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ABSTRACT 
 
Recent regulatory changes have increased the amount of groundwater characterization 
required for CCR impoundment sites, but it may not be enough to tell the whole story. 
The determination of a statistically significant increase (SSI) is the first piece of the 
puzzle and starts the process of unravelling the story. To understand the meaning of an 
SSI and develop a sound alternate source demonstration (ASD), if feasible, requires 
additional evaluation. All the constituents and parameters associated with CCR SSIs 
are also naturally occurring and several are sensitive to pH and redox conditions. Many 
CCR sites also reside within complex geologic settings where multiple lithologies and 
intermittent river flooding may be involved. Thus, an SSI can implicate a potential 
release on its own, but when placed into the context and story of the site 
hydrogeochemical system, may just be a part of the natural system.   
 
Often, data is collected with regulatory goals in mind. That is collection of specific 
constituents listed in Appendix III and IV tables of the CCR rule, or state regulatory 
guidelines are the focus. However, some sites will likely require supplemental data 
collection to support whether an SSI is related to the CCR unit or part of the natural 
surrounding system, and that data will need to be incorporated into a site-specific 
conceptual site model to tell the story of the system. Collection of site-specific 
supplemental hydrostratigraphic and geochemical data is critical and should be tailored 
to the SSI and hydrogeochemical system being assessed. 
 
 
  



INTRODUCTION 
 
The CCR Rule stipulates specific data collection efforts to characterize groundwater at 
CCR impoundment sites. This data collection includes water levels and lists of dissolved 
constitutes and groundwater parameters provided in Appendix III and IV tables. The 
constituents and parameters outlined by the CCR Rule were selected based upon 
historical data and knowledge of CCR sites and materials. The Appendix III constituents 
and parameters are considered primary indicators of a potential release to groundwater 
from a CCR unit, and Appendix IV constituents are contaminants from a potential CCR 
unit release that may pose a risk to human health or the environment. However, the 
Appendix III and IV constituents and parameters are only a piece of the geochemical 
puzzle. While these constituents will provide a first indication of a potential release 
based on the statistical comparison of background and downgradient monitoring well 
data (SSIs and SSLs), they are also naturally occurring. Because the CCR Rule 
constituents can be found in nature at elevated levels not associated with anthropogenic 
activities, or associated with other anthropogenic activities, there is the ability to provide 
an alternate source demonstration (ASD). But, on its own, the Appendix III and IV data 
may not be enough to tell the whole story, that is the whole hydrogeochemical story, 
and the determination of an SSI or SSL is the first piece of the puzzle and starts the 
process of unravelling the story that makes up the ASD. Additional site-specific data 
collection and interpretation is critical to the development of a sound and defensible 
ASD. An example of an ASD recently developed using both Appendix III and IV data 
and supplemental supporting data is provided.   
 
DATA AVAILABILITY AND APPLICATION 
 
Data availability can significantly impact the outcome of an ASD, and if an ASD is not 
defensible or is not successful the implications can be costly and lead to unnecessary 
corrective actions. The outcome of an ASD is often dependent on data availability. Only 
assessing potential releases based on SSIs or SSLs and individual analyte statistics 
can result in a deficient ASD versus looking at the entire hydrogeochemical system and 
developing a defensible whole story.  
 
If the SSI is a result of laboratory, sampling, or statistical causes this can be relatively 
easily identified and demonstrated. Typically, these causes are identified during data 
validation.  If routine data validation is not performed, a thorough review of field and 
laboratory notes and reports, communication with field technicians or laboratory 
managers in cases of mis-reporting, re-analysis of samples if they are still within holding 
times, confirmation sampling, or review of the statistical calculations or methods used to 
assure calculations were performed correctly and are representative of the dataset 
being analyzed.  
 
If the ASD is being made for natural variation or other sources, the demonstration is 
typically much more complex and requires a clear understanding of the flow system and 
geochemistry. For these types of ASDs a conceptual site model (CSM) becomes very 
important and useful in understanding the overall system and where additional data may 



be gathered to provide geochemical forensics in support of the ASD, and the ASD 
becomes a weight of evidence-based approach that tells the whole story with all the 
supporting data available. 
 
The ASD for natural variation or other sources can be made using the available dataset 
or additional data can be collected, but there is only a total of 90 days to collect, assess 
and develop the ASD report. 
 
If only the minimum required data is collected with regards to the CCR Rule, only water 
levels and Appendix III and IV data have been collected and the following analyses and 
assessments can be performed in developing the ASD: 
 

– Flow paths, gradients, and velocity 
– Trends in indicator analytes (Appendix III) 
– Ratios of indicator analytes (Appendix III) 
– Concomitant analytes (other SSIs or SSLs) 
– Identification of other industrial sites/sources 

 
While these analyses can provide very good evidence for an ASD, they are typically 
very limited. The first item in assessing potential releases and transport should always 
be assessing the hydraulic flow paths. This should already be inherent in the monitoring 
well network that was setup to sample and resulted in the SSI or SSL. However, 
groundwater flow direction and gradients can change at some site settings due to 
seasonal changes in precipitation, groundwater extraction and use changes, or river 
stage fluctuations, and should be checked with regularly collected water level data 
corrected to surveyed elevations. Additionally, without hydraulic conductivity results 
from either field or lab testing, the assessment of velocity is much more ambiguous and 
literature values would need to be relied upon.  
 
Once the flow field is confirmed, temporal and spatial trends in analytes should be 
assessed along with the identification of concomitant analytes and review the area for 
other potential upgradient sources that could impact the site. Typically, it is unlikely that 
a single analyte will have an SSI or SSL and not have any other analytes show an 
indication of a release. 
 
Often the data provided by only following the requirements of the CCR Rule are 
insufficient to clearly demonstrate an alternate source associated with natural variability 
or another source. However, in the case that it does indicate an alternate source, it may 
still not be enough to identify the actual cause of the SSI or SSL or definitively support 
an alternate source. That is, the data may indicate that the CCR Unit did not cause a 
release say in the instance where an indicator analyte(s) such as boron is not present in 
groundwater, but arsenic is, then there are still unanswered questions and the ASD is 
not defensible and requires additional analysis. Site specific supplemental data 
collected prior to the SSI or SSL, or during the 90-day period allowed to develop the 
ASD, can provide the information needed to develop a defensible ASD. The 
supplemental data can include the following:   



 
– CCR unit leachate water quality 
– Hydraulic conductivity analyses (field and or laboratory) 
– Groundwater Data  

• Major ions 
• Ion ratio plots 
• Piper or Durov plots 

• Trace metals  
• iron, manganese, aluminum 

• Isotopes 
• water (hydrogen and oxygen), tritium/helium, 

boron, strontium, carbon, lithium, sulfate (sulfur 
and oxygen) 

– Soils/Core and CCR materials   
• Isotopes 

• boron, strontium, sulfate   
• Sequential extractions 
• Totals analyses 
• Mineralogical data (XRD) 

 
Collecting and analyzing the leachate water quality associated with the CCR unit of 
interest is not always possible due to safety or design considerations. However, if the 
leachate is accessible for sampling, the water quality can be used to characterize it and 
assess transport. Hydraulic conductivity testing can provide support in terms of travel 
times, and major ion water quality can be used to characterize bulk water chemistry of 
different end members (background groundwater, leachate, impacted groundwater) and 
potential mixing.  
 
An example of a Piper diagram shows how bulk water quality can be grouped, how it 
may vary between sources or end members, and how it can be used to determine 
potential impacts or releases and estimate mixing (Figure 1). The major ion water 
quality of background groundwater in this example is of a calcium bicarbonate water 
type and the source of potential contamination is leachate that is a calcium chloride 
water type. The major ion values of some downgradient monitoring wells plot in 
between along a mixing trend indicting mixed groundwater with leachate and provides 
an indication of a release from the CCR unit.   
 
Isotopes can also be used to characterize end members of water sources and because 
of their analytical resolution compared to major ions, can be used to more definitively 
assess mixing ratios or track a potential release of lower quantities. Boron isotopes is 
one example. Boron is one of the primary indicators of a potential CCR unit release due 
to its concentrated presence in CCR materials leachate compared to typical natural 
groundwater and relatively conservative transport (i.e. travels uninhibited with 
groundwater). The ratio of boron isotopes (10B and 11B) are varied enough in different 
media such that it can be used to identify different sources of groundwater (i.e. natural 
versus CCR leachate). The boron isotope ratios in CCR leachate typically reflect the 



coal materials from which the leachate was derived while background ratios reflect the 
local geologic media and reactive mineralogy. Additionally, knowing the solid sources 
isotope values (CCR and native aquifer materials) can be useful in tracking the isotopes 
associated with a potential release.   Soil and core related data such as sequential 
extractions and mineralogical data can help identify and support naturally occurring 
metals and their relative mobility.   
 
 
Figure 1. Piper diagram for major ions example of end-members and mixing 
 

 
 
RECENT ASD EXAMPLE FOR SELENIUM 
 
BACKGROUND 
 
In a recent groundwater quality assessment for a CCR unit, the collection and interwell 
statistical evaluation of Appendix III and IV constituents resulted in an SSI for selenium. 
The state in this case refers to an Appendix IV exceedance as an SSI and not as an 
SSL. The data collected from CCR Rule sampling for Appendix III and IV constituents 
provided evidence for an alternate source but was not conclusive, nor did it validate the 
selenium source hypothesis. Thus, the CCR Rule dataset was reviewed in conjunction 
with supplementary data for preparation of an ASD that would present natural variation 
occurring, whether the landfill was present or not, as the alternate source. Supplemental 
data collected during other site activities prior to the SSI and field investigations during 
the 90-day ASD preparation period provided strong supporting evidence for natural 



variation and identification of the selenium source not associated with a release from or 
due to the presence of the CCR unit. The combined data was used to develop a 
hydrogeochemical story supporting the ASD presented to the state. 
 
The CCR unit in this case is an ash landfill located upslope and adjacent to a major river 
(Figure 2). Topography is varied in the area and the river adjacent to the CCR unit is 
prone to flooding of the land on the downgradient edge of the CCR unit and has at 
caused flooding at elevations above the top of casing of downgradient monitoring wells. 
The geology is heterogenous and consists of alluvium on the order of 6 meters (m) thick 
in the area of interest and resides on top of approximately 1.5 m of very severely 
weathered shale saprolite that overlies limestone bedrock that is hundreds of feet thick. 
The upper section of limestone bedrock is often highly weathered and fractured and 
noted to have iron staining. 
 
 
Figure 2. CCR landfill and CCR monitoring well layout 

 
 
 



The SSI calculated for selenium was for a sample taken at the location denoted as MW-
DGR (Figure 2). Downgradient monitoring well MW-DGR is located on the edge of the 
100-year flood plain and approximately 91 m (300 ft) from the river and is a replacement 
well for a previously unreliable downgradient monitoring well (MW-ODG). The mapped 
100-year floodplain is based on a floodplain dataset compiled from the National Flood 
Hazard Layer (NFHL), FEMA Digital Flood Insurance Rate Maps (DFIRMs), Q3 flood 
zones and locality digitized datasets available through ESRI online services. The 
original background well drilled at this site, MW-ODG, was located approximately 7.6 m 
from the current replacement well MW-DGR. Selenium was the only constituent to show 
an SSI and no other constituents were identified as being outside of background during 
the statistical analysis. Selenium at the general location has shown wide variation in 
concentrations historically in both the original downgradient monitoring well and the 
replacement well (Figure 3). The same variation in selenium concentrations has not 
been observed in any other CCR monitoring well, upgradient or downgradient. 
However, selenium has been detected at similar levels in an upgradient monitoring well 
historically, but only a few detections and not with the same variability and typically is 
much lower in concentration (MW-UG).   
 
 
Figure 3. Selenium concentration time series for the original monitoring well (MW-
ODG), replacement monitoring well (MW-DGR) and an upgradient background 
monitoring well (MW-UG). The “ND” designation refers to non-detects for selenium. 
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Selenium was initially identified as having an SSI in the original downgradient 
monitoring well MW-ODG. Monitoring well MW-ODG was replaced with monitoring well 
MW-DGR due to selenium exceedances as MW-ODG was shown in the ASD prepared 
at the time to have several deficiencies. One such deficiency was that MW-ODG was 
completed with a screened interval that comingled groundwater from the alluvium, shale 
saprolite, and the upper fractured section of the limestone bedrock (Figure 4). The well 
was also located on the edge of the 100-year floodplain and prone to surface water 
flooding. The SSI for selenium was addressed in an ASD that indicated the well was 
compromised and the exceedance was a result of potential “sampling error” due to 
failing integrity and comingled hydrogeologic units. The failing well integrity was based 
on the presence of more than a foot of sediment in the bottom of the well and significant 
corrosion of well head materials identified during a field inspection. The well was 
hypothesized as being in direct communication with fresh water associated with 
precipitation events and surface water during flooding which caused the highly variable 
selenium concentrations and exceedances. The recommendation accepted by the state, 
was to replace the existing well with a new downgradient monitoring well within 7.6 m 
from the existing well completed entirely within the limestone bedrock to prevent cross-
communication of hydrogeologic units and reduce potential impacts during flood events. 
The ASD was accepted by the state and the new downgradient monitoring well was 
installed (MW-DGR). The new monitoring well was screened only within the limestone 
bedrock. However, selenium in the limited number of samples collected from the new 
monitoring well, MW-DGR, have shown similar concentrations and variation observed 
for the samples from the original monitoring well, MW-ODG, indicating that the issue 
had not been resolved and sampling results led to another SSI for selenium.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure 4. Original downgradient monitoring well MW-ODG completion and lithology log 

 
 
 
 
ASD ASSESSMENT USING CCR RULE DATA 
 
For the MW-DGR ASD the data available through collection associated with just the 
CCR Rule (water levels, and Appendix III and IV constituents) was assessed first. The 
data assessment included temporal trend analyses, water quality comparison of 
individual constituents between upgradient and downgradient monitoring wells, and a 
review of the lithology.  
 
The selenium was first assessed for any temporal trends using Mann-Kendall trend 
analysis. Because the dataset from the replacement monitoring well was limited to only 
six samples at the time of analysis, the Mann-Kendall trend test was applied to the 
entire selenium dataset combined from both MW-ODG and MW-DGR and MW-DGR 
alone. The results of the m Mann-Kendall analysis indicated no trend, upward or 
downward for the combined or individual data sets at a significance level of 0.05. 



Additionally, no seasonal trend was identified. This is the first indication that while 
selenium concentrations fluctuate over a wide range of values it is not increasing. 
 
Plotting of selenium and individual primary CCR release indicator constituents boron, 
chloride and sulfate as groupings of downgradient and upgradient monitoring wells were 
used to compare to monitoring wells MW-ODG and MW-DGR on univariate plots 
(Figures 5 and 6). The results show that selenium is elevated in MW-ODG and MW-
DGR relative to both upgradient and other downgradient monitoring wells. However, 
boron concentrations are of similar magnitude between MW-ODG, MW-DGR and 
upgradient monitoring wells, while other downgradient monitoring wells indicate slightly 
elevated boron concentrations. The chloride concentrations show that MW-ODG and 
MW-DGR are within the range of other downgradient well concentrations and sulfate 
concentrations are all within similar range of values. These results do not clearly show 
an impact from the CCR unit that can be associated with selenium, but they do show 
that there is variability within the data set for both upgradient and downgradient 
monitoring wells that have overlapping distributions with sulfate being higher in 
upgradient monitoring wells compared to downgradient.    
   
 
Figure 5. Univariate plots of selenium and boron for comparison between upgradient, 
downgradient monitoring wells. 
 

  
 
 
 
 
 
 
 
 
 
 
 



Figure 6. Univariate plots of chloride and sulfate for comparison between upgradient, 
downgradient monitoring wells. 

 
 
 
The data can also be used to develop cross-plots of individual constituents and ratios of 
conservative indicator constituents (Figures 7 to 9). The plots show that in general 
selenium increases with increasing chloride in MW-ODG and MW-DGR (Figure 7), and 
both MW-ODG and MW-DGR plot with upgradient wells for boron to chloride ratios 
versus chloride and with other background wells for plotting of boron to sulfate ratio 
versus chloride (Figures 8 and 9). The results of plotting this data does not provide any 
clear evidence for a potential release form the CCR unit and the results are still 
inconclusive. 
 
 
Figure 7. Cross-plot of selenium versus chloride with background wells represented by 
triangles, MW-ODG and MW-DGR by squares, and other downgradient wells by 
diamonds. 
 

  



 
Figure 8. Cross-plot of boron to chloride ratio versus chloride with background wells 
represented by triangles, MW-ODG and MW-DGR by squares, and other downgradient 
wells by diamonds. 

 
 
 
Figure 9. Cross-plot of boron to sulfate ratio versus chloride with background wells 
represented by triangles, MW-ODG and MW-DGR by squares, and other downgradient 
wells by diamonds. 
 

 



The results of analyzing the constituents associated with just the CCR Rule sampling 
are inconclusive and do not provide any clear indication of whether a release from the 
CCR unit has occurred. There is a clear indication that chloride increases concomitantly 
with selenium, but due to the variability in data the primary indicator constituents overlap 
concentrations for upgradient and downgradient monitoring wells and both MW-ODG 
and MW-DGR plot within those ranges. 
 
ASD ASSESSMENT USING CCR RULE AND SUPPLEMENTAL DATA 
 
Inclusion of supplemental site-specific data provides the information necessary to 
develop a hydrogeochemical story that clearly shows the source of selenium at MW-
ODG and MW-DGR is not associated with a release from the CCR unit and would occur 
whether the CCR unit was present or not.  
 
One of the key pieces of data made available outside of the CCR Rule sampling in this 
case is the water quality of the CCR landfill leachate. Having leachate water quality 
data, or in other cases where leachate samples cannot be collected ash pore water 
data, provides insight into what impacts might be expected in downgradient monitoring 
wells if a release were to occur. That is, if a release were to occur, the concentrations of 
key indicator parameters and other constituents in groundwater in general would be 
expected to be of the same magnitude identified in leachate or pore water, or some 
value less than the leachate or pore water if mixing is occurring due to slow leakage. 
But as a direct input to groundwater, not considering potential geochemical reactions 
caused by the presence and operation of the CCR unit such as reducing conditions that 
could result in a release of naturally occurring metals, would not be expected to cause 
groundwater concentrations to exceed the observed values in the leachate or pore 
water. Thus, because concentrations of indicator constituents are typically elevated in 
leachate or pore water compared to background groundwater, the leachate and 
porewater typically represent the upper end of concentrations expected in groundwater 
if a release were to occur. The leachate data in this case was collected for other 
purposes but is very useful and clearly shows distinguishing characteristics from the 
groundwater quality at monitoring wells MW-ODG and MW-DGR.   
 
When comparing selenium, boron, chloride and sulfate from the CCR unit leachate to 
groundwater monitoring wells, a different story begins to emerge. The selenium in 
leachate is elevated by a factor of approximately four or greater when compared to 
groundwater monitoring wells and MW-ODG and MW-DGR have selenium 
concentrations that are slightly elevated compared to background (Figure 10). Similarly, 
boron concentrations are elevated in CCR leachate relative to groundwater by 
approximately the same order of magnitude, but a similar increase above background 
for MW-ODG and MW-DGR is not observable (Figure 10).   The most interesting 
difference between CCR landfill leachate and groundwater is in chloride concentrations 
(Figure 11). The chloride concentrations observed in the monitoring wells with the 
selenium exceedances, MW-ODG and MW-DGR, are higher than the leachate. The fact 
that chloride is higher in the suspect wells than in the leachate that would represent a 
release is a good indication that there is an alternate source of selenium in monitoring 



wells MW-ODG and MW-0DGR. The sulfate concentrations do not provide any 
additional supporting evidence for a release (Figure 11). The CCR leachate has the 
highest concentrations of sulfate but upgradient monitoring wells have higher sulfate 
than the downgradient monitoring wells and MW-ODG and MW-DGR have 
concentrations in the range of mean values for downgradient and upgradient monitoring 
wells.   
 
During sampling of the CCR monitoring well network additional analyses were 
performed providing results for major ions. The plotting of major ions on a Piper diagram 
clearly show that the major ion chemistry of CCR leachate is very different from that of 
the groundwater monitoring well network (Figure 12). The landfill leachate water quality 
is a sodium sulfate water type while the water quality from and from all other 
downgradient monitoring wells is a calcium bicarbonate water type, with the exception 
of one monitoring well which monitors a completely different water quality that is a 
sodium bicarbonate water type. The upgradient monitoring wells are a calcium-
magnesium bicarbonate water type with varying amounts of calcium and magnesium. 
Monitoring wells MW-ODG and MW-DGR plot with background groundwater, but slightly 
altered potentially towards the leachate water type.  
 
 
Figure 10. Univariate plots of groundwater selenium and boron including CCR landfill 
leachate for comparison. 
 

   
 
 
 
 
 
 
 
 
 
 
 
 



Figure 11. Univariate plots of groundwater chloride and sulfate including CCR landfill 
leachate for comparison. 

 
 
 
Figure 12. Piper diagram of groundwater and CCR landfill leachate major ion 
concentrations for comparison. 

 
 
 
The addition of CCR leachate water quality to the cross-plots previously presented adds 
additional insight into the potential for a release from the CCR unit to groundwater 
(Figures 13 to 15). With the leachate added to these plots, the CCR leachate is shown 
to group separately with respect to conservative primary indicator concentrations and 
ratios. The cross-plot of selenium versus chloride now shows how the leachate contains 



significantly elevated selenium concentrations relative to groundwater, but with much 
lower chloride concentrations compared to MW-ODG and MW-DGR (Figure 13). 
Additionally, adding the CCR leachate to the plots of conservative ion ratios shows that 
the leachate has distinctly different ratios and groups away from the groundwater values 
and without an indication of mixing between background groundwater and leachate 
(Figures 14 and 15).   
 
Further review of the available data presented an indication that the samples collected 
from MW-ODG and MW-DGR with elevated selenium also have lower and slightly acidic 
pH (6.00 to 6.81) compared to other groundwater samples (Figure 16). The range of pH 
values for all other upgradient and downgradient monitoring wells is between 6.38 and 
8.74 with an average of 7.33 for all other downgradient monitoring wells, and an 
average of 7.40 for background monitoring wells. Additionally, the pH associated with 
leachate samples are significantly elevated and alkaline (10.10 to 11.25) compared to 
groundwater samples. The significant difference in pH between leachate and monitoring 
wells MW-ODG and MW-DGR is another indication that selenium concentrations 
monitored by these wells is not a result of a CCR unit release. The relatively lower pH 
values observed at MW-ODG and MW-DGR also indicate that the groundwater is 
potentially impacted by other geochemical processes and additional investigation is 
warranted. The shift in pH from the background monitoring well average (pH = 7.40) to 
the average pH observed for MW-DGR (6.55) is substantial given it is a logarithmic 
scale. Assuming the upgradient water reflects the water that is transported 
downgradient to MW-DGR, the observed reduction in pH of nearly one log unit requires 
a significant proton donor (acid generator) such as would be provided through pyrite 
oxidation. Precipitation is acidic (pH ~5.6) due to weak carbonic acid that is formed 
when the rain absorbs some carbon dioxide as it passes through the atmosphere, and 
from organic matter in the soil as it percolates into the ground and could result in slightly 
acidic pH groundwater. However, the groundwater system being monitored is 
dominated by carbonate geology (limestone and dolomite) which would quickly react 
with the infiltrating water and neutralize the weak carbonic acid resulting in a relatively 
neutral to slightly alkaline pH, unless pyrite were present. 
 
Selenium was also found to be correlated with sulfate (Figure 17). There is a strong 
association between selenium and sulfate in MW-DGR water quality samples with a 
coefficient of determination (R2) value of 0.77. While there is a strong association of 
selenium with sulfate for samples from monitoring well MW-DGR, the landfill leachate 
also contains elevated selenium and sulfate and there appears to be a relation between 
selenium and sulfate that could indicate mixing between landfill leachate and 
groundwater. However, the chloride content and ion ratios of indicator parameters show 
that MW-DGR is indicative of a different source of groundwater compared to the landfill 
leachate as previously discussed. 
 
The review of field data also shows that dissolved oxygen content for monitoring wells 
MW-ODG and MW-DGR is consistently elevated (2-4 mg/L) relative to the majority of 
other groundwater monitoring wells (Figure 18). 
  



The combination of lower pH, correlation of selenium with sulfate, and elevated 
dissolved oxygen levels in MW-ODG and MW-DGR provide a first indication that the 
selenium may be attributed to pyrite oxidation and additional data was reviewed to 
assess this hypothesis. 
 
 
Figure 13. Cross-plot of selenium versus chloride with leachate represented by circles, 
background wells by triangles, MW-ODG and MW-DGR by squares, and other 
downgradient wells by diamonds. 

 
 
Figure 14. Cross-plot of boron to chloride ratio versus chloride with leachate 
represented by circles, background wells by triangles, MW-ODG and MW-DGR by 
squares, and other downgradient wells by diamonds. 

 



Figure 15. Cross-plot of boron to sulfate ratio versus chloride with leachate represented 
by circles, background wells by triangles, MW-ODG and MW-DGR by squares, and 
other downgradient wells by diamonds. 
 

 
 
Figure 16. Cross-plot of selenium versus pH with leachate represented by circles, 
background wells by triangles, MW-ODG and MW-DGR by squares, and other 
downgradient wells by diamonds. 

 



Figure 17. Cross-plot of selenium versus sulfate with leachate represented by circles, 
background wells by triangles, MW-ODG and MW-DGR by squares, and other 
downgradient wells by diamonds. 
 

 
 
Figure 18. Univariate plot of dissolved oxygen content for leachate and groundwater 
from background, other downgradient, MW-ODG and MW-DGR monitoring wells for 
comparison. 

 



PYRITE OXIDATION AS A SOURCE OF SELENIUM  
 
Pyrite (FeS2) oxidation as a source of selenium would require the following primary 
components: 

• Presence of pyrite 
• Occurrence of selenium substituted for sulfur within the pyrite (FeSe2)  
• Availability of oxygen or an oxidizer (e.g. Fe3+, NO3-) 

 
If all three of the above components are identifiable at the site, then the source of 
selenium is likely the result of selenium that has been substituted for sulfur in pyrite 
being altered due to oxidation given that the water quality also does not indicate a CCR 
unit release. Selenium is often identified as a substitute for sulfur within the pyrite 
structure. 
 
Pyrite oxidation typically results from the availability of oxygen and/or from the presence 
of oxidized iron (Fe3+). The two most important oxidants for pyrite oxidation are oxygen 
and oxidized Fe3+ (Chandra and Gerson 2010, Appelo and Postma 2007). The resulting 
water quality indicators of pyrite oxidation (low pH, increasing sulfate, and iron oxide 
precipitation) are described by the following chemical reactions (eqs. 1-4): 

 
• 2FeS2(S) + 7O2 + 2H2O → 4H+ + 4SO4

2- + 2Fe2+  (eq. 1) 
• 4Fe2+ + O2 + 4H+ → 4Fe3+ + 2H2O    (eq. 2) 
• FeS2(S) + 14Fe3+ + 8H2O → 16H+ + 2SO4

2- + 15Fe2+  (eq. 3) 
• 4Fe2+ + O2 + 10H2O → 4Fe(OH)3(S) + 8H+   (eq. 4) 

 
The reactions show that either oxygen or dissolved ferric iron can result in the oxidation 
of pyrite and the subsequent release of hydrogen, causing a reduction in pH, iron, 
sulfate, and selenium if substituted for sulfur (eq1 to 4). The oxidation of pyrite by 
oxygen is typically a slow process but can be significantly accelerated by iron oxidizing 
bacteria, and in contrast the oxidation of pyrite by Fe3+ is fast and produces a lower pH 
much quicker as is indicated by equation 3 (Appelo and Postma 2007). Pyrite oxidation 
can also often be incomplete as it is often limited by the availability of oxygen. 
 
Pyrite Presence 
The first component addressed is the presence of pyrite. Pyrite is known to be present 
in shale and limestone bedrock units. However, pyrite is not directly observed at MW-
DGR as no data was collected to either confirm or refute its presence. However, x-ray 
diffraction (XRD) data was reported for core samples from nearby drilling and coring 
activities (Table 1). The results of the XRD analyses show that naturally occurring pyrite 
is present in the limestone formation with reported detections between 1.5 and 8.9 
weight percent. 
 
 
 
 
 



Table 1. XRD mineralogical analytical results for nearby limestone core samples. 

 
 
 
Selenium Presence 
The presence of selenium directly related to pyrite has not been identified for this site. 
However, geologic samples of shale and limestone bedrock and soil from the site in the 
vicinity of MW-DGR had been previously collected for analyses of total metals and 
toxicity characteristic leaching procedure (TCLP). The results of those geologic 
materials analyses indicate that naturally occurring selenium is present. Selenium was 
identified in all sample types in which the monitoring wells reside with total selenium 
concentrations ranging from less than detection (<0.25 mg/Kg) in a shale sample to 
2.39 mg/Kg in a limestone sample. The TCLP results were non-detect for selenium, but 
at a high detection limit of 0.100 mg/L compared to detection of selenium in MW-DGR 
groundwater samples (maximum 0.0768 mg/L) and is therefore inconclusive in 
determining the potential for leaching of selenium from bedrock to groundwater at MW-
DGR. Thus, the presence of selenium is identified in bulk geologic samples where 
concentrations are likely to be diluted by the host rock material compared to selenium 
associated with specific minerals such as pyrite or other sulfide minerals within the 
formations. Additionally, selenium is detected in upgradient monitoring wells at 
concentrations up to 0.0167 mg/L with an average of 0.00186 mg/L which indicates the 
presence of naturally occurring selenium within the bedrock flow system. However, 
while the upgradient monitoring wells are completed within alternating beds of shale and 
carbonate bedrock, similar to MW-DGR, and show the presence of selenium based on 
groundwater sampling, they are completed at much greater depths, gravel packs 
between 139.5 to 152.4 m below ground surface (bgs), and 55.1 to 64.1 m bgs, 
respectively compared to MW-DGR (8.5 to 12.5 m bgs). Because the upgradient 
monitoring wells are completed at much greater depths, an order of magnitude deeper 
than MW-DGR, they receive less ‘fresh’  or active recharge and the precipitation that is 
recharged and reaches these wells has had a longer residence time such that dissolved 
oxygen has been consumed as is indicated by the significantly lower dissolved oxygen 
measurements taken in the field that average 0.96 mg/L. Because there is less oxygen 
at depth as monitored by the background wells, there is less opportunity for bedrock 
weathering and pyrite to be oxidized to release selenium at higher concentrations. But 
at monitoring well MW-DGR dissolved oxygen content is consistently high and along 
with the higher redox measurements (Eh = 232 to 395 mV) indicates ‘fresh’ and active 
recharge at shallow depth that is related to its physical location within the 
topographically low-lying area adjacent to the river where it is impacted by natural 
variation associated with climatic effects due to precipitation and flooding events that 
would occur whether or not the landfill was present.          
 
 

Bedrock

Unit Top Bottom Calcite Dolomite Quartz K-Feldspar Plagioclase Pyrite Apatite Halite

Limestone 12.2      16.8      45.4       18.5       14.2       12.9         2.4           1.5         0.3         0.2         4.6             

Limestone 13.7      16.8      32.6       28.0       10.7       1.2          -           2.0         1.1         -         24.4            

Limestone 65.2      65.5      -         97.9       1.3         -          -           -         -         -         0.8             

Limestone 11.1      12.1      14.5       10.2       25.0       0.6          -           2.6         0.2         -         46.9            

Limestone/Shale 12.1      13.2      7.9         2.0         34.1       -          0.1           5.9         -         -         50.0            

Limestone/Shale 65.5      66.1      13.1       -         36.0       0.5          2.1           8.9         -         -         39.4            

Carbonates (wt%) Other Minerals (wt%)
Clays (wt%)

Sample Depth (m)



Oxidizing Agent Availability 
The data shows that there is availability of oxygen in groundwater monitored by MW-
DGR as indicated by dissolved oxygen measurements taken in the field during purging 
and at the time of sample collection as previously discussed (Figure 18). The dissolved 
oxygen measured in groundwater from monitoring well MW-DGR ranges between 
approximately 2 and 4 mg/L and is considered very high for bedrock groundwater. All 
other groundwater monitoring wells indicate significantly lower, approximately an order 
of magnitude lower, dissolved oxygen contents except for one well, with an average 
groundwater dissolved oxygen content of 0.57 mg/L calculated without values from MW-
DGR and one other well. The closest upgradient monitoring well is located 91.4 m 
directly upgradient of MW-DGR within the landfill boundary, completed within the 
bedrock, and elevated above the river flood plain has dissolved oxygen values 
consistent with bedrock groundwater concentrations between 0.44 and 0.50 mg/L. 
  
The MW-DGR dissolved oxygen readings are considered to reflect the groundwater 
system given they are relatively consistent between sampling events and much lower 
results are obtained from the same field personnel and equipment at other monitoring 
well locations on the same days. Additionally, iron staining and weathering of bedrock at 
depth in the MW-DGR well bore log also supports oxidizing conditions that would be the 
results of oxygen being incorporated into groundwater at the site (Figure 19). The 
question is then, how is oxygen being made available to the bedrock groundwater? 
 
Based on the water level measurements for MW-DGR, the water level has never 
dropped below the top of the screen (10.1 m bgs) and water level fluctuates on the 
order of just over 0.6 m. A comparison of groundwater level elevations from MW-DGR 
to MW-ODG indicates a downward vertical gradient and that fluctuations are potentially 
associated with the river stage (Figure 20). The water level fluctuations could result in 
the incorporation of dissolved oxygen as the water level fluctuates and oxygen rich 
shallow groundwater is likely to migrate vertically into the local bedrock. Additionally, 
monitoring well MW-DGR resides approximately 91.4 m from the river and flooding of 
the area is known to occur such that surface water levels inundate the top of some 
monitoring wells. This is evidenced by surface water debris surrounding the monitoring 
wells. The flooding of the area can result in the incorporation of oxygen through quick 
recharge of flood water that forces air trapped in the shallow sediment into the 
groundwater system and or recharge of oxygen rich surface water. The flooding may 
also cause subsequent reducing conditions after it floods due to potential organic 
loading form natural organics in the surface water and or from prolonged increased 
water levels which would lead to changes in redox and thus cause water quality 
fluctuations. 
 
A review of historical topography pre-construction figures also shows that MW-ODG and 
MW-DGR reside in a historical natural drainage that was back filled during construction. 
The identification of severely weathered bedrock with iron staining in the screened 
interval of MW-DGR within an old drainage supports an active flow and recharge zone 
providing dissolved oxygen. The fact that the shallow bedrock is severely moderately 
weathered and shows signs of voids at MW-DGR could be related to being located 



within a historical natural drainage where either 1) the natural drainage caused the 
bedrock weathering due to increased surface water flow that resulted in increased 
shallow groundwater infiltration and weathering by physical and geochemical actions, or 
2) the drainage existed at that location due to the bedrock already existing in a 
weathered and fractured state that was susceptible to increased weathering allowing 
the drainage to form. Either way, the location of MW-DGR in the vicinity of a historical 
drainage and completed within weathered bedrock is likely an influence on the 
connectivity with fresh recharge and observed differences in water quality.   
  
Another indication of oxidizing conditions is the identification of a reddish-brown gritty 
sediment deposit on the water level indicator used to take water level readings during a 
field inspection (Figure 21). The reddish-brown sediment is likely the presence of iron 
oxide deposits indicating that oxidation is occurring and likely microbially mediated. 
However, it is possible that the reddish-brown sediment was related to corrosion of a 
metal hanger cable for the dedicated pump. 
  
In addition to pyrite oxidation by available oxygen, Fe3+ in groundwater is also known to 
be an important oxidizer of pyrite (Chandra and Gerson 2010). While individual species 
of iron have not been analyzed for, a mix of dissolved and total iron concentrations are 
available, and using the geochemical modeling software PHREEQC, the presence of 
Fe3+ is feasible and would provide additional means to oxidize pyrite. 
 
Pyrite Summary 
The supplemental data available provides a strong case for selenium containing pyrite 
oxidation as the source of selenium in groundwater monitored by MW-DGR and not 
from a CR unit release whether the CCR unit was present. The three components 
necessary for pyrite oxidation are identified using the available dataset: 
 

• Presence of pyrite 
– Not directly observed at MW-DGR (no data available) 
– X-ray diffraction of nearby core samples (1.5-8.9 wt%) 

• Occurrence of selenium within pyrite 
– Not measured at MW-DGR, but selenium identified in totals analyses of 

bedrock core and soils from nearby sampling in the site vicinity 
– Up to 2.39 mg/Kg selenium 

• Availability of oxygen or an oxidizer (e.g. Fe3+, NO3-) 
– Consistently high dissolved oxygen (2-4 mg/L) 
– Iron staining and bedrock weathering reported in log 

• Indicator parameters 
– Dissolved iron is present 
– Correlation of increased selenium with increased sulfate 
– Correlation of increased selenium with lower pH     

 
 
 



Figure 19. Lithologic log of MW-DGR showing iron staining and severely weathered 
and fractured limestone. 

 
 
 
Figure 20. Temporal groundwater elevations for monitoring wells MW-ODG and MW-
DGR, and river stage. 

 



Figure 21. Reddish-brown sediment identified on water level indicator probe in MW-
DGR. 

 
 
Oxidation Reduction Conditions 
The oxidation reduction (redox) conditions for selenium and iron were assessed using 
Pourbaix diagram and geochemical modeling using PHREEQC. Redox condition as 
represented by Eh(mV) was calculated from the field measured ORP values based on a 
silver/silver chloride reference electrode with saturated potassium chloride filling 
solution used in taking the field ORP measurements.  
 
The Eh was plotted with pH graphically using a Pourbaix diagram adapted from Takeno 
(2005) along with the values representing samples from MW-DGR shown in blue 
(Figure 22). The data plotted on the Pourbaix diagram indicates that selenium at MW-
DGR is likely speciated into the reduced selenite form [Se(IV)]. Since selenite is the less 
mobile of the selenium it is expected to be less mobile. 
 
The U.S. Geological Survey (USGS) geochemical modeling code PHREEQC was also 
used to assess selenium and iron speciation. The modeling results support selenium at 
MW-DGR speciated into the selenite form [Se(IV)], iron within a non-equilibrium mixed 
state of ferric and ferrous, and amorphous ferric iron hydroxide (ferrihydrite), used here 
as a proxy for the different iron oxyhydroxide solids, near equilibrium with respect to its 
solubility. These results indicate that conditions are oxidizing enough to have some iron 
in the oxidized ferric state and enough for selenium to be within its selenite form [Se(IV)] 
and not stable as iron selenide.  
 
A data set that had data for both MW-DGR and a background monitoring well was 
selected for the modeling scenario to assess the feasibility of pyrite oxidation as the 



source of selenium. The water quality sample collected on that date from the 
background monitoring well is associated with a relatively low dissolved oxygen content 
(0.47 mg/L), slightly reducing redox (pe = 2.29), a slightly alkaline pH (7.92), and a 
sulfate content of 23.4 mg/L. The water quality was then allowed to react with varying 
amounts of pyrite and oxygen until the pH, redox potential, and sulfate content 
resembled that of water quality at MW-DGR. The results indicate that only 0.00035 
moles (0.042 grams of FeS2) of pyrite is required to react to generate the increased 
sulfate and lower pH observed at MW-DGR.  Assuming a bedrock porosity of 2%, a 
rock density of 2.7 g/cm3, and a 1-liter total volume, the total rock mass is 132.79 Kg, 
and the amount of pyrite reacted (0.042 grams), is approximately 0.03% of the total rock 
mass. In comparison, the lowest XRD detected pyrite concentration in core samples 
was 1.5%, and as high as 8.9%. Thus, the calculated 0.03% pyrite needed to cause the 
change in pH and sulfate concentration from the values observed at a background 
monitoring well to values observed at MW-DGR indicates pyrite oxidation is a feasible 
cause for the observed water quality changes. The amount of selenium necessary to 
see the observed concentration change, if due to pyrite oxidation, would be on the order 
of less than 2% of the 0.03% reacted pyrite (0.00006% of the rock mass).     
 
 
Figure 22. Selenium Pourbaix diagram adapted from Takeno (2005) with MW-DGR 
range of Eh and pH plotted in blue. 

 
 
 



OTHER SELENIUM SOURCES 
 
Increased selenium observed in MW-ODG and MW-DGR is also potentially a result of 
multiple processes including weathering of the shale and limestone bedrock alone or in 
combination with the oxidation of selenium containing pyrite. The geologic media, shale 
and carbonate limestone, in which MW-ODG and MW-DGR resides are known to 
contain selenium from previous investigations and shale and carbonate weathering are 
known to provide a source of selenium in groundwater. The process of bedrock 
weathering alone can release selenium and pyrite oxidation is known to be one the 
primary contributors of selenium. Selenium is typically enriched in minerals of 
chalcopyrite, bornite, and pyrite (NRC 1983). High concentrations of selenium are also 
found in sedimentary rocks such as shales, sandstones, limestones, and phosphorite 
rocks. “The prime natural source of Se is carbonaceous shales, which can contain bulk 
Se concentrations up to 9.1%” (Matamoros-Veloza et al. 2011). Shales are naturally 
heterogeneous and typically are primarily comprised of sulfides, silicates and organic 
matter, all of which can contain selenium (Matamoros-Veloza et al. 2011). The studies 
by Matamoros-Veloza et al. (2011) also conclude that even small amounts of pyrite 
provide the greatest contribution to selenium through oxidation and ultimately will 
control the release of selenium associated with shale weathering. Selenium is also often 
preferentially associated with iron oxides during the weathering process (Strawn et al. 
2002). 
 
Other minerals can play a role in selenium availability including apatite. Apatite 
(identified in XRD) is documented in the literature as efficient at retaining selenium that 
can be subsequently released (Duc et al. 2003) and having selenium substituted within 
the apatite mineral itself released upon weathering (Moore and Stewart 2014).  
 
Selenium in groundwater can also be associated with the reductive dissolution of iron 
oxides (Strawn et al. 2002). Iron oxides provide strong sorption sites that have affinity 
for many different trace metals including selenium. Iron oxides are stable under 
oxidizing conditions, but under reducing conditions can result in their dissolution and 
release of associated sorbed metals. However, the reductive dissolution of iron 
oxyhydroxides is not likely the source of selenium at this site due to the strongly 
oxidizing conditions.  
 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
The example provided in this paper shows how the use of CCR Rule only data is likely 
to lead to an inconclusive assessment of potential CCR unit impacts and that an ASD 
would not be successful based on that information alone. However, the use of 
supplemental data provided a strong case for the ASD and the state accepted the 
result.   
 
The statistical methods used to determine an SSI or SSL for CCR Rule Appendix III and 
IV constituents is a good screening tool and provides a piece of the hydrogeochemical 



puzzle.  However, statistical methods are prone to false positives, and the determination 
of an SSI or SSL does not determine whether a release from a CCR unit has occurred 
and that is where the whole story needs to be unraveled. The collection and availability 
of data will determine to what extent that story can be told and whether corrective 
measures are necessary. The collection and availability of data supplemental to the 
CCR Rule can be used to provide a strong and defensible case when needed and 
should be collected with site specific characteristics in mind.   
 
The overall conclusion drawn from the assessment is that increased selenium at MW-
DGR is not due to a release from the CCR landfill and: 

• The SSI resulted from a source other than the landfill 

• The SSI was a result of an error in sampling 

• The SSI was a result of natural variation in groundwater quality associated with 
climatic effects that would occur if the landfill were not present 

• A new downgradient monitoring well is needed to address the issue 
 
In summary the following was determined: 

• The determination of selenium in MW-DGR not being associated with a release 
from the CCR unit based on all the data presented resulted in acceptance of the 
ASD by the state.  

• The data evaluation also indicates that the concentrations of selenium in 
monitoring well MW-DGR samples is expected to continue to fluctuate over time 
and likely to trigger another SSI in the near future.  

• Monitoring well MW-DGR is not representative of the overall downgradient water 
quality due to the location of the well in a historical drainage and being completed 
within severely weathered and fractured bedrock that is in communication with 
active recharge.  

• Because of the condition of the well it was determined that a new well would be 
installed within the state required 7.6 m distance of the existing well but at a 
greater depth and within competent bedrock. This was the most feasible 
approach based on the current state regulations.  

• Prior to drilling and installing the new well, geophysical methods will be used to 
determine optimum location away from highly fractured and weathered bedrock if 
possible.  

• Supplemental sampling of bedrock core will also be performed during drilling to 
identify selenium content of host rock and for mineralogical analysis for future 
assessments if the issue continues.  
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