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PURPOSE AND TECHNICAL BASIS FOR EVALUATION 
 
A geochemical modeling effort was undertaken to describe the speciation of metals and 
other groundwater constituents across the spectrum of groundwater conditions 
measured at Coal Combustion Residual (CCR) sites. These sites typically contain 
metals and other compounds at levels that can cause groundwater impairment. It is 
important to understand sorptive capacity of soil and sediment surrounding CCR 
impoundments in order to evaluate contaminant mobility and determine time frames to 
meet compliance limits by Monitored Natural Attenuation (MNA) and other methods. 
Geochemically, constituents act in predictable ways based on thermodynamics5. 
 
The affinity of contaminant binding to sediments and soils can be determined using 
geochemical models such as PHREEQC, which simulate speciation and surface 
complexation as a function of redox, pH, ionic strength, and site competition. Site-
specific modeling was completed to evaluate the potential for applying Monitored 
Natural Attenuation (MNA) at each of seven sites evaluated. 
 
MNA refers to “the reliance on natural attenuation processes (within the context of a 
carefully controlled and monitored site cleanup approach) to achieve site-specific 
remediation objectives within a time frame that is reasonable compared to that offered 
by other more active methods” 7-8. A tiered analysis approach is used to assist in 
organizing site characterization tasks to address four primary issues: 
 

• Demonstration of active contaminant removal from groundwater and dissolved 
plume stability; 

• Determination of the mechanism and rate of attenuation; 
• Determination of the long-term capacity for attenuation and stability of 

immobilized contaminants; and 
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• Design of performance monitoring program, including defining triggers for 
assessing MNA failure, and establishing a contingency plan. 

 
The USEPA (2007a and b) guidance documents established the following 
characterization objectives for the various tiers (Table 1.1 from EPA, 2007a): 
 
Tier Objective Potential Data Types and Analysis 
I Demonstrate active 

contaminant 
removal from 
groundwater 

• Groundwater flow direction (calculation of hydraulic 
gradients); aquifer hydrostratigraphy 
• Contaminant concentrations in groundwater and aquifer 
solids 
• General groundwater chemistry data for preliminary 
evaluation of contaminant degradation 

II Determine mechanism 
and rate of attenuation 

• Detailed characterization of system hydrology (spatial and 
temporal heterogeneity; flow model development) 
• Detailed characterization of groundwater chemistry 
• Subsurface mineralogy and/or microbiology 
• Contaminant speciation (groundwater and aquifer solids) 
• Evaluate reaction mechanisms (site data, laboratory testing, 
develop chemical reaction model) 

III Determine system 
capacity and stability of 
attenuation 

• Determine contaminant and dissolved reactant fluxes 
(concentration data and water flux determinations) 
• Determine mass of available solid phase reactant(s) 
• Laboratory testing of immobilized contaminant stability 
(ambient groundwater; synthetic solutions) 
• Perform model analyses to characterize aquifer capacity 
and to test immobilized contaminant stability (hand 
calculations, chemical reaction models, reaction-transport 
models) 

IV Design performance 
monitoring program and 
identify alternative 
remedy 

• Select monitoring locations and frequency consistent with 
site heterogeneity 
• Select monitoring parameters to assess consistency in 
hydrology, attenuation efficiency, and attenuation mechanism 
• Select monitored conditions that “trigger” re-evaluation of 
adequacy of monitoring program (frequency, locations, data 
types) 
• Select alternative remedy best suited for site-specific 
conditions 

 
Objectives of Tier I-IV MNA evaluations were completed by: 
 

• Evaluating hydraulic gradients and developing groundwater flow models to 
determine flow paths; 

• Measuring concentrations of constituents present in the shallow, deep, and 
bedrock aquifer units and deriving site-specific metal contaminants; and 

• Performing geochemical model analyses to characterize groundwater chemistry 
in terms of reduction-oxidation (redox) state, speciation, adsorption, and 
precipitation of contaminants using PHREEQC6  

o Pourbaix Diagrams 
o Individual Contaminant Curves 



o Saturation Index 
o Titrations (DO, Eh, pH, TDS) 
o Multicontaminant 

 
KNOW YOUR DATA 
 
One of the primary issues with any investigation is to know your data and verify that the 
data provided are suitable for use. It was found that there were a number of 
transcription errors from field logs to the database. These issues were critical to 
completion of the model and required intensive review. In general, many of the 
transcription errors were for the water quality analyses, which directly affect the 
modeling of constituents in PHREEQC. As part of the model, scripts were written to 
allow for data issues. 
 
CONTAMINANT MODELING 
 
The primary contaminants evaluated for modeling generally included antimony, arsenic, 
beryllium, boron, chromium, hexavalent chromium, cobalt, iron, manganese, selenium, 
thallium and vanadium. Site-specific evaluations were performed on a well-by-well basis 
using the PHREEQC geochemical speciation model6 and PhreePlot4, a companion 
plotting package based on PHREEQC. Calculations were driven by pH, Eh (Oxidation 
Reduction Potential + 220 millivolts), and measured concentrations of alkalinity, sodium, 
chloride, and other ions in groundwater for each of the wells monitored at each site. 
MINTEQ or WATEQ4F were used for the contaminant adsorption constants; however, 
no adsorption data was provided for thallium, so the adsorption of thallium was found in 
the latest research for its interaction with hydrous ferric oxides (HFO) and hydrous 
aluminum oxides (HAO)3. 
 
PHREEQC simulations were used to: 
 

1. Construct Pourbaix (Eh-pH) diagrams to display the most likely geochemical 
forms (i.e., species) that would be expected in groundwater in the absence of 
adsorption to soil. Measured ORP and pH values for each well were plotted on 
the Pourbaix diagram for each contaminant to evaluate the likely distribution of 
species on a site-specific basis; 
 

2. Evaluate geochemical speciation for groundwater conditions in conjunction with 
surface complexation to hydrous ferric oxides (HFO) and hydrous aluminum 
oxides (HAO), which are known to be and expected to be present in soils, rock, 
and ash; and 
 

3. Simulate anticipated geochemical speciation that would occur for each 
contaminant due to adsorption to soils, in response to changes in DO, pH, Eh, 
TDS, and multicontaminant titrations. 

 
Simulations in which DO, pH, and TDS were adjusted from low to high values are 
termed titrations. Each set of titrations provides an estimate of the percentage of each 
contaminant that would be adsorbed as a function of changing DO, pH, or TDS. For 



these titrations, TDS was evaluated as the addition of the common cations and anions 
known to be present in soils and groundwater at the site: sodium, calcium, potassium, 
chloride, and sulfate. DO, pH, and TDS were chosen for titration because metal 
contaminants exist primarily as anionic or cationic species and their adsorption to 
mineral surfaces can change with variations in pH and interactions with minerals 
present in soils, rock, and ash. In simulations beyond development of Pourbaix 
diagrams, adsorption was represented as surface complexation to HFO and HAO and 
was determined from the same extractions that are the basis for the distribution 
coefficients (Kd values) for site soils, previously determined from adsorption experiments 
conducted by collaborators at UNCC. However, these experiments to determine Kd 
values are not as easily applied where significant site heterogeneity exists across 
ranges of pH, Eh, and DO values, compared to using surface complexation adsorption 
methods1. 
 
Groundwater datasets were separated into a matrix for calculation of average 
concentrations of each contaminant, and data was separated by several matrices 
including location and depth. The location matrices include the upgradient, source, or 
downgradient location, and the depth matrices include shallow, deep, or bedrock. In the 
event there was an issue with a data point, the model was developed to ignore the bad 
data cell (e.g., DO=0 or >10.0 mg/L, which is supersaturated). This dataset was used to 
calculate the minimum, maximum, and median of the data to use as input for the 
PHREEQC model. 
 
POURBAIX DIAGRAMS  
 
The Pourbaix figure of each constituent was created for each site. The Pourbaix figures 
provide geochemical composition (i.e., predominant phase distribution of species) 
expected for an aqueous solution in the absence of surface complexation to sediment or 
soil. Dominant species are shown in terms of their existence across ranges of Eh and 
pH. Diagrams for each constituent were generated based on the average concentration 
of each analyte in ppm (mg/L). Source data was not included in the average to reduce 
the effect of higher concentrations of contaminants. An example Pourbaix diagram for 
chromium with measured Eh and pH is provided below: 



 
TITRATIONS 
 
A series of solutions was defined for each well at the site to evaluate the impact of 
changes in pH, DO, redox, and TDS on adsorption, precipitation, complexation, and 
general contaminant mobility. Several wells were selected along estimated flow paths to 
generally describe differences in groundwater flow chemistry as groundwater flows from 
the source area and downgradient. This evaluation was completed in PHREEQC by 
simulating specific changes in pH, redox or TDS over a number of steps or simulations. 
In general, reactions were completed to equal endpoints of the range specified and the 
number of steps in PHREEQC to produce an output. Increases in the number of steps 
increases resolution, but also substantially increases computation time. While redox 
directly impacts pH, pH was held constant during redox titrations to achieve a consistent 
wide sampling of potential redox and pH combinations. The effect of increasing TDS 
was evaluated as the addition of sodium chloride, potassium chloride, and gypsum 
(CaSO4) to address a range of potential cations and anions as well as the general ionic 
strength of the groundwater. These additions were chosen as proxies for TDS due to 
their common mineral occurrence in sediment in these types of aquifers, which are 
susceptible to (mineral) weathering.  

 
Titration of these reactants using the minimum, maximum, and mean Kd values provides 
a general idea of potential impacts caused by changes in groundwater chemistry and 
results, facilitating decisions concerning various groundwater alternatives and MNA 
activities. For example, maintaining the pH at near-neutral conditions may prevent metal 
species formation, such as Cr remaining as Cr(III), which is highly insoluble in this 
system and easily adsorbed. 
 



A titration model was completed for each of the monitoring wells at the sites for each of 
the contaminants to show the percentage of contaminants adsorbed, and contaminant 
speciation versus pH, DO, redox, and TDS for minimum, mean, and maximum 
adsorption. Review of titration simulations indicates that the greatest impact to 
adsorption of contaminants occurs when pH and redox are modified. Changes in 
response to DO and TDS variations are less than an order of magnitude and do not 
appear to materially alter adsorption of contaminants relative to variations in pH or 
redox. DO changes either do not substantially impact adsorption, or react quickly at very 
low concentrations (below 0.1 mg/L); further adsorption remains consistent throughout 
saturation. Example titrations for Eh and pH are provided below: 
 

:  





 
 

SATURATION INDEXES 
 
In geochemical modeling, it is important to consider solid/mineral precipitation as a 
potential mechanism of sequestering constituents or later releasing them should redox, 
pH, or saturation equilibrium change. For the purpose of this discussion, amorphous 
solids, designated with “(a)” after the species, should be considered a solid phase. 
Typically, allowing a solid/mineral to precipitate in a model will decrease the aqueous 
concentration and allow for equilibrium to occur from a previously “supersaturated 
state.” In the natural environment, precipitation of pure phase minerals, while indicated, 
is rare; impure or mixed form minerals are more likely to occur. Also, mineral 
precipitation associated with Eh reduction and microbiota may differ thermodynamically 
due to the effects of microbial catalysis, rather than strict thermodynamics, if the 
reaction is thermodynamically favorable. In addition, such reduced or sequestered 
minerals can easily be re-dissolved should redox conditions increase due to increases 
in DO. However, these systems will, in any case, generally find a point of equilibrium 
between those minerals phases and aqueous phases. Changes to ionic strength are 
also important in considering mineral precipitation. Depending on pH and redox, natural 
groundwater becomes supersaturated with anions/cations at some point and 
precipitation will occur. 
 
In PHREEQC, mineral precipitation is determined by the SI in the output of a solution: 
   
  SI = log ([contaminant](aqueous) / [contaminant](saturated)) 



 
The SI of a solid phase can range from negative (undersaturated) to positive 
(supersaturated). An SI of zero (0) would indicate the solid/mineral is in perfect 
equilibrium with the aqueous phases in solution, though this rarely occurs in modeling 
results except when equilibrium with certain mineral phases is manually invoked for 
calculations. Most commonly across all sites, in systems that are in equilibrium, solid 
phases of chromium, iron, selenium, and manganese are commonly indicated as likely 
to precipitate. In these cases, this is due to redox conditions. Dissolution could also 
occur if aquifer conditions change. It is important to take into account the SI for various 
phases and track them through changing redox conditions for any potential remediation 
strategies. Should an SI decrease, it likely indicates conditions are causing the aqueous 
form of a species to increase, and vice versa. However, in all cases, care should be 
taken to thoroughly research any potential solid phase of a complex that is indicated as 
supersaturated. Thermodynamic data for these species are often lab-based, tested 
under very pure and controlled conditions, and calculated with an infinite dilution series 
(or an anionic strength of zero). Thus, while supersaturation and potential precipitation 
of a phase may be indicated, it may not be possible in the pure phase shown, may be 
kinetically slow to occur, or may not occur because the field pressure and temperature 
range do not match the laboratory conditions. 
 
MULTICONTAMINANT TITRATIONS 
 
The sorption potential of soils was evaluated by using PHREEQC to numerically titrate a 
mixture of contaminants to evaluate how aqueous and adsorbed phase concentrations 
vary in response to contaminant additions. In these titrations, the ratio of contaminants 
added was calculated as the geometric mean of contaminant concentrations measured 
in source wells for each site. The contaminants in the mixture generally included 
antimony, arsenic, boron, cobalt, chromium, iron, manganese, and vanadium. This 
mixture was incrementally added to the mix of contaminants present in the groundwater 
of each downgradient well at the site. 
 
The geochemical model accounts for surface complexation, ion competition for binding 
sites, and the equilibrium that occurs between groundwater constituents under different 
redox conditions as expressed by pH and Eh. Surface complexation in the model was 
again represented as a range described by minimum, mean, and maximum Kd values 
for site soils. 
 
With each incremental addition of contaminants to a well, the model computes the 
distribution between the aqueous and adsorbed phases of the contaminant and 
accounts for competitive changes in surface complexation with all of the other ions in 
solution. For all downgradient wells and sorption capacity cases, titration results are 
shown as a series of curves on graphs that express the relationship between aqueous 
and adsorbed contaminant concentrations for each contaminant in the titration mixture.  
 
On each graph, the applicable action level is also shown for each contaminant. Under 
conditions where sorption is favored, adsorbed phase contaminant concentrations 
increase much more rapidly than aqueous concentrations. When conditions are 



unfavorable for sorption, the aqueous contaminant concentrations increase much more 
rapidly than adsorbed phase concentrations. 
 
In general, soil adsorptive capacities for contaminants such as boron are typically small 
and even a small addition of boron to groundwater is expected to result in increased 
aqueous concentrations of boron. In contrast, soil adsorptive capacity for contaminants 
such as arsenic or chromium is much higher, and larger amounts of arsenic or 
chromium could be added to soils in downgradient areas of the site without producing 
aqueous concentrations that exceed groundwater standards. 
 
It is important to note that the relationships between aqueous and adsorbed 
contaminant concentrations are equilibrium processes. As aqueous contaminant 
concentrations increase, there will be increases in adsorbed contaminant 
concentrations. Similarly, as aqueous contaminant concentrations decrease, there will 
be a decrease in adsorbed concentrations. It is also important to note that the behavior 
of each contaminant can differ. There may be no point in the spectrum of redox 
conditions where every possible contaminant will sorb to soils. As noted above, some 
contaminants show little sorption potential, while others are more readily sequestered in 
soils. Graphs displaying example contaminant titration results for downgradient wells 
are presented below: 
 





FUTURE ACTIONS 
 
Future efforts include coupling groundwater models to the geochemical model. This 
may occur using 1D PHREEQC or PHAST (3D). Additional information can be obtained 
by completing additional extractions of soils to determine the extractable and soluble 
phases. The model was completed on soils that had been completely dissolved in acid 
prior to analysis and includes both the extractable and soluble fractions; hence “total 
metals” extraction. The final future effort includes the long-term monitoring of the 
groundwater along transects for dissolved metals to determine if MNA is continuing as 
the sites reach equilibrium. 
 
CONCLUSION 
 
By using geochemical modeling strategies, we can determine the influence different 
conditions will have on various constituents. These strategies can be evaluated for 
remediation or other decision-making decisions. Data indicate that boron and possibly 
vanadium are not readily adsorbed to soils at the sites.  
 
As part of the data evaluation, it was also determined that hexavalent chromium occurs 
naturally in soils upgradient of the sites9. The formation of hexavalent chromium was 
evaluated as part of the model, and it was determined that it did not migrate beyond the 
compliance monitoring locations. 
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