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INTRODUCTION 
 
The requirements in the CCR rule (40 CFR Parts 257) for groundwater monitoring at 
CCR units (including landfills and impoundments) were developed assuming that the 
units would be underlain by an “uppermost aquifer” consisting of a porous medium with 
a predictable, mostly horizontal, and relatively constant groundwater flow direction that 
would be only minimally affected by the presence of the CCR unit itself.  Regardless of 
how much actual conditions may deviate from this ideal condition, power companies are 
still responsible for installing background wells that accurately represent the quality of 
background groundwater, and wells at the “waste boundary” of each CCR unit that 
accurately represent the quality of the water passing that boundary, in all potential 
pathways.  
 
Karst conditions deviate substantially from the ideal model, and therefore present 
special challenges to meeting the performance standard for groundwater monitoring 
systems in the CCR rule.  This paper reviews some of those challenges. 
 
TYPICAL KARST MODEL OF GROUNDWATER FLOW 
 
The type of karst conditions and the specific manifestations of those conditions vary 
greatly from site to site.  In the typical model of karst flow, the primary porosity and 
permeability of unaltered limestone are low, and groundwater moves through faults, 
fractures, joints, bedding planes and other discontinuities that are locally enlarged by 
dissolution and generally referred to as karst conduits.  In some locations, weathering of 
the bedrock has resulted in thick clayey soils, but in many locations the overlying soils 
are thin (typically less than 12 feet in thickness) and cherty.  Typically, the most 
permeable zone in the system is the epikarst zone, the zone of highly weathered rock 
beneath the soil zone and above the main body of unweathered bedrock, which is 
intermittently or continually saturated.  In this zone, water moves horizontally around 
blocks of less weathered rock, and transfers downward into the bedrock through 
fractures, discontinuities and solution cavities1. 
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Groundwater flow through karst conduit systems in bedrock is most typically 
characterized by: 
 

 Intermittent precipitation-related recharge of surface water into the groundwater 
flow system including through closed depressions (sinkholes). 

 
 Focused recharge through surface water sinks. 

 
 A significant downward component of flow within the bedrock, which can 

complicate interpretation of potentiometric data. 
 

 Localized channeling of flow, resulting in mixed unsaturated and saturated 
conditions within the bulk bedrock. 
 

 Converging flow (as opposed to the diverging flow characteristics of porous 
media), in which water is transported from distal points in the groundwater basin 
through converging, successively larger conduits (with proportionally larger 
discharge) to a single discharge point (spring) or multiple points (spring 
distributaries). 

 
 Discrete discharge points (springs), which typically occur along a geologic 

contact underlain by relatively less permeable rock, or at a base level associated 
with a surface water feature. 

 
The discharge at springs is affected by multiple factors, including the size of the 
drainage basin, land use and level of development, seasonal variability in moisture 
conditions, and variability in precipitation. 
 
Because they represent discrete points of discharge from a heterogeneous flow system 
with unknown subterranean flowpaths, springs are often considered better monitoring 
points for groundwater in karst flow systems than vertical wells, which may or may not 
intersect one (or more) significant flowpaths. 
 
EFFECTS OF CONSTRUCTION ACTIVITIES AT CCR SITES IN KARST TERRAIN 
 
At power plants, near-surface materials have typically been transformed over large 
areas by development and construction activities, including the historical practices used 
in building the CCR units that now require groundwater monitoring.  Often, CCR units 
have been built and expanded in phases, over a period of decades, and therefore 
incorporate the changes in standards and practices in engineering design and 
construction that occurred over that time period.  
 
Sinkhole Repairs 
 
Of particular interest at karst sites is the handling of sinkholes over the course of site 
development.  Sinkholes are closed depressions in the ground surface draining to a 



“throat” where surface drainage enters the underlying solution flow system in bedrock.  
The cavities underlying sinkholes vary greatly in width and configuration.  Historically, 
sinkholes may have been ignored, or addressed only to the extent needed during 
regrading and foundation work.  Sinkholes represent a stability risk for foundations, and 
as a result are typically filled during site development.  In the past, filling with a relatively 
impermeable material such as concrete was common practice, although in less critical 
areas they may have been filled with whatever was handy, including CCR.  More 
recently, there has been a movement toward “repairing” sinkholes in a manner that 
preserves the downward drainage that they offer, while improving long-term stability.  
This prevents blocking and re-routing of subsurface drainage that could undermine soil 
in adjacent areas.  The following diagram illustrates a typical inverted filter installed in a 
repaired sinkhole: 
 

 
1.  Schematic showing inverted filter construction 

 
As a result of varying past practices regarding sinkholes, a CCR unit in karst terrain may 
be underlain by open cavities that represent continuing stability hazards, cavities filled 
with concrete and having no drainage, cavities filled with clay soil, cavities filled or 
partially filled with CCR and other miscellaneous materials, and/or cavities repaired with 
engineered filters designed to pass drainage into the underlying bedrock.  The potential 
impacts on the quality of groundwater underlying the units, therefore, are highly 
variable. 
 
 
 



Blasting 
 
Another characteristic of site development in karst terrain is the use of blasting.  At sites 
underlain by limestone with a thin soil veneer blasting is used:   
 

 To generate borrow. 
 In tandem with excavation, for surface shaping prior to construction. 
 To install infrastructure (site sewers and conveyances, impoundment influent and 

effluent piping, embankment drains, etc.). 
 
At one site, in a valley to be used for construction of a lined CCR surface impoundment, 
blasting was used to “homogenize” the top 30 feet of bedrock in place, turning it into a 
more evenly permeable rubble without localized cavities to make a foundation for the 
impoundment.  A rubble-filled channel was added, leading to the nearest surface 
drainageway, as an outlet for springs that had previously discharged into the valley. The 
resulting “springs” discharging into the surface stream downgradient of the finished 
impoundment have significant flow, most likely representing a combination of the 
original natural groundwater flow into the valley, and possible leakage from the 
impoundment and/or its discharge structure.  A vertical monitoring well recently installed 
in the rubble-filled channel has similarly high yield, and water quality resembling the 
water quality of the springs. 
 
In summary, historical blasting practices at power plant sites have altered the 
occurrence and size of openings in bedrock.  In conjunction with the placement of shot 
rock (blast rubble), blasting can create new and significant manmade flow paths 
affecting groundwater flow.  Blasting, therefore, can lead to significant changes in 
groundwater flow and chemistry, and potentially new discharge points for groundwater 
and mixed flows of natural and manmade waters. 
 
INVESTIGATION AND MONITORING METHODS 
 
There are a number of methods that are useful for performing investigations in karst 
terrain, and that can be adapted to power plant sites.  First and foremost is a 
hydrogeologic reconnaissance of the site, in combination with literature review.  Before 
proceeding with subsurface investigations, it is advisable to identify the underlying 
bedrock units, and the extent of and controls on natural karst development. In addition, 
a thorough understanding of site development practices and features will greatly 
improve the focus of the investigations.  To the extent possible, mapping at the site 
should include all underground infrastructure with invert elevations along with pipe 
bedding thicknesses and material types, as well as quarries and known areas of 
blasting.  It is important at the outset to inventory all emergences and discharges of 
water to the surface, and to determine if they can be tied to known manmade structures.   
 
 
 
 



Site Investigations 
 
Following an initial and thorough reconnaissance of the power plant site and environs, 
one or several tools may be employed to further identify and map potential subsurface 
flowpaths sitewide, and more specifically in the vicinity of the CCR units to be 
monitored. 
 
The most widely used method for groundwater investigations is qualitative dye tracing.  
Dye tracing involves injection of dyes (typically fluorescent dyes such as Rhodamine 
WT, Fluorescein, Eosine, Sulphorhodamine B) into a sinkhole, karst window or related 
feature, or into a monitoring well or boring, and monitoring of springs and discharges 
over time using charcoal receptors to absorb the dyes.  Absorbed dyes are then 
desorbed from the receptors after retrieval, and analyzed using a 
spectrofluorophotometer.  Especially when multiple dyes are injected into different 
locations, dye tracing can be a powerful, semi-quantitative tool to identify and rank 
flowpaths, and delineate subsurface drainage basins.  Less utilized, but sometimes 
more appropriate depending on site-specific conditions, are quantitaive dye trace 
studies involving continued sampling at monitoring locations and creation of 
breakthrough curves which enable more accurate determination of flow velocities and 
travel times.  Some of the drawbacks are:  dye traces depend on the presence of 
suitable injection points with good connection to the subsurface conduit flow system, in 
the vicinity of the CCR units of interest; they are time-consuming (lasting several weeks 
to months); their outcome is dependent on precipitation conditions at the time of the 
study; and (at CCR sites), dyes can be sorbed into the CCR matrix, yielding false 
negatives on the dye trace.  
 

 
2. Dye injected into excavated sinkhole            3.  Spring emerging from stone foundation 
 
Several surface geophysical methods may also be useful for site investigations. It is 
recommended that geophysical surveys include multiple methods because data 
generated from individual methods can have multiple interpretations.  Surface 
geophysical methods include: 
 

 Electromagnetic surveying (EM).  EM uses electric current to produce a magnetic 
field in the subsurface which, in turn, induces current flow in a receiver that is 
dependent on the conductive properties of the subsurface.  While quantitative 



interpretation is complex, field work can be performed rapidly to produce an initial 
overview of a site and help guide the use of other geophysical methods.  
However, the electrical properties of coal ash properties, utility lines and other 
manmade structures can interfere with EM. 
 

 Electrical resistivity (ER).  ER measures the apparent resistivity of soil and 
bedrock as a function of depth.  ER can be used to identify large air and water 
filled voids and caverns.  However, ER methods can be difficult to use at power 
plant sites, due to the presence of high-voltage overhead power lines and 
underground utilities, as well as the electrical properties of ash. 
 

 Seismic methods.  Seismic methods (refraction or reflection) can be used to 
identify the bedrock surface, buried sinkholes, subsurface anomalies and 
boundaries based on reflective wave and/or refractive wave response time. 
Specialized seismic methods such as multichannel analysis of surface waves 
(MASW) can be used to identify large voids.  However, seismic methods are 
limited by the energy source, depth and size of the target. 
 

 Microgravity method.  This method depends on differences in measured gravity 
between locations, and can be useful in areas where infrastructure may cause 
interferences for other methods, to identify voids or buried channels.  However, it 
is not sensitive to identify small fractures or openings. 

 
In addition to surface geophysics, use of downhole geophysics is recommended, in 
conjunction with bedrock borings, to explore subsurface conditions at specific locations, 
and for correlation between the locations. Downhole geophysical methods include: 
 

 Caliper logging, which uses a spring-loaded tool to measure the diameter of the 
borehole, and identify areas of softer rock or fractures where the borehole 
widens. 
 

 Natural gamma ray, which measures the natural gamma radiation along the 
length of the borehole.  Contrast in gamma radiation can be used to distinguish 
limestone (which has low natural gamma) and clay or shale (which have higher 
natural gamma). 
 

 Electrical resistivity (ER), which measures the electrical resistance along the 
length of the borehole.  Like natural gamma, it can be used to distinguish 
limestone (which has high resistivity) from clay and shale (which have lower 
resistivity).  Water filled voids also exhibit low resistivity. 
 

 Cross-hole seismic tomography, which measures the velocity of seismic waves 
between boreholes.  This method can provide very detailed information on 
bedrock layering, fractures and voids when used between closely spaced 
boreholes or wells. 

 



Groundwater Sampling 
 
Groundwater monitoring in karst terrains is usually performed most effectively using 
springs and discharge points, because they gather and combine flow from converging 
subsystems of flow pathways beneath the site.  A significant release of contaminants to 
the subsurface flow system in a karst terrain is unlikely to be missed if all the significant 
discharges have been identified and are being monitored.   
 
The CCR Rule has no provisions for groundwater monitoring using any method other 
than discrete vertical wells placed at the waste boundary for detection monitoring.  
Nevertheless, spring monitoring in advance of (if time permits) or concurrent with, well 
monitoring for CCR rule compliance purposes, will likely prove valuable in identifying 
possible flow pathways and contributing sources in the event that constituents are 
detected above apparent background in the wells, even if the springs are located some 
distance from the CCR unit waste boundary.  Cautions concerning spring monitoring 
include the potential for high turbidity (total and dissolved metals analyses are 
recommended), and variability in flow conditions.   
 
In locating vertical wells for background and waste boundary monitoring, care should be 
taken both in horizontal placement and in the placement of the screened interval 
vertically.  The following limitations and guidelines apply to the installation of vertical 
monitoring wells at CCR sites in karst terrain: 
 

 Because of the low primary permeability of limestone, successful well installation 
will depend on the borehole intersecting water-bearing fractures and/or solution 
conduits.   
 

 In a converging flow system, water-bearing conduits tend to be increasingly 
scarce moving away from the axis of the valley where groundwater discharges. 
Upgradient areas around a CCR unit may be effectively dry, with no significant 
pathways for groundwater flow.  In monitoring well installations performed at a 
karst site in 2016, almost half of the planned locations yielded dry holes, and 
additional wells had to be installed at alternate locations removed from the CCR 
units for background monitoring. 
 

 Boreholes that appear to be dry when drilled should be left open for several days 
to confirm low yield before being sealed.  A preponderance of dry boreholes 
means there is not a pathway to be monitored, and this occurrence should be 
well-documented in the groundwater reporting required by the CCR rule 
 

 Vertically, the total depth of drilling in each borehole should be planned in 
advance based on known lithology and the elevation of nearby springs and 
surface water bodies.  In karst terrain, the natural water quality can change 
dramatically as the boring moves below the zone of meteoric water circulation. 
 



 The turbidity of groundwater moving through solution conduits can be high, due 
to the presence of loose materials (clays and sometimes even CCR) in cavities 
within the flow system.  It is recommended, therefore, that sufficient sand pack 
be installed and wells be thoroughly developed prior to sampling.  Use of pre-
packed screens surrounded by additional sand is recommended for wells to be 
used for CCR site monitoring. 
 

 Screen placement will be dictated by the 
location of water-bearing fractures and conduits, 
as identified during drilling and by downhole 
geophysical logging.  If screen length is limited 
to 10 feet by regulation, some flexibility in sand 
pack length may be required to span all the 
fractures of interest. 

4.   Downhole geophysical log 
 

The yield of each borehole should be carefully evaluated before it is finished as a 
monitoring well, both by observing water level recovery (if any) over several days, and 
by short-term hydraulic testing.  A common way to quantify yield is as specific capacity 
(SC), the yield in gallons per minute (gpm) per foot (ft) of drawdown.  SC should be 
measured during short-term pumping of the borehole after it is initially cleaned out by 
blowing or pumping.  Wells with SCs greater than 0.1 gpm/ft will typically yield sufficient 
flow to sustain purging and sampling by the low-flow method.  In practical terms, low-
flow sampling requires a flow of at least 250 milliliters per minute (mL/min) at minimal 
drawdown.  This is because of the time required to evacuate two to three screen 
volumes (each screen volume is approximately 6 liters in a 10-foot long 2-inch diameter 
screen) before steady-state conditions can be reached, and the time required to fill 

sample containers (a total volume of 3 liters 
for the CCR rule Appendix III and IV 
parameters).   At lower SCs, a minimum purge 
method2 (at flow rates of 50 to 100 mL/min) 
has been used successfully to collect samples 
without purging the screen volume, yielding 
analytical results that are reproducible and 
appear to be representative for the screened 
formation.  However, the acceptability of 
minimum purge methods has yet to be tested 
in most regulatory communities, or in the court 
of (technical) public opinion. 

5.  Low-flow sampling equipment 
 
EXAMPLE:  COMPARISON OF SPRING TO WELL WATER QUALITY 
 
Groundwater monitoring was conducted at a power plant site for several years, using 
springs under a State-mandated program.  In 2016, background and waste boundary 
wells were installed for detection monitoring purposes under the CCR rule.  A 
comparison of the water quality results obtained from the background wells to the 



historical results from springs indicates they are yielding similar (but not identical) 
ranges, as illustrated by the box-and-whisker plots below. 
 
The field parameter exhibiting the greatest difference is dissolved oxygen (DO), as 
would be expected based on the greater contact with air available to spring discharges.  
Whereas the DO measured in springs ranges from 1.9 to 10.8mg/L, the DO in well 
samples ranges from 0.7 to 2.5 mg/L.  The oxidation-reduction potential (ORP) has a 
wider range in springs than in wells, and the pH is slightly higher in springs than in well 
samples.  The turbidity of spring samples is low (<30 NTU), but the turbidity of well 
samples is lower (2 NTU or lower).  TDS has a similar range (200 to 500 mg/L) in both 
sample sets, but the median TDS is higher in wells.  Calcium, sulfate and chloride have 
similar ranges in wells and in springs.  Boron is slightly higher in the background springs 
than the wells, and whereas the trace metals arsenic, cadmium, lead and selenium 
have all been reported as non-detect in the wells, they are occasionally present at low 
levels in the spring samples.  The difference in the metals results may be attributed to 
the slightly higher turbidity of the spring samples over the well samples collected by low-
flow methods. 
 
       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        
 
 
        
 
 
 
        



 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6. Box-and-whisker plots of selected parameters in background springs and wells 
 
The wells installed at the waste boundaries of two CCR units at the same site generally 
have elevated concentrations of selected constituents compared to the background well 
results, and the results for downgradient wells are in a similar range as the results from 
previously monitored downgradient springs.  It can be concluded that, at this site, the 
wells installed for groundwater monitoring are performing similarly to the springs, and 
represent appropriate monitoring networks for the CCR units. 
 
SUMMARY 
 
The CCR rule requires the use of vertical wells to monitor groundwater at CCR 
units.  The resulting challenges for groundwater monitoring at CCR sites include the 
following: 
 

 As a result of highly variable well yields, and decreasing yield in the upgradient 
direction, evenly spaced wells along the CCR unit waste boundary may not be 
possible or even appropriate; dry holes are likely to be encountered, and it may 
be necessary to install background wells in equivalent settings removed from the 
CCR unit. 
 

 Assessment of well yield, well construction, and proper screen placement 
vertically will all be critical to the installation of representative monitoring wells. 



 
 By their nature, vertical wells may miss subsurface conduits representing 

important flow pathways, and some impacted flows moving through the 
subsurface (via manmade of natural conduits) may not be monitored.  
Comparison of findings to water quality results from springs may be appropriate, 
especially if groundwater assessment is triggered by initial results.  

 
Despite these limitations, recent experience suggests that it may be possible at many 
karst sites to install functional groundwater monitoring systems using vertical wells.  The 
following recommendations apply to groundwater monitoring at CCR sites in karst 
terrain: 
 

 Develop a thorough understanding of the flow system in advance (to the extent 
possible) from published literature, previous reports, and a detailed site 
reconnaissance. 

 
 If possible, prior to well installation, perform site-wide studies including dye 

tracing and surface geophysics as appropriate.   
 

 In subsurface investigations, expect a high proportion of dry holes.  Supplement 
logging with information from downhole geophysics and borehole hydraulic 
testing before deciding whether a borehole should be finished as a monitoring 
well. 

 
 Be flexible and recognize that one approach will not fit all sites. 
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