenced by the native 

groundwater, and the aqueous concentrations and mobility of trace elements will be 

governed by sorption reactions during groundwater flow. At some sites, hydraulic 

controls, such as capping to limit recharge or installation of barriers, may be leveraged 

to limit impacts of CCR to surrounding groundwater. 

In areas where ash is removed from the subsurface, this activity results in geochemical 

changes which may temporarily affect groundwater chemistry. Excavation exposes 

subsurface soil and ash to atmospheric conditions, resulting in the introduction of 

oxygen to locations that may have been anaerobic. This changes the oxidation state of 

redox active elements, resulting in changes in solubility and sorption of various 

constituents. In some cases, these activities may result in detection of elements, such 

as arsenic or chromium in groundwater at elevated concentrations. When elevated 

concentrations are noted as a result of such activity, they are typically not 

representative of equilibrium conditions and may not persist over time. 

At sites where groundwater concentrations of specific elements exceed acceptable 

levels, it may be beneficial to evaluate geochemical conditions to determine their 

influence. In some cases, stabilization of geochemical conditions will result in reduced 

aqueous concentrations due to precipitation or sorption of elements as pH or ORP shift. 

This may occur naturally, as in the case of equilibration following CCR excavation, or 

can be an engineered solution to address site conditions (e.g. injection of amendments 

to adjust pH or ORP to a range resulting in increased precipitation or adsorption).  

Understanding the influence of geochemical conditions on precipitation/dissolution and 

adsorption/desorption reactions is key to predicting long term groundwater chemistry. 

 

CONCLUSION 

The composition of CCR is determined by the composition of source coal and the 

transformations that occur during combustion. When CCR is in contact with water, 

constituents, including dissolved metals, are released at rates determined by hydraulic 

conditions and solubility factors. The behavior of released constituents in the 

downgradient groundwater system is controlled by precipitation/dissolution and 

adsorption/desorption reactions. Each of the contributing processes is impacted by 

geochemical conditions, specifically pH and ORP, at the site. Understanding of 

geochemical principles provides insight relative to observed groundwater concentrations 

and facilitates predictions of long-term changes occurring in response to corrective 

measures and other activities that may be implemented at the site. 
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