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ABSTRACT 

ESTIMATING GROUNDWATER AND 1,4-DIOXANE CONTAMINANT MASS FLUX IN 
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Emmanuelle Arnaud 
Beth Parker 
 

1,4-dioxane was detected in a municipal supply well in the karstic Upper Floridan Aquifer. 

High aquifer transmissivity and site dimensions create uncertainty in hydraulic gradients, 

reducing confidence in Darcy’s law-based mass flux calculations. Depth-discrete, high-

resolution rock core contaminant profiles and borehole geophysical logs were collected 

to assess contaminant mass storage in the matrix and proximity to fractures. Hydraulically 

active features were identified under natural hydraulic conditions using active distributed 

temperature sensing in FLUTe™ lined boreholes. Modified passive flux meters and 

pressure/temperature transducers were deployed in depth-discrete zones (1-2 m long) 

external to the FLUTe™ liner to quantify water flux, contaminant flux, and characterize 

site hydraulics. PFMs deployed behind FLUTe™ liners are effective in this field setting 

enabling quantification of groundwater specific discharge and mass flux despite low 

hydraulic gradients. Rock core matrix concentrations range higher and lower than 

groundwater concentrations suggesting 1,4-dioxane matrix diffusion is a key process 

onsite. 
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1  Introduction 
Groundwater resources are critical to many people around the world. Often lauded for the natural filtration 
and robust supply, groundwater resources are still finite and vulnerable to contamination via 
anthropogenic inputs. Karst aquifers provide water for approximately 25% of the world’s population (Ford 
and Williams, 2007). Dissolution enhanced features (e.g., vugs, voids) present at surface in karst aquifers 
offer preferential pathways for contaminants to move into the aquifer without the buffering capacity and 
protection of soil cover (Loop and White, 2001). Like fractured bedrock aquifers, preferential flowpaths in 
karst aquifers enable rapid, far reaching transport of contaminants once introduced in the aquifer. These 
factors combine to make karst aquifers uniquely vulnerable to contamination.  

Karst contaminant investigations are biased towards telogenic karst with well-developed conduit networks 
that directly link the aquifer to the surface (White, 2002; Florea and Vacher, 2006). Direct flowpaths 
through sinking streams, karst windows, sinkholes, and other surficial features offer direct access to the 
aquifer and imply rapid transport for contaminants once introduced. Overburden thickness is a factor in 
karst development. Generally, thin overburden and subsequent direct infiltration into the aquifer is 
associated with solutionally aggressive water and mature karst development, while thick overburden 
deposits can retard infiltrating precipitation, slowing karst development and stimulating different cave 
forms (Palmer, 1991). Additionally, flow in dissolution enhanced systems can be turbulent, creating 
further complications to understanding the flow and transport of contaminants in karst aquifers compared 
to fractured rock or granular aquifers which often assume Darcian flow to simplify conceptual 
understandings of those systems (Loop and White, 2001; Renken et al., 2005; Worthington, 2014). Some 
researchers highlight exchange between matrix and conduit driven by hydraulic head differences as key 
for understanding water transport (Binet et al., 2017). Turbulent flow is generally restricted to conduits, 
and therefore, the location of the conduits is critical to understanding contaminant transport and 
vulnerability of the aquifer. Conduit geometry is typically defined via natural signals (e.g., spring 
hydrographs, temperature, hydrochemistry), through introduced signals (e.g., chemical tracers, thermal 
tracers), or geophysically (e.g., gravity, resistivity). Hartmann et al. (2014) provide an overview of different 
investigative techniques for karst aquifers. 

The hydraulic responses of karst aquifers are a function of the hydraulic inputs (e.g., regional gradient, 
infiltration, solutional aggressiveness), and aquifer materials (e.g., lithology, degree of induration) 
(Palmer, 1991). Historical karst investigations have grown from cave expeditions and focus on conduits 
that have grown to be traversable by humans. This type of karst is termed telogenic (e.g. Mammoth cave 
in Kentucky USA) (Worthington, 2009). Eogenetic karst is recently deposited karst during early exposure, 
with high matrix permeability (Vacher and Mylroie, 2002; Budd and Vacher, 2004; Florea and Vacher, 
2006; Vacher, 2015). High matrix permeability complicates the conduit dominated conceptualizations of 
karst aquifers. The Floridan Aquifer System (FAS) is an eogenetic karst system (Florea and Vacher, 
2006). 

1,4-dioxane (1,4-D) (CAS 123-91-1) is an emerging contaminant used both as a solvent and chlorinated 
solvent stabilizer. It is often found near or coincident with chlorinated solvents, particularly 1,1,1-
trichloroethane (1,1,1,-TCA) (Zhang et al., 2017). Awareness of 1,4-dioxane as a co-contaminant for 
1,1,1-TCA came later in the evolution of subsurface chlorinated solvent transport and fate research, 
therefore standard treatment technologies often did not remediate 1,4-dioxane. High solubility and low 
organic carbon-water partition coefficients suggest that 1,4-D releases will not be retarded by sorption via 
partitioning to aquifer materials (Mohr, 2001). The intrinsic chemical properties of 1,4-D make it both 
recalcitrant and resistant to subsurface thermal and oxidation treatments. Some biological organisms 
have been identified that could break down 1,4-D, but their application in the field is still being explored 
(Bennett et al., 2018; Zhang et al., 2017). These factors combine to often complicate 1,4-D plume 
delineation and remediation. 
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1,4-D is a suspected carcinogen (Wilbur et al., 2012). There is no federal maximum contamination limit for 
1,4-D, but the US Environmental Protection Agency has developed a reference dose of 0.03 mgkg-1day-1 
(US EPA IRIS, 2013). The Florida Department of Environmental Protection (FDEP) has set the potable 
groundwater criteria to 0.4 μgL-1. Toxicological research conducted by the Agency for Toxic Substances 
and Disease Registry (ASTR) identified kidney, liver carcinogenicity as a potential outcome of ingestion of 
1,4-D (Wilbur et al., 2012) and is identified as the cause for the FDEP’s criteria. Low allowable 
groundwater concentrations, ease of transport in the subsurface, and resistance to natural degradation 
make 1,4-D a potential risk to water supplies. 

Typical contaminant risk assessment focuses on dissolved phase groundwater plume delineation based 
on groundwater samples collected from long screened (typically greater than 3m) wells. Long screened 
wells blend groundwater concentrations and hydraulic head measurements over the entire screened 
interval, reducing insights into quantification of processes controlling groundwater quality and hydraulic 
behavior that may exhibit variability over much smaller intervals. Long-screened wells are typically used 
for point of compliance monitoring, but the uncertainty associated with data from long-screened wells 
reduce their efficacy as characterization tools.  

Mass loading to a receptor has been identified as a valuable tool to assess the potential impact and risks 
of groundwater contamination (Interstate Technology & Regulatory Council, 2010). Mass flux and 
discharge is a preferred technique for risk assessment as it integrates groundwater concentrations and 
groundwater flow rates to quantify mobility of contaminant mass. Mass flux and discharge can be 
calculated through a variety of different approaches, including 1) the use of a Darcy’s Law based 
calculation using concentration and extraction rate data from a supply well or series of pumping wells, 2) 
with a transect(s) of multilevel systems (MLS) orthogonal to groundwater flow that are sampled for depth-
discrete concentrations and applying methods for assessing groundwater flux attributed to each MLS 
point and integrating these over the transect area, or 3) direct mass flux measurement devices like the 
Passive Flux Meter (PFM) (Interstate Technology & Regulatory Council, 2010). Hatfield et al. (2004) 
present the initial discussion of PFM design, which has been extended from sedimentary environments to 
riverbed PFMs (Layton et al., 2017) and fractured rock (Klammler et al., 2016). The PFM method provides 
a time weighted average groundwater specific discharge and mass flux measurement in a monitoring 
interval of varying dimensions (Hatfield et al., 2004; Annable et al., 2005) which must then be integrated 
over the plume area to estimate total mass discharge.  

Diffusion into the bedrock matrix is a process that could retard 1,4-D plume migration as it does with 
chlorinated solvent plumes (Parker et al., 2018, 2008; Pierce et al., 2018). Adamson et al. (2016) and 
Mohr (2001) present models that suggest 1,4-D diffuses deeply into low permeability media. Sterling et al. 
(2005) present a field study detailing back diffusion of other chlorinated solvents along fracture planes 
and show borehole cross connection as a transport pathway that can cause long-term contaminant 
detection artifacts in groundwater samples from MLS ports. Sterling et al. (2005) use rock core porewater 
measurements to identify diffusion of contaminants into the bedrock matrix from cross-connection into 
previously uncontaminated intervals, with long term influences on groundwater concentrations from MLS 
ports monitoring these intervals. 

To adequately characterize multiple scales of flow (e.g., matrix, fracture / karst conduit) and associated 
transport processes influencing 1,4-D contaminant migration and fate, the Discrete Fracture Network - 
Matrix (DFN-M) field approach (Parker et al., 2012) for fractured bedrock site investigation towards 
improved process-based conceptual site model (CSM) development is applied. The DFN-M approach is a 
framework of investigative techniques and key datasets that enable the quantification of contaminant 
distributions, rock matrix, and fracture network and flow system properties and links the key interactions 
between fractures and the rock matrix. Multiple high resolution profile datasets are collected targeting 
both high hydraulic conductivity (i.e., fractured zones) and low hydraulic conductivity (i.e., unfractured 
zones) and are integrated to characterize both. These datasets are depth-aligned to enhance connections 
between investigative techniques. The DFN-M approach seeks to use complimentary methods to provide 
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multiple lines of evidence that can be used to evaluate individual method uncertainty, and results in a cost 
efficient, comprehensive initial characterization of site conditions that can guide further investigations. 
DFN-M approach can also be effectively applied as a “golden spike” approach applied to key locations to 
collect the high-resolution datasets, which can serve to better understand current site conditions as 
assessed with conventional lower resolution techniques. The temporary nature of many elements of the 
DFN-M approach eliminates the need to use long-screened compliance points for characterization. This 
enables efficient characterization and improved data-informed locations of appropriate intervals for more 
effective long-term monitoring. This approach has been used successfully in a wide variety of 
sedimentary bedrock environments including sandstones and telogenic karst (e.g.Coleman et al., 2015; 
Maldaner et al., 2019; Meyer et al., 2014; Parker et al., 2018; Pehme et al., 2013; Perrin et al., 2011; 
Pierce et al., 2018) 

The DFN-M suite of tools is designed for bedrock characterization using data from single or multiple 
boreholes. As with any subsurface investigation using boreholes, the data are biased based on borehole 
location and orientation. This can result in a bias towards horizontally continuous features of the bedrock 
intersected by vertical boreholes. Boreholes in karst environments are unlikely to intercept the largest 
cave porosity (Worthington, 2014) and vertical boreholes are biased against intersecting and observing / 
sampling vertical and sub-vertical fractures (Terzaghi, 1965). Using a combination of multiple boreholes, 
including inclined boreholes, and/or evaluation of outcrops can increase the likelihood of intercepting such 
features. However key insights are still obtained from vertical boreholes as applied in this research. 

2 Thesis Objectives 
The objectives of this thesis are fourfold: 

1. Evaluate 1,4-D mass distribution of an aged industrial plume that has been treated using pump 
and treat in a karst aquifer with fractures, significant matrix porosity, and a range of 
permeabilities. 

2. Evaluate evidence for 1,4-D diffusion into the bedrock matrix of a highly permeable karst aquifer 
including application of core subsampling methods. 

3. Assess several novel borehole techniques for sensor deployment behind blank FLUTe liners and 
temporary multilevel systems and adaptations of several DFN-M investigative methodologies to a 
poorly indurated mature karst environment.  

4. Evaluate direct contaminant mass flux measurements applying the University of Florida 
developed Passive Flux Meter (PFM) methods adapted for deployment in boreholes and sealed 
behind blank FLUTe liners.  
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3 Site Description 
3.1 Regional Geology and Hydrogeology 
Peninsular Florida consists of a series of clastic overburden and carbonate bedrock units (Figure 1) 
(Williams and Kuniansky, 2015).  

These units range in age from Cretaceous carbonate rocks to Holocene clastic sediments (Williams and 
Kuniansky, 2015). Carbonate bedrock units extend thousands of feet below land surface (Miller, 1986), 
much deeper than the scope of this thesis. These carbonate rocks were deposited in a shallow carbonate 
ramp environment dipping slightly to the south. For the purposes of this study, two bedrock units and two 
overburden units will be described. 

The deepest unit in this investigation is the Avon Park Formation. The Avon Park Formation is a brown to 
cream colored, pellatal to micritic, middle Eocene limestone and dolostone with gypsum and chert (Miller, 
1986; Williams and Kuniansky, 2015) This unit is expected to be approximately 350 to 450m thick and at 
the study site it is present approximately 55 m below ground surface and is encountered in the bottom 9m 
of the boreholes investigated for this study. Above the Avon Park is the Ocala limestone, a middle 
Eocene fossiliferous limestone grainstone to packstone with limited dolostone that ranges in thickness 
from approximately 20 to 50 m thick in and around the study area. The Ocala limestone sits 
unconformably on top of the Avon Park Formation. It is semi-confined, outcropping in and around Ocala 
Florida(the study area), while being overlain by siliciclastic sediments from the Hawthorn Group. Loizeaux 
(1995) presents a sequence stratigraphic description of the Ocala limestone, arguing that in south Florida 
the Ocala Formation can be subdivided by fossil occurrence. Associating the variation in biostratigraphy 

Figure 1 - Lithological cross section based on boring data from site boreholes. The 
overburden transition from the Cypresshead formation to undifferentiated Hawthorn Group 
sediments represents an increase in clay content across the site. The bedrock contact is a 
gradational contact represented by limestone fragments mixed with clastic sediments near 
the bedrock contact. The transition to the Avon park formation is biologically defined in 
core and poorly defined by other lithological changes. 
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with depth in the Ocala Formation, Loizeaux identifies a semi-confining unit within the Ocala Formation. 
Since the publication of Loiseaux’s Master’s thesis, bio-stratigraphic divisions have been rejected as a 
meaningful differentiating criteria in the wider FAS (Williams and Kuniansky, 2015). Thin to no overburden 
and high intergranular porosity of the Ocala Formation makes the limestone susceptible to significant 
karst development. The Ocala limestone represents most of the bedrock considered in this thesis. 

In Marion county, the Ocala Limestone is variably overlain by the Hawthorn Group. The Hawthorn Group 
consists of Pliocene to Miocene carbonaceous and siliciclastic phosphatic sand, silt, and clay that is 
variably differentiated. One member of the Hawthorn Group, the Cypresshead Formation is present at the 
study site. The Cypresshead Formation is comprised of interbedded quartz sand and thin clay beds 
(Green et al., 2013; Huddlestun, 1988). At surface is undifferentiated sediment (Green et al., 2013). 

3.2 Hydrogeologic Setting 
The FAS underlies the entire Florida peninsula and is the source of potable water for approximately 10 
million residents (Williams and Kuniansky, 2015). The FAS pinches out in southern Alabama, Georgia 
and South Carolina to the north and is bounded by the Atlantic ocean in the south (Williams and 
Kuniansky, 2015). The FAS consists of a succession of Paleogene to Neogene limestone and dolostone 
that represent a shallow carbonate transgressive sequence (Faulkner, 1970; Loizeaux, 1995). Formations 
of the FAS in the study area include the Avon Park Formation and Ocala Limestone (Williams and 
Kuniansky, 2015). The Avon Park Formation has undergone little to moderate diagenesis and is generally 
more indurated than the Ocala Limestone, leading to the hydrogeologic classification of the Ocala-Avon 
Park Lower Permeability Zone (OCAPLPZ) (Williams and Kuniansky, 2015). The OCAPLPZ forms the 
base of the Upper Floridan Aquifer (UFA) and separates the UFA and Lower Floridan Aquifer (LFA) 
(Williams and Kuniansky, 2015). Each of these hydrogeologic units is not explicitly constrained 
lithologically; however, the UFA is mostly associated with the Ocala Limestone and the LFA is mostly 
associated with the Avon Park and deeper Oldsmar Formation (not present in this thesis) in north central 
Florida. 

Williams and Kuniansky (2015) identify the Ocala Formation one of the most permeable units in the FAS 
and a major component of the UFA. Extensive core logging, geophysical logging, numerical modeling, 
and 19 aquifer tests in the Upper Floridan aquifer have shown regional transmissivity in north central 
Florida near the study site to be 6,210 m2day-1 (66,840 ft2day-1) (Williams and Kuniansky, 2015). The 
research site is approximately 16 km south of Silver Springs, a first magnitude spring (mean discharge 
8.4-10.1 m3s-1, 298-357 ft3s-1) (U.S. Geological Survey, 2019). Bush and Johnson (1988) note that 
proximity to springs is a likely indicator of mature karst. The Ocala Formation, when exposed at surface in 
and around the study area, exhibits classic karst geomorphological characteristics (e.g., sinkholes, 
swallets) and hydraulic responses typically associated with karst aquifers (e.g., dramatic scale 
dependence in hydraulic response) (Yang et al., 2019). Worthington (2009) identifies the longitudinal 
trace of the potentiometric surface around Silver Springs as diagnostic of conduit presence. Tracer tests 
conducted in the UFA near Ocala show average groundwater velocities (1.0x10-4 - 8.3x10-3 m/s) that are 
quite high (i.e. several to hundreds of meters per day) as expected with karst aquifers (McGurk et al., 
2011). 

High transmissivity in the Ocala Formation complicates regional Upper Floridan Aquifer flow direction. 
The study area is located in the Ocala Karst Hills geomorphic province, an area of moderate relief and 
mature karst development dominated by the presence of Silver Springs (Green et al., 2013). Given the 
unknown nature of the conduit network that effectively drains the springshed, local flow directions are 
chaotic. Since the Ocala Formation is so transmissive, the slope of the potentiometric surface is 
extremely subtle i.e., very low hydraulic gradients especially at the scale of a typical industrial solvent 
plume and this study site. 
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Florea and Vacher (2006) define the Upper Floridan Aquifer as a variably indurated eogenetic karst. 
Eogenetic karst typically has greater matrix porosity and permeability than other older, more indurated 
karst aquifers. Both types of karst aquifers have fracture and dissolution enhanced features contributing 
to overall aquifer permeability. Matrix flow cannot be discounted in eogenetic karst systems (Florea and 
Vacher, 2006). Perhaps surprisingly, Silver Springs, the major vent complex that serves as the drain for 
the springshed, does not display flashy, or rapid response to precipitation events (Florea and Vacher, 
2006) that is expected in aquifers dominated by dissolution enhanced features. North of the study area; 
chemical signatures in the Santa Fe rise (a spring connected to a conduit system in the upper Floridan 
aquifer) indicate that under low flow conditions (i.e., not under flood stage) much of the spring water is 
derived from the ‘matrix’ (Martin and Dean, 2001). Martin and Dean’s matrix lumps both flow through 
interconnected pore spaces and fracture flow. Lack of flashy response, chemical indicators of 
matrix/conduit mixing, and high porosity of eogenetic karst suggest that flow through the matrix cannot be 
discounted when conceptually approaching 1,4-D fate and transport in this aquifer. Flow through the 
matrix may enhance diffusion by spreading 1,4-D impacted water broadly through the aquifer.  

The Hawthorn Group serves as both a semi-confining unit for the FAS and variably as a separate surficial 
aquifer system. In this study area, the undifferentiated Hawthorn Group and the Cypresshead Formation 
are present. The surficial aquifer system is separated from the UFA by the interbedded sand and clay of 
the Hawthorn Group. Given the heterogeneous distribution of the siliciclastic material that host the 
surficial aquifer, the surficial aquifer is discontinuous on a regional scale. Structurally, the FAS is relatively 
undisturbed. The peninsular arch and Ocala plateau represent the only evidence of structural change in 
the UFA (Williams and Kuniansky, 2015). These broad upwarped structural features create regional 
fracture sets trending NW-SW as well as a secondary high angle NE-SW set (Green, Evans, & Bassett, 
2013). These fractures likely serve as preferential flowpaths that develop into karst features over geologic 
time (White, 2002). 
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3.3 Site History 

The site covers an approximate area of 0.4 km2 of mixed-use industrial land in central Florida, 
approximately 80 km northeast of Orlando, Florida (Figure 2). In 1984, a TCA rinse tank release was 
reported. The precise mixture, concentration, and volume of the release is unknown. Initial groundwater 
TCA concentrations ranged from non-detect to 4,900 ugL-1. This event-initiated decades of monitoring 
and remediation including pump and treat (air stripping) and air sparging to characterize and remediate 
the released contamination. The site owner achieved site closure for TCA in 2012. However, in 2016 1,4-
D, was detected at a nearby municipal wellfield, and the site is currently being investigated as a potential 
source for the contamination. 

Pumping around the site is dominated by the municipal supply wells located near the site, and irrigation 
and cooling tower wells are also installed into the UFA onsite. The two water supply wells in the wellfield 
are the largest pumped wells near the site and are both installed into the UFA. Since the detection of 1,4-

Figure 2 - Map of the site at multiple scales with site wells highlighted. BHA and BHB2  
are golden spike boreholes mapped with solid circles. Conventional wells are mapped 
with hollow circles. HG designates installation in Hawthorn Group, FL indicates 
installation in the Floridan Aquifer System. The map highlights Marion County in red and 
in the Silver Springs springshed (Munch et al. 2006). The site is located in the southern 
portion of the springshed.  
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D in the municipal well, both municipal wells have had their pumping schedules reduced, only operating 
approximately one hour every month. 

4 Methodology 
4.1 DFN-M Approach 
In fractured rock and karst aquifers, preferential flow paths dominate flow and transport, especially in 
karst systems with dissolution enhanced fractures (Budd and Vacher, 2004). Equivalent porous media 
models are appropriate for basin scale flow and transport simulations (Vacher and Mylroie, 2002), but 
cannot accurately represent the transport function of preferential flow paths on a site scale. The DFN-M 
approach uses a variety of complementary borehole datasets to identify hydraulically active features or 
zones in the subsurface that can be represented with sufficient measurement frequency (spatially, 
temporally) in a process based CSM and numerical models that incorporate key controlling processes 
(Parker et al., 2012). Cross validation of investigative method is vital to overcome individual method 
biases. Integrating robust, independent datasets is central to the DFN-M approach that targets 
preferential transport pathways and key fracture / conduit and rock matrix interactions. 

The DFN-M method has seen successful application in a range of fractured rock environments (Chapman 
et al., 2013; Parker et al., 2012; Pierce et al., 2018; Sterling et al., 2005) (Figure 3) by using physical, 
geophysical, and hydrophysical methods to quantify flow rates and fracture distributions in a discretely 
fractured porous media while reducing the effects of cross-contamination from drilling. A key innovation 
presented by Parker et al. (2012) is the use of flexible, polyurethane-coated impermeable nylon borehole 
liners to prevent cross-connection while allowing a series of temporary datasets to be collected (Sterling 

Figure 3 – Flow chart showing the data types of the DFN-M workflow adapted from Parker 
et al. 2012. The suite of approaches is used in concert to inform the deployments of 
certain technologies culminating in the design of long-term depth-discrete multilevel 
monitoring systems.  
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et al., 2005). Sealing a borehole with an impermeable liner isolates the borehole from the formation, 
returning the groundwater flow to its natural condition (Cherry et al., 2007; Keller et al., 2014). While 
sealing the borehole, liners also provide an opportunity to collect depth discrete data by sealing 
instrumentation on the outside of the liner (e.g. Pehme et al., 2014). Techniques have also been 
developed for fiber-optic / heating cables deployed outside the liner for Active-Distributed Temperature 
Sensing (Maldaner et al. 2019) which can relate ability to heat intervals along the borehole with 
groundwater flow rates. Deploying instrumentation behind the liner limits interference from the long, open 
borehole conditions enabling high resolution measurement of discrete zones under natural hydraulic 
conditions without borehole cross connection. Sealing the borehole isolates fractures and/or conduits for 
study, preventing cross-connection because of the drilling process. 

Physical techniques include core fracture and lithological logging, and porewater and moisture content 
rock core sampling at high resolution. Geophysical techniques include physical caliper, natural gamma, 
acoustic televiewer (ATV), optical televiewer (OTV), full waveform sonic (FWS), temperature and fluid 
conductivity logging. Insights on the groundwater flow system were obtained via Passive Flux Meters 
(PFMs) and Active-Distributed Temperature Sensing (A-DTS). Some aspects of the DFN-M approach 
may be considered conventional (e.g., ATV, OTV, FWS) while others (e.g., PFM, A-DTS) are more 
unique. One of the strengths of the DFN-M approach is validating novel techniques with established 
methods to prove their efficacy while simultaneously providing more evidence in support of a CSM. For 
example, downhole OTV has shown promise in identifying critical secondary porosity (Manda and Gross, 
2006). The data from the various methods are integrated to inform the design of MLSs to characterize 
groundwater contaminant concentrations, hydrochemistry, and hydraulic head in depth discrete intervals 
in the subsurface. The site-specific CSM is developed using these complimentary datasets and can be 
used to inform numerical models for assessing future contaminant transport and fate that can be applied 
to assess risk and remedial efficacy, as well as to identify data gaps and inform ongoing site monitoring. 
Figure 4 presents the sequence of data collection in a timeline from April 2018 to November 2019.  

Figure 4 – Timeline of datasets collected and presented as part of this thesis including 
Active Distributed Temperature Sensing( A-DTS), Passive Flux Meters (PFMs), Temporary 
Deployments (TD), Flexible Liner underground technology’s (FLUTe)multi-level system 
(MLS). Data collection informs the placement of subsequent sensors. i.e. A-DTS identified 
flow zones are targeted with PFMs. 
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4.1.1 Rock Core Porewater 

Rock core porewater analysis elucidates the depth positions and distribution of 1,4-D diffused into the 
matrix porewater and sorbed to the rock matrix itself. This methodology provides a time-integrated signal 
of contamination diffused in the rock matrix as a function of distance from nearby fracture features and 
contaminant history in these fractures as well as matrix processes (e.g., sorption, degradation). Rock core 
pore water sampling identifies features that at one time contained higher concentrations of 1,4-D in 
groundwater that has subsequently diminished, and/or if 1,4-D has diffused into the rock matrix away 
from permeable features. The matrix porewater is least susceptible to alteration during drilling and 
represents mass in the lower K zones adjacent to fractures and in the matrix between fractures. 1,4-D 
mass stored in the matrix may diffuse back into the groundwater flowing in fractures if fracture 
concentrations decline, causing persistent elevated groundwater concentrations that can be difficult to 
remediate. Parker et al. (2012) provides more information on rock core sampling and how it forms a key 
component of the DFN-M field approach. 

Traditional groundwater quality samples collected at discrete time intervals offer an incomplete 
assessment of system characteristics and behavior. Porewater measurements limit the bias of single 
point in time sampling as porewater measurements represent minimally disturbed, time-integrated 
dissolved phase behavior in bedrock environments. Porewater samples at this and other sites often 
represent the highest possible spatial resolution samples that can be collected, that has a well 
constrained sampling location in the subsurface. Rock core sampling and porewater estimation 
techniques have been used at other bedrock sites to demonstrate plume attenuation and retardation and 
to quantify diffusion, degradation and sorption processes (Parker et al., 2019, 2012; Pierce et al., 2018; 
Sterling et al., 2005). 

A total of 160 depth-discrete samples (84 from BHA and 76 from BHB2) were collected from the 
continuously cored rock during drilling at the two borehole locations. This sampling frequency represents 
an average sample spacing of 0.54 m in BHA and 0.79 m in BHB2, with the vertical distribution of 
samples affected by incomplete core recovery. Disturbance by the rotosonic drilling process and 
extraction of cores from the core barrel into the plastic sleeves made it unlikely that fracture features were 
preserved in the core runs. Rock core sampling targeted both observable fracture surfaces and the rock 
matrix between fractures focusing on lithologic (i.e., grainsize and color variability) changes observed in 
the core. In the field, the rock samples were processed as detailed below using a suite of field and lab 
methods referred to as COREDFN™ developed and advanced by Dr. Beth Parker’s and colleagues and 
applied at over 30 volatile organic compound (VOC)-impacted bedrock sites since 1997, typically 
involving sedimentary bedrock. Below is a description of the rock core collection, sampling and 
processing procedures and analytical techniques.  

The outer portion of the sample exposed to drilling water was removed using a hammer and chisel and a 
smaller subsample was collected from the inner portion of the sample ‘pucks’ (Sterling et al., 2005). The 
sample was then crushed using a hydraulic press within stainless steel crushing cells and immediately 
placed into a pre-prepared 250 mL brown glass jar with a Teflon-lined lid, with a known amount of ASTM 
Type-II water. The jar threads were then wrapped with Teflon tape to improve the seal and minimize 
volatilization. The jars and lids were weighed empty, with only the extractant ASTM Type II water, and 
with crushed rock sample and water. These measurements were used to calculate the 1,4-D mass per 
kilogram of wet rock. 

Over time and with periodic shaking, the 1,4-D is extracted from the porewater and solid phase as it 
equilibrates with the ASTM type II water. Once it reaches equilibrium confirmed by time series sub 
sampling, an aliquot of the extract is analyzed by the lab, which is applied along with the knowledge of 
wet rock mass and extract volume to provide the total mass concentration on a wet rock basis. Then 
partitioning calculations, described below, are used to estimate porewater concentrations from these total 
mass concentrations. The crushing setup is designed to minimize contact of the crushed rock sample with 
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air and be time efficient, reducing the potential for 1,4-D mass loss due to volatilization. After providing 
enough crushed rock for the 1,4-D analysis, some of the leftover crushed rock was placed into an empty 
clear glass 40 mL vial with septa for moisture content analysis. Rock core moisture content and VOC 
samples were kept in coolers on ice on-site and then shipped overnight to the analytical lab. Dr. Parker’s 
G360 laboratory at the University of Guelph analyzed moisture content and Cascade Technical Services 
(Montpelier, VT) analyzed 1,4-D concentration of the water extracts. Samples were analyzed using gas 
chromatography and mass spectroscopy (GC/MS) via an adapted SW846, USEPA Method 8260C with a 
method detection limit for 1,4-D of 0.5 μgL-1. 

The rock/water samples were shaken once a week in the laboratory for a period of four weeks to allow 
the rock/water mixture to equilibrate. To assess the degree of equilibration of rock samples during the 
extraction period, a two-step time-series analysis was conducted on 15 samples representing a range of 
extractant concentrations (approx. 9% of collected samples). Four weeks after sampling, with weekly 
shaking in an orbital shaker, the time series analytical values had sufficiently stabilized and a total of 99 
samples were analyzed. These samples were selected from various depths in both coreholes to provide a 
high-resolution assessment of 1,4-D mass sorbed to the rock and in the porewater throughout each 
corehole. 

Split samples of the 1,4-D rock samples were analyzed for moisture content at the University of Guelph. 
The initial samples were weighed in the field using a high precision analytical balance (Mettler Toledo 
MS303S, accuracy 0.001g +/- 0.001). Upon arrival at the University of Guelph, the samples were re-
weighed and then oven dried at 40°C and weighed repeatedly over a 3-week period until the mass values 
stabilized to a constant weight, at which point the samples were considered dry. Comparing dry mass and 
field wet mass allows calculation of bulk density, moisture content, and assuming full pore space 
saturation, sample specific porosity. All the samples were collected at least 15m below the water table. 
These physical parameters are then applied in partitioning calculations to convert from total 1,4-D mass 
per mass of wet rock to 1,4-D mass per volume of porewater. 

4.1.1.1 Analytical Results and Porewater Contaminant Concentrations 

Before calculating the porewater concentration, the 1-4D mass in each rock sample must be determined. 
The total mass of 1,4-D (Ct) per mass of wet crushed rock is calculated using the measured mass in the 
water extract, sample specific masses (wet), and water extract volume using the following equation 
(Equation 1): 

𝐶𝐶𝑒𝑒 ∗ (𝑉𝑉𝑒𝑒 + 𝑉𝑉𝑝𝑝𝑝𝑝) 
𝑚𝑚𝑅𝑅

=  𝐶𝐶𝑡𝑡 

[1] 

where Ve is the volume of the extractant [L3], Vpw is the volume of porewater [L3], Ce is the concentration in 
the extractant [ML-3], mR is the mass of wet crushed rock [M], and Ct is the concentration of 1,4-dioxane [-
]. The total mass of 1,4-D per mass rock is used along with the rock matrix porosity and bulk density 
(estimated from moisture content, assuming fully saturated conditions) and estimated contaminant 
retardation factor to convert to a porewater concentration. 

Partitioning calculations allowed conversion of the laboratory derived total rock concentrations (Ct) to 
estimated equivalent porewater concentrations (Cpw) using the equation (Equation 2): 

𝐶𝐶𝑝𝑝𝑝𝑝 =  
𝐶𝐶𝑡𝑡 ∗ 𝜌𝜌𝑏𝑏𝑝𝑝
𝑅𝑅 ∗ 𝜙𝜙𝑚𝑚
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[2] 

where the calculated porewater concentration (Cpw) [ML-3], the concentration of 1,4-dioxane (Ct) [-], the 
matrix porosity(φm) [-], wet bulk density of the rock(ρbw) [ML-3], and the retardation factor (R; see equation 
3 below). The moisture content measurements provide a basis for estimating sample porosity (Emerson, 
2006) under the assumption that the samples were fully saturated. This is a reasonable assumption for all 
the samples from this study collected below the water table. Grain specific gravity (ρs) [-] was used as 
part of the estimation of porosity based on saturated water content, and is assumed to be 2.71, a value 
for limestone published by Schlumberger (Smithson, 2012). Specific gravity for consolidated sedimentary 
rock can vary from about 2.65-2.80 (Smithson, 2012). Varying the specific gravity value over this reported 
range to estimate the sample specific porosity has negligible effect on the final calculated porewater 
concentrations. Complete porewater calculations are included in Appendix A. 

After completing moisture content measurements, the solid phase organic carbon content of the moisture 
content split samples was measured. Solid phase organic carbon is generally the largest contributor to 
retardation of organic compounds (Karickhoff, 1984). The retardation factor can be estimated using the 
well-known relation (Equation 3): 

𝑅𝑅 = 1 + 𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑓𝑓𝑜𝑜𝑜𝑜𝑘𝑘𝑜𝑜𝑜𝑜
𝜙𝜙𝑚𝑚

  [3] 

where the organic carbon partitioning coefficient for 1,4-D (Koc) [Lkg-1], fraction of organic carbon in the 
sample (foc), dry bulk density(ρbdry) [gcm-3], matrix porosity (φm) [-], and retardation factor (R). 1,4-D has a 
relatively low Koc reported to range from 17 to 29 [L/kg] (Mohr, 2001). Twenty-four samples were selected 
for organic matter(OM) measurement using the Walkley-Black method (Walkley and Black, 1934). Most 
samples (19 of 24) analyzed via the Walkley black method report an OM below the method detection limit 
(0.05%).OM measurements are converted to organic carbon via a 2.0 conversion factor. Using the 
highest measured OM value of 0.5% converts to an foc of 0.25%, which provides an R-range between 1.1 
and 2.1. Applying foc of 0.05% provides an R-range between 1.0 and 1.2. These estimates generally 
support the assumption of negligible 1,4-D sorption in the porewater estimates; neglecting sorption (i.e., 
assuming R=1) results in conservative (i.e., highest) porewater concentration estimates based on 
Equation 2. The Walkley-Black oxidation method can have potential interferences and biases especially if 
the sample is high in inorganic carbon (Schumacher, 2002). Porewater calculations assume negligible 
sorption, consistent with the EPA recommendation to treat 1,4-D as having negligible sorption (Mohr, 
2001). 

4.1.1.2 Rock VOC Detection Limits and Uncertainty Estimates 

Quantifying the uncertainty in porewater estimates typically is established by constructing distribution of 
porewater values based on duplicate sample measurements (Sterling et al., 2005). At this site, field 
duplicates were inadvertently not analyzed, requiring the development of a novel approach to quantify 
error associated with rock core porewater calculations. 

To quantify error associated with the rock 1,4-D porewater estimates, measurement uncertainty can be 
propagated through each step of the analysis and the sensitivity of the largest contributing factor(s) to the 
final calculation can be assessed. Two groups of factors are combined to calculate pore water 1,4-D 
calculations, rock properties (porosity, bulk density) and 1,4-D concentration (Equation 2). Rock property 
measurement uncertainty is minimized by using sample specific moisture content, porosity, and bulk 
density although these can be influenced by drilling factors. To reduce uncertainty associated with rock 
property measurements, a precise analytical balance recording to three decimal places was used. 
Analytical error of the 1,4-D porewater analysis is defined by GC/MS confidence intervals. Therefore, in 
this case the uncertainty in the calculated porewater concentrations is dominated by the 1,4-D analytical 
results and less sensitive to static factors. Therefore a 20% range from each extractant analysis is 
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propagated to the final porewater calculation as a conservative approach to represent uncertainty in the 
porewater concentrations and assign error bars. 

4.1.2 Temporary Deployments 

Monitoring aquifers under natural gradient conditions is critical for understanding natural flow systems. To 
restore natural gradient conditions, flexible borehole liners can be used to temporarily seal boreholes, 
which eliminates vertical flow within the corehole and prevents short circuiting between distinct aquifers 
(Cherry et al., 2007). Blank borehole liners (i.e. liners designed to seal the entire length of the borehole) 
can be used to isolate sensors in depth discrete monitoring intervals in a borehole, effectively creating 
temporary, flexible multilevel monitoring systems (Pehme et al., 2014). These ‘temporary deployments’ 
can be transducers (typically deployed within short lengths of plastic mesh spacer material to create a 
discrete monitoring interval), passive flux meters, fiber optic cables or other data collection devices 
(Figure 5). Using a liner presses the sensor against the borehole wall increasing the coupling between the 

Figure 5 – Schematic deployment of three temporary deployment (TD) technologies. 
Left is an A-DTS diagram showing an impermeable borehole liner sealing a fiber optic 
cable against the borehole wall to identify hydraulically active features. Right is a TD 
of high-resolution temperature and pressure transducers(yellow), and PFMs(black). 
Sealing the transducers and PFMs with the borehole liner creates multiple depth 
discrete monitoring intervals. The configuration of the TD is adaptable based on-site 
conditions. 
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sensor and the formation and preventing cross-connected flow in the borehole. The temporary nature of 
sensors deployed behind liners means the same sensors can be reconfigured to investigate new sections 
of the borehole reducing cost and potential instrument error. At the site, pressure and temperature 
sensors were sealed between an impermeable borehole liner and the borehole wall to provide depth 
discrete measurements. At a different time, the same boreholes and liners were deployed with a fiber 
optic cable to conduct A-DTS tests. Critically, using the same borehole for multiple measurements 
ensures the same portions of the aquifer are measured by different techniques, reducing the potential 
confounding results arising from differences between measurement locations in the aquifer and isolating 
measurement bias between the different methods. Using the same borehole reduces potential errors or 
variation in the data that are insignificant. 

4.1.2.1 Rock VOC Detection Limits and Uncertainty Estimates 

A series of non-vented transducers are attached to a weighted cable and hung in the borehole to monitor 
static and transient conditions in depth discrete intervals. Once lowered into the borehole, the 
impermeable liner is installed sealing each transducer over a distinct monitoring interval (Appendix B). 
Monitoring intervals were selected based on previously collected datasets targeting A-DTS-defined 
hydraulically active zones. A shroud of plastic mesh creates a gap ensuring a hydraulic connection along 
the entire 1 m section (Pehme et al., 2014). The length of the monitored section is defined by the plastic 
shroud and borehole diameter. In a borehole with an irregular diameter, the FLUTe™ liner seal is not 
constant. Physical caliper measurements show washout zones that are not sealed by the liner. 
Transducers located in enlarged sections of the borehole, monitor an interval larger than 1m. Despite the 
uncertainty in the precise length and location of the transducers, robust hydraulic datasets were collected. 

Sensors can record measurements every second and store the data on the instrument itself. To retrieve 
the data, the liner is removed from the borehole and the sensor string is removed and data from the 
sensors is downloaded to a computer. Removing the liner disturbs the system. After downloading the 
data and resetting the device, the string is rebuilt, potentially targeting new intervals, and reinstalled 
behind the blank borehole liner. Damaged or defective transducers are identified and removed. 

The transducers used in these strings are RBR® soloT, soloD, and duets. RBR® transducers are non-
vented transducers that were selected for their high accuracy and precision, as well as ability to sample at 
high frequency, and store months of data on the transducer itself (Table 1). SoloD and soloT measure 
only pressure and temperature respectively, while duets measure both temperature and pressure in one 
unit. Intervals are mixed between a single duet and paired soloD and soloT transducers, however each 
interval collects both temperature and pressure data. 

Table 1 -Accuracy and precision reported of deployed pressure and temperature sensors. Duets are 
integrated pressure and temperature units, thus they have the same accuracy and precision as the 
soloD/soloT. 

Transducer 
Pressure 
Accuracy 

(dbar) 

Temperature 
Accuracy 

(C) 

Pressure 
Resolution 

(dbar) 
Temperature 
resolution (C) 

d20 0.01 NA .0002 0.00005 
d50 0.025 NA .0005 0.00005 
d100 0.05 NA .001 0.00005 
soloT NA 0.002 NA 0.00005 

A series of different transducer deployments were completed at the site between May and October 2018 
varying the diameter of the blank liner and positioning of the monitored intervals. Table 2 details the 
individual deployments. The first series of transducers, deployed from May to June 2018, was deployed 
behind an undersized liner, which did not sufficiently seal the borehole , so the data are not depth 
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discrete. Because these data have lower spatial resolution, they are not discussed in this study but are 
included in Appendix C. The temporary deployment string design changed between each installation 
event. In each string design, one transducer is left open to the air to allow for barometric compensation of 
the other transducers, and another is monitoring the water level in the FLUTe™ liner itself to assess 
leakage in the liner. 

Table 2 - TD deployment information. 

Borehole 
Liner 

diameter 
(in) 

Start 
Deployment 

End 
Deployment 

Deployment 
Duration 

(days) 

Number of 
Transducers 

Number 
of 

Intervals 
BHA 6.5 5/17/2018 6/18/2018 32 22 16 

BHB2 6.5 5/17/2018 6/18/2018 32 22 14 
BHA 7.5 6/22/2018 8/15/2018 54 21 15 

BHB2 8 6/22/2018 8/14/2018 53 18 13 
BHA 7.5 8/16/2018 10/12/2018 57 18 14 

BHB2 8 8/15/2018 10/10/2018 56 18 13 

4.1.2.2 Rock VOC Detection Limits and Uncertainty Estimates 

Data from the transducer is stored as an SQL database on the transducer itself. The data are imported 
and manipulated using R statistical software. Code used to manipulate these data are presented in 
Appendix B. Transducers are calibrated in the field by comparing each transducer on the string reading in 
an unlined, open hole to a contemporaneous manual measurement, similar to USGS suggestion for 
calibrating new transducers (Cunningham and Schalk, 2016). The measured open hole water level and 
the 5-minute average of the water level reported by the transducers at the same time as the manual 
measurement are differenced to determine a transducer specific offset (Appendix B). Assuming no 
vertical flow in the borehole and adjusting for the elevation of each transducer, each transducer in the 
open hole should read the same water level. This offset is a lumped correction factor that takes into 
consideration the individual transducer accuracy, string design measurement error, string stretch, 
surveying, and borehole construction errors. The offset is calculated each time the transducers are re-
deployed. Since the offset is a lumped correction factor the uncertainty in the transducer record is only in 
the manual measurement and uncontrollable drift in the transducer itself. Rau et al. (2019) identify the 
error associated with manual electronic dip meters to be 8.4 mm. The offsets applied to the transducers 
are presented in Appendix B. 

Successive FLUTe™ installations affected the integrity of the borehole, causing blockages that prevented 
access to the entire borehole, limiting the depth that the liner could be deployed. Unlined transducers are 
removed from the dataset and not presented as part of vertical head profiles.  

Calculating vertical hydraulic gradients is a robust method to characterize hydrogeologic units in the 
subsurface (Meyer et al., 2016, 2014, 2008). Using transducers to calculate vertical hydraulic gradient 
relies on estimating a sealed interval between each of the monitored zones. Typically, this is relatively 
straight forward by assuming that the interval outside of the transducer and spacer material is sealed by 
the liner. However, this is complicated at this site where some borehole intervals have a diameter that is 
larger than can be effectively sealed by the blank liner. For this investigation, a three-arm physical caliper 
is used to continuously measure the diameter of the borehole. This tool biases low as the reported 
diameter is the calculated diameter of a perfect circle formed by the smallest radius, and critically only 
contacts three points of any section of the borehole. This method for borehole diameter estimation and 
therefore sealed interval estimation is not ideal; however, a lack of quality in ATV measurements 
precluded the use of a more accurate acoustically derived borehole diameter measurement. The 
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scattering of the acoustic energy that limited the usefulness of the ATV data is likely site/drilling method 
specific. 

4.1.2.3 Rock VOC Detection Limits and Uncertainty Estimates 

The PFMs deployed at the site have a modified design from standard PFMs described by Hatfield et al 
(2004)(commercially available at https://enviroflux.com/) . PFMs deployed as part of this investigation 
function via the same mechanism as classical PFMs described by Hatfield et al (2004), however they are 
deployed behind the FLUTe™ liner instead of snugly occupying an entire section of well screen. Each 
PFM is approximately 63.5 cm long and 1.9 cm diameter cylinders that are classified by their sorbent. 
Granular Activated Carbon (GAC) PFMs consist solely of 1.70-0.425 mm silver impregnated GAC. 
Ambersorb™ (AMB) PFMs have both GAC and a 12 cm AMB segment. Ambersorb™ is a manufactured 
polymer designed to adsorb 1,4-D (Woodard et al., 2014). The interior of AMB PFMs is segmented into 
two areas separated by a sponge spacer (Figure 6). The bottom 50cm of each PFM was packed with 
granular activated carbon (GAC) that had been pre-equilibrated with a series of alcohol tracers. 
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1,4-D has a low logKOW (-0.27) and logKOC (1.23)(Mohr, 2001), two parameters that influence retardation 
on organic material. AMB was selected because 1,4-D is known to desorb from GAC (Myers et al., 2018). 
AMB has higher total capacity to capture 1,4-D, with less contact time than GAC (Woodard et al., 2014). 
Haluska et al. (2018) show that using silver impregnated GAC is suitable for 1,4-D sorption. However, 
using a synthetic polymer is assumed to provide a better time integrated estimate of 1,4-D mass flux as 
the 1,4-D is less likely to desorb (Bennett, 2018). Table 3 shows selected relevant material properties of 
GAC and AMB.  

  

Figure 6 –  Long sections of granular activated carbon PFM (A) and Ambersorb®(AMB) PFM (B), 
and schematic diagram showing tracer elution from the GAC section of a PFM and contaminant 
sorption in an idealized PFM cross section (GAC or AMB) (C). T0 represents initial time, where 
tracer is sorbed to the GAC. T1 is the time when tracers are eluted from the tracer. Tf is time 
final when the PFM is removed from the ground and residual tracer mass is measured to 
determine groundwater specific discharge. Note that contaminant may be sorbed to either GAC 
or AMB, however tracer is only eluted from GAC.  
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Table 3 - Material properties for PFM filler material 

Material Porosity Density (g/cm^3) 
GAC 0.55 0.77 

AMBERSORB® 0.25* 0.52 
*calculated from total porosity reported from Woodard et al. 2014 

In both types of PFM, the sorbent is enclosed in organza cloth, which is encased in heavy duty PolyNet 
plastic webbing. The plastic webbing is identical to that used for other temporary deployments (e.g., 
pressure/temperature transducers) and provides protection for the instruments in addition to hydraulic 
connection. The hydraulically connected interval provided by the spacer material allows the influence on 
any intercepted flowing feature to be detected by the PFM, increasing the likelihood that the PFM will 
intercept a hydraulically active fracture or dissolution enhanced feature.  

When deployed in the field, several PFMs are attached in series by a carabiner to the same thin cable as 
the transducers, in a deployment like the transducers described above. Monitoring intervals are selected 
based on borehole geophysical and rock core porewater measurements. At surface, the PFM string is 
measured out to target specific depths, the PFMs are affixed, and then lowered down the hole. Because 
these devices are deployed behind an 840-denier ballistic nylon liner, all sharp edges are wrapped in 
electrical tape to reduce potential for liner damage. 

Two different types of liners were deployed at the site (Table 4). The first deployment PFMs were not 
properly sealed against the borehole wall because the liner diameter was smaller than the nominal 
borehole diameter. The second PFM deployment consisted of only GAC PFMs deployed behind a liner 
with a larger diameter. The third deployment consisted of part GAC, part AMB PFMs. PFM monitoring 
intervals changed between the deployments to provide depth discrete mass flux measurements over a 
greater portion of the aquifer. 

Table 4 -PFM deployment duration, liner status, and number 

Liner 
diameter 

(in) 
Start 

Deployment 
End 

Deployment 
Duration 

(days) Borehole Number 
of PFMs 

6.5 5/17/2018 6/18/2018 32 BHA 4 
6.5 5/17/2018 6/18/2018 32 BHB2 4 
7.5 6/22/2018 8/15/2018 54 BHA 6 
8 6/22/2018 8/14/2018 53 BHB2 7 

7.5 8/16/2018 10/12/2018 57 BHA 6 
8 8/15/2018 10/10/2018 56 BHB2 7 

Each PFM is preloaded with the following water tracers(in order of slower desorption rates) methanol, 
ethanol, isopropyl alcohol, butanol, and 2,4-dimethyl-3-pentanol. Bundles of five PFMs were transported 
together to the site in airtight PVC tubes to minimize tracer evaporation between creation and 
deployment. PFM interpretation requires 32% of the tracer remaining in the GAC when the PFMs are 
removed from the ground. Because the groundwater flux is unknown before the PFMs are installed, a 
range of tracers are used. By assuming linear instantaneous desorption of the alcohols from the GAC, the 
amount of alcohol eluted is proportional to groundwater flow, and therefore are used to estimate local 
aquifer specific discharge (Figure 6).  
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4.1.2.3.1 Theory 

Hatfield et al. (2004) describes the function and interpretation of the University of Florida PFMs. Annable 
et al. (2005) provides a validation of the method via controlled field experiments conducted in the Borden 
aquifer. 

PFM function is twofold. First, the elution of known tracer chemicals in a linear, instantaneous, and 
reversible relationship allows the estimation of aquifer groundwater specific discharge. Second, the 
sorption of contaminants to both the GAC and the AMB is assumed to be noncompetitive and the PFM is 
assumed to be an infinite, permanent contaminant sink. Because the PFMs used as part of this study are 
deployed behind FLUTe liner instead of occupying an entire well screen, additional considerations are 
made. Factors accounting for the flow geometry around and through a PFM sealed behind a liner are also 
incorporated in mass flux calculations (Appendix C). These assumptions allow the estimation of time 
integrated mass discharge of contaminants. 

4.1.2.3.1.1  Groundwater Specific Discharge 

The series of alcohols used as tracers in the PFMs were selected because their GAC elution functions 
have been determined by Hatfield et al. (2004). Table 5 describes the relevant characteristics of each 
tracer. 

Table 5 - Tracer chemical properties 

Chemical 
Freundlich 
Equilibrium 
Constant (K) 

Retardation Factor 
(GAC) (cm/d) 

Methanol 0.0035 5 
Ethanol 0.0165 27 

Isopropyl Alcohol 0.115 120 
Butanol 0.197* 295 

2,4-dimethyl-3-pentanol n/a n/a 

The retardation (Rd) is calculated by (Equation 4): 

 𝑅𝑅𝑑𝑑 =  
𝜃𝜃 + 𝜌𝜌𝑏𝑏𝐾𝐾𝑝𝑝𝐶𝐶0𝑛𝑛−1

𝜃𝜃
 

[4] 

Where Rd is the retardation factor of the chemical eluting from the GAC [LT-1], θ is the porosity of the 
GAC, ρb is the GAC bulk density [ML-3], Kp is the Freundlich equilibrium constant [L3nM-n], C0 is the initial 
tracer concentration [ML-3]. n is an empirically derived part of the Freundlich isotherm related to the 
sorptive material and the chemical and is equal to 0.96 for the alcohol (tert-butyl alcohol) tracer used. 
Hatfield et al (2004) present retardation values for the tracers used. Higher retardation means that the 
chemical elutes slower. Further equations and discussion are in Appendix C.  

Equation C-6 describes the amount of groundwater specific discharge based on the construction 
measurements of the PFM, amount of tracer remaining, time that the tracer was deployed, and 
retardation of the tracer on the PFM materials. This is sufficient to estimate specific discharge, however 
the influence of the PFM on the local flow regime is not considered. Flow converges because of hydraulic 
conductivity contrast between the PFM and surrounding aquifer material. Discounting flow convergence 
will result in an overestimation of aquifer groundwater specific discharge as GAC is expected to have a 
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higher hydraulic conductivity than the surrounding aquifer materials. To account for flow convergence, the 
factor α is defined as Equation 5 (Strack and Haitjema, 1981): 

𝛼𝛼 =  
2

1 + 1
𝐾𝐾𝐷𝐷

 

[5] 

where α is the convergence factor [-], and KD is the ratio of hydraulic conductivity of the PFM to local 
hydraulic conductivity of the aquifer [-]. Note that the convergence factor applies to both the calculation of 
specific discharge as well as 1,4-D mass flux.  

The local flow system is also complicated by the presence of the sealing liner. The convergence factor 
must be applied to the PFM calculations based on the hydraulic conductivity contrast between the aquifer 
and PFM material. There are three systems present, limestone-GAC represented by the PFM pressed 
snugly against the borehole wall, limestone-AMB representing the PFM AMB section pressed snugly 
against the borehole wall, and water-GAC/water-AMB representing the PFM suspended in a water filled 
void. The first two systems represent the ideal case of PFM that is sealed as designed between the 
FLUTe liner and the borehole wall. The third system is the result of the deployment in an irregular 
borehole. In this case, because the hydraulic conductivity of open space is infinite, estimating the 
convergence factor based on hydraulic conductivity is not valid. Therefore, for individual unsealed PFMs, 
the convergence factor is assumed to be one.  

The hydraulic conductivity of the Ocala limestone can be estimated based on pumping tests, slug tests 
and permeameter measurements from previous studies (Table 6). The hydraulic conductivity of the GAC 
used is reported as 300 cm/d (3.47x10-5 m/s) (Cho, J. Personal communication).Because AMB is an 
engineered material with a narrow range of grain sizes ranging from 300 to 425 microns (Dow, 2019), the 
hydraulic conductivity can be estimated by treating AMB as a sediment. There are a variety of empirically 
derived formulae that can be used to estimate hydraulic conductivity from grain size distributions. Table 7 
shows the range in calculated hydraulic conductivities via three different techniques. Calculating the 
convergence factor (equation 7) for the different sections of the PFM by using the permeameter-derived 
hydraulic conductivity yields the convergence factors listed in Table 8: 

Table 6 - Ocala Limestone hydraulic conductivity values 

The convergence factor for the limestone-GAC systems is applied to both the groundwater specific 
discharge and contaminant mass flux. The convergence factor for the limestone-AMB systems is only 
applied to the contaminant mass flux calculation as the AMB is not used in the calculation of groundwater 

Test Type 
Hydraulic 

Conductivity 
(m/s) 

Location Source Comments 

Pumping test 2.46x10-3 SSS wellfield Kuniansky et al., 2012 24-hour pump test 

Slug Test 4.14x10-3 Site 1986 site investigation 
All interpretations 
used less than 5 

points 

Permeameter 
(Kv) 

2.06 x10-6 
 Sarasota Campbell, K.M; Scott, 

T.M.; Green, 1995 

Ocala is deeper here. 
Geometric mean of 5 

samples 

Permeameter 
(Kh) 

6.89x10-5 
 Sarasota Campbell, K.M; Scott, 

T.M.; Green, 1995 

Ocala is deeper here. 
Geometric mean of 7 

samples. 
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specific discharge. The average of hydraulic conductivity (Hazen, Kozeny, Carmen) of the AMB is used to 
define reasonable convergence factors for use in calculating mass flux. 

Table 7 - Calculated hydraulic conductivity for Ambersorb 

Input Diameter (mm) 0.3 0.425 
 K (m/s) K (m/s) 

Hazen (1991) 9.00x10-4 1.81x10-3 
Kozeny-Carmen Carrier (2003) 1.13x10-4 2.26x10-4 

Beyer (1964) 2.74x10-3 5.50x10-3 

Table 8 - Table of applied convergence factors 

System Convergence Factor α  
Limestone-GAC .67  

Limestone-AMB α (0.3 mm grain 
diameter) 

α (0.425mm grain 
diameter) 

Hazen 1.88 1.94 
Kozeny-Carmen 1.31 1.58 

Beyer 1.96 1.98 
Average 1.72 1.83 

Factoring in the convergence factor alpha, the equation to calculate groundwater specific discharge 
becomes (Equation 8): 

𝑞𝑞𝐷𝐷 =
1.67(1 − 𝛺𝛺𝑅𝑅)𝑟𝑟𝜃𝜃𝑅𝑅𝑑𝑑

𝛼𝛼𝛼𝛼
 

[6] 

 where ΩR is the mass fraction of residual tracer remaining on the PFM [-] and qD is the groundwater 
specific discharge. Multiple tracers are loaded onto the PFM GAC to enable a wide range of groundwater 
specific discharge to be measured. Upon extraction, the residual tracer mass of each tracer is assessed. 
Only tracers with greater than 32% residual mass should be used to calculate groundwater specific 
discharge (Hatfield et al, 2004). In the case of the PFMs used in this study, only butanol satisfies the 
required residual tracer mass, therefore it is the tracer used to calculate mass discharge. 

4.1.2.3.1.2  Contaminant Mass Flux 

Typically, advective mass flux is represented by Equation 9 (Hatfield et al., 2004): 

 𝐽𝐽𝑐𝑐 =  𝑞𝑞0𝑐𝑐𝐹𝐹 

[7] 

where JC is the time averaged convective mass flux [ML-2T] and CF is the flux averaged contaminant 
concentration [ML-3] and 𝑞𝑞0 is specific discharge [LT-1]. Further derivation can be found in Appendix C.  

When the retardation of the contaminant on the sorbent is high (as is the case with 1,4-D to Ambersorb®) 
mass flux can be expressed as (Annable et al., 2005) Equation 8: 
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 𝐽𝐽𝑐𝑐 =  
𝑀𝑀𝑐𝑐

2𝛼𝛼𝑟𝑟𝛼𝛼𝛼𝛼
 

[8] 

where L is the length of the sorbent matrix [L], r is the radius of the PFM [L], t is the deployment time [T], 
and MC is the mass of the sorbed contaminant [M]. 

4.1.2.3.2 Assumptions 

Using PFMs to quantify depth discrete water flux is predicated on a series of assumptions. These 
assumptions include: reversible, linear, instantaneous resident tracer partitioning and no competition 
between 1,4-D and tracers for sorption sites; parallel streamlines within the PFM; no 1,4-D desorption 
from the sorbent; specific discharge is uniform, horizontal and parallel to local groundwater flow; transport 
is advection dominated (Annable et al., 2005; Hatfield et al., 2004). 

4.1.2.3.2.1 Physical Assumptions 

The key difference between the conventional well cartridge PFM and the FLUTe™ PFM is the FLUTe™ 
liner. The liner is an impermeable barrier that deforms the local flow field around the borehole itself and 
distorts the shape of the circular PFM (Appendix C). Equations 6 and 8 define the radius of the PFM as 
constituent of the groundwater specific discharge and 1,4-D mass flux calculation. The amount of 
deformation in the PFM determines the length of the flow path through the PFM and is a function of the 
compressibility of the PFM itself (Appendix C).  

To measure the deformation on the PFM from the FLUTe™ liner, a PFM was deployed in a 2-inch clear, 
smooth walled pipe in the laboratory behind a FLUTe liner. The width of the PFM in contact with the pipe 
(artificial borehole) wall was measured. The diameter of the GAC section of the PFM while deployed 
behind a FLUTe™ liner PFMs is 22 mm and the diameter of the AMB section of the PFM is 25 mm. 

4.1.2.3.2.2  Chemical Transport Assumptions 

PFMs are designed to measure advective contaminant mass flux and an underlying assumption is that 
advective flux is the sole tracer transport mechanism. Peclet numbers and Damköhler numbers are 
proposed by Hatfield et al. (2004) to evaluate the dominant transport process in the PFM. These numbers 
are calculated and discussed in detail in Appendix C. 
 
4.1.2.3.2.3  Peclet Number 

Using the range of PFM calculated aquifer specific discharges, Peclet numbers for isopropyl alcohol and 
butanol(also called tert-butyl Alcohol; TBA), the only tracers that had sufficient residual mass after 
deployment onsite, were calculated. These two tracers were the only alcohols satisfying the residual 
mass assumption for calculation though TBA was selected as the tracer for calculating groundwater 
specific discharge. Inputs to the function are listed in Table 9. 
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Table 9 – Peclet number calculation inputs. High flow cases are the highest measured specific 
discharge on site. Low flow case is the lowest specific discharge measured onsite.  

Factor Constant Low Flow 
Case 

High Flow 
Case Source 

Specific Discharge qD (m/s)  1.3E-07 2.4E-07 PFM measured 
Length l (m) 0.017   (Hatfield et al., 2004) 

Free water Diffusion 
Coefficient -D Isopropyl 

Alcohol IPA (m^2/s) 
1.0E-09   (Hao and Leaist, 

1996) 

Free water Diffusion 
Coefficient -D Tert-Butyl 
Alcohol (TBA) (m^2/s) 

8.7E-10   (Hao and Leaist, 
1996) 

Porosity Θ (GAC) 0.55   Annable, Personal 
Communication 

Peclet Number (Pe) IPA  21.8 40.3  
Peclet Number (Pe)  TBA  25.8 47.7  

Assuming the lowest measured specific discharge, the Peclet number is 21-25. A Peclet number above 
ten indicates an order of magnitude confidence in the advection dominated conditions. These results lend 
confidence to the assertion that advection dominates the transport of tracers out of the PFM. 

4.1.2.3.2.4  Damköhler Number 

The Damköhler number is used to characterize rate limited sorption in the system and are a ratio of flow 
to chemical time scales. Integers indicate fluid/flow scale dominates, while numbers less than one 
indicate chemical reaction scale processes dominate. To satisfy the assumption that advection is 
dominating tracer elution, the Damköhler number should be greater than 1. A further discussion of 
Damkohler numbers is included in Appendix C.  

Table 100 –Damköhler number calculation 

Variable name Constant 
Isopropyl 
Alcohol 

(IPA) 

Tert-
Butyl 

Alcohol 
(TBA) 

1,4-
dioxane Source/description 

Fraction of occupied 
sorption sites (βT) 0.5    (Heyse et al. 2002) 

length l (m) 0.017    (Heyse et al. 2002) 
Specific Discharge qD 

(m/s) 
1.3x10-7 to 
2.4x10-7    From PFM 

Retardation factor to 
GAC (m/s)  1.4x10-5 3.4x10-5 2.2x10-5 

(Haluska et al., 
2018), (Hatfield et 

al., 2004) 
Desorption rate 
coefficient k (s)  1.5 0.79 

 3 Hatfield et a. (2004) 

Damköhler range  1.79-3.3 2.38-4.4 5.9-10.8  

Table 10 presents a range of Damköhler numbers based on the range of measured water flow rates. 
While larger Damköhler numbers would provide more confidence that flow time scale is dominating, all 
relevant Damköhler numbers are shown to be integers, thus the assumption is upheld. 
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4.1.2.3.2.5 Error 

Hatfield et al (2004) provide a function using an assumed constant of proportionality to determine the 
error associated with PFM water flux measurements and calculations. Other systemic errors because of 
deployment are not quantified. By selecting the tracer with the proper amount of residual tracer the 
absolute water flux error is +/-5%. Hatfield et al. (2004) determined the appropriate envelope is 0.3< ΩR 
>0.8, which is like the envelope for appropriate specific discharge tracer selection. This assumption is 
validated by the contaminant mass flux estimates matched within 5% of the bench scale experiment 
(Hatfield et al., 2004). 

4.1.3 Active-Distributed Temperature Sensing 

Identifying preferential flowpaths in the subsurface is critical to understanding the transport and fate of 
contaminants in fractured rock and karst aquifers. Because direct measurement of flow is difficult in the 
subsurface, heat is often used as a groundwater tracer (Anderson, 2005). Pehme et al (2013) heat the 
corehole water column with a line-source heating element to increase the sensitivity of detecting 
hydraulically active features and allow fractures to be identified deeper in the subsurface. 

Instead of trawling a thermistor through a borehole, fiber optic cables can be used as temperature 
sensors enabling continuous recording of temperature through space and time (Maldaner et al., 2019). 
When active heating is used in conjunction with Distributed Temperature Sensing) (DTS) (i.e., fiber optic) 
measurements, Maldaner et al. (2019) used the term ‘Active-DTS’ (or A-DTS). Following their 
methodology, A-DTS involves a composite line source of heat through the borehole with distributed 
temperature sensing. This is achieved on this site by heating two copper conductors that are part of the 
fiber optic cable assembly using electrical resistance and continuously monitoring the temperature along 
the full length of the cable. The rate of temperature increase during heating is related to the thermal 
conductivity of the materials surrounding the cable (Coleman et al., 2015; Maldaner et al., 2018). Aquifer 
intervals with active groundwater flow preferentially cool, despite the higher relative thermal conductivity 
of the rock. Maldaner et al. (2019) show that the DTS technique may be used to measure the position and 
magnitude of the enhanced thermal response. The A-DTS approach has been applied in sealed bedrock 
coreholes to identify hydraulically active fractures in a dolostone aquifer (Coleman et al., 2015), and 
recent advances have allowed the estimation of volumetric flow rate in specific fractures from A-DTS tests 
in sealed coreholes (Maldaner, 2017; Maldaner et al. 2019). 

The field deployment approach implemented in coreholes BHA and BHB2 consist of temporarily installing 
a cable behind a FLUTe™ liner. A composite fiber cable manufactured by the company AFL with outside 
diameter of 6.35 mm and with two 18 AWG copper conductors was lowered through the permanently 
installed casing to the bottom of the open corehole. A FLUTe™ liner was installed on the top of the cable 
ensuring continuous contact between the cable and the corehole wall (Figure 5) and negating vertical flow 
inside the corehole. This is the deployment technique utilized by Coleman et al. (2015) and Maldaner et 
al. (2019). 

At land surface, the optical fibers are connected to an ULTIMA-S DTS unit (manufactured by Silixa Ltd., 
Elstree, United Kingdom) with a 1.8 km maximum range and spatial, temporal, and temperature 
resolutions as fine as 29 cm, 1 s, and 0.01˚ C, respectively; the two copper conductors connect to a 
custom power controller based on a Silicon Controlled Rectifier (Control Concepts FUSION). The natural 
(background) temperature of the corehole is recorded for 30 min before heating the composite cable at 10 
W/m. Data collected using a DTS requires calibration to account for optical attenuation along the fiber and 
to ensure an accurate absolute temperature output. The DTS data are collected using the internal double-
ended calibration routine to account for linear attenuation and an external well-mixed calibration bath with 
10 m of unheated cable and two PT100 temperature sensors is used for the offset correction. 
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Smolen & Spek (2003) provide an overview of DTS measurements and calibration routines. 
Measurements along the entire cable length are collected every 2 s and later averaged to 180 s readings 
to achieve a temperature resolution of ±0.03 ˚C. The final data are reported as temperature differences (in 
°C) above the background temperature recorded before heating. 

The field data collection occurred from June 20 to 22, 2018 with a total of two A-DTS tests performed in 
coreholes BHA and BHB2 (Table 11). The A-DTS test consisted of measuring the background 
temperature for 30 minutes, injecting a constant power of 10 W/m for 5-10 h, and monitoring the thermal 
recovery (only for corehole BHB2). A-DTS tests can be interpreted using only the heating data (BHA) or 
the heating and recovery data (BHB2). 

Table 11 - Summary of A-DTS tests conducted. 

Corehole 

Water level 
inside liner 
(feet below 

top of 
casing) 

Power 
output 
(W/m) 

Start date 
and time 

Background 
temperature 

duration 
(min) 

Heating 
duration 
(hour) 

Thermal 
recovery 
duration 
(hour) 

BHA 8.37 10 
June 20, 

2018 
8:40 AM 

30 5* No data 
obtained 

BHB2 10.63 10 
June 21, 

2018 
8:35 AM 

30 8 14 

* Test stopped due to failure of generator, probably due to high ambient temperature at the corehole 
location (parking lot). 

4.1.4 MLS completions 

MLS are engineered systems that enable multiple, distinct intervals to be monitored to assist in site 
characterization (Cherry et al., 2017; Einarson, 2005). These installations use the Water FLUTe™ MLS 
(Cherry et al. 2007) from FLUTe (https://www.flut.com/water-flute). These systems utilize the 
impermeable FLUTe™ borehole liner with engineered ports to create site-specific MLS. Engineered 
permeability along section of the FLUTe™ liner differentiate Water FLUTEs™ from blank FLUTe™ liners. 
The systems are constructed at the surface, then installed into the coreholes, providing a high degree of 
confidence in the monitoring interval locations. Additionally, the FLUTe™ MLS installed onsite are 
constructed from the same material, 800 denier ballistic nylon, have the same diameter as the blank 
liners, and assuming the repeated installations of the blank liners have not changed the diameter of the 
corehole, have the same sealing capabilities as blank liners.  

Two MLS systems were installed onsite, one in borehole BHA and one BHB2 in April 2019 to monitor 
groundwater hydraulic head and chemistry. Sample tubes are 0.17 inches inner diameter and the pump 
tube is 0.5 inches inner diameter and made from polyvinylidene fluoride (PVDF), a chemically inert 
polymer (Cherry et al., 2007; Parker and Ranney, 1998). Samples are drawn out of the formation via 
positive displacement pumping. Each sample tube is independent of the others allowing samples to be 
collected from multiple ports simultaneously. Because the sample never interacts with the atmosphere, 
the chance for volatilization is low. To allow sampling of the formation around the port, a 2.5-ft spacer is 
arrayed above and below the port intake, which creates a one to two-millimeter gap allowing water to flow 
into the port, whereas the intervals without spacer should be sealed with blank liner material. Spacers are 
also equipped with a filter fabric to minimize entrained sediment from being sampled (Cherry et al. 2007). 
In high transmissivity environments like the UFA, the impact of multiple purges is presumably negligible, 
except for initial purge strokes to remove stagnant water from the tubing in the system. This may not be 
the case in lower permeability environments and is an outstanding research question. 
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MLS are designed specifically for each corehole using an ensemble of data to support investigation and 
site-specific criteria. The Water FLUTe™ systems installed at the site were designed to monitor intervals 
based on the following criteria (in order of importance): corehole diameter, calculated porewater 
concentrations (maxima and minima), temperature identified flow zones, and groundwater quality 
information, other borehole geophysical data. Given the variability in the corehole diameter identified by 
the physical caliper after drilling, the primary concern is areas that can properly seal the corehole by the 
FLUTe™ MLS to obtain depth discrete data. The calculated porewater data are examined to identify 
zones of high and low 1,4-D concentrations. A-DTS investigations identified areas of each corehole that 
are likely to be hydraulically active. Monitoring interval position is further informed by previous 
groundwater quality investigations onsite and the temporary deployment data. Long term groundwater 
quality monitoring of these areas can elucidate mobile 1,4-D mass in contrast to in-situ porewater 
concentrations that are understood to be less mobile. 

The Water FLUTe™ MLS in BHA is 7.5-inch 800 denier ballistic nylon liner with eight depth discrete 
monitoring intervals that monitor a sum of 9.85 m (32%) of the uncased corehole. The rest of the corehole 
consists of relatively short unlined intervals (1.83m, 6%) because of borehole asperities, and lined 
sections (19.1 m, 62%) of the borehole. The Water FLUTe™ MLS was installed to approximately 65 m 
bgs. Designed monitoring intervals capture the natural variability in corehole diameter, thus segments of 
the corehole that are not sealed and adjacent to sample ports are included in the monitoring interval 
length. 

A second Water FLUTe™ MLS was procured and installed in BHB2. The Water FLUTe™ in BHB2 is an 
8-in diameter 800 denier ballistic nylon six port system that monitors 9.45m (26%) of the uncased 
corehole. The rest of the corehole consists of relatively short unlined intervals (1.22m , 4%) because of 
borehole asperities, and lined sections (9.35 m, 26%) of the borehole. A blockage in BHB2 resulted in 
only part of the borehole accessible when deploying the FLUTe™ MLS. This system is installed to 
approximately 51 m bgs. The inaccessible portion of the borehole is 15.85m (44% of uncased corehole. 
At the conclusion of installation, both Water FLUTe ™ MLSs were filled with water above the static 
formation water level to ensure the system properly seals the corehole. 

4.1.5 Compound Specific Isotope Analysis (CSIA) 

The potential for biotic degradation is explored through the use of Compound Specific Isotope Analysis 
(CSIA)(Hunkeler et al., 2008). Comparing the relative enrichment of isotopes present in a sample 
provides evidence of biodegradation and source zone fingerprinting (Hunkeler et al., 2008). Many 
different isotopic ratios may be analyzed, commonly in carbon, oxygen, and hydrogen, though the 
isotopes of interest are compound specific. Quantifying the isotopic ratio of carbon and hydrogen in 1,4-D 
can provide evidence for biodegradation (Bennett et al., 2018; Bennett and Aravena, 2020). Bacteria 
preferentially break bonds between atoms of lighter isotopes, increasing the proportion of heavy isotopes 
remaining in the sample. Sample isotopic ratios are compared to isotopic ratios in 1,4-D standards 
(Bennett and Aravena, 2020). Significant departures from the standard isotopic ratio suggests 
degradation and can be compared to specific bacterial degradation behavior. If the source of 1,4-D can 
be sampled, dissolved 1,4-D may be associated with it (i.e., fingerprinting). 

Fifteen samples were collected in October 2019 from the BHA, BHB2, HGA and HGB2 monitoring wells 
(Figure 2) and were submitted for CSIA analysis via a gas chromatography combustion isotope-ratio 
mass spectrometry (GC-C-IRMS) system at the University of Waterloo Environmental Isotope Lab 
(Hunkeler and Aravena, 2000).  
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5 Results and Discussion 
5.1 Porewater and Groundwater Quality 
Rock core porewater measurements are an essential method used to characterize long term evolution of 
a contaminant plume in the subsurface at this site given contaminant mass storage in low hydraulic 
conductivity zones. The analytical detection limits for the extract samples of 1,4-D are 0.5 µg/L. 
Calculating an MDL for the porewater data could not be completed because duplicate samples were not 
analyzed. Estimating a porewater MDL at 95% confidence for porewater samples using time series 
samples yields values ranging from 13. to 76 µg/L. Note the range in estimated MDL may be related to 
sample specific physical properties as well as the two-week stabilization times between samples. This is a 
highly conservative estimate. Analytical flags are retained from the conversion between extractant and 
porewater.  

At this site, 1,4-D groundwater concentrations are spatially and temporally variable but exist at low 
concentrations in the groundwater (typically <100 µg/L). A high-resolution synoptic view of 1,4-D mass 
distributions at the two coreholes onsite is presented in Figure 7. Calculated porewater data show 
relatively low concentrations (non-detect to <10 𝜇𝜇g/L; average 3.8 𝜇𝜇g/L) in BHA near the property 
boundary. Calculated porewater concentrations at BHB2, in the same area as the historical TCA release, 
show higher concentrations (11 to 43 𝜇𝜇g/L; average 21.7 𝜇𝜇g/L) in the upper 20m of bedrock, with a steep 
decline to low(<5μ/L) to ND (<0.7μg/L) values at depth. Additionally, both coreholes show low detections 
of 1,4-D at the bottom of both holes (BHA 2.5 𝜇𝜇g/L at -40 m above mean sea level (amsl) and BHB2 3.8 
𝜇𝜇g/L at -42 m amsl). 
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Presented alongside the porewater data are diagnostic groundwater concentrations from each MLS 
installed in the cored holes (Figure 7). Five different sampling events were conducted between May and 
October 2019. Groundwater concentrations varied from event to event, thus the representative maxima 
(red) and minima (green) are presented. Most of the other sampling events fall between the 
concentrations defined by the green and red traces. The August 2019 sampling event is atypical and is 
discussed below. Groundwater concentrations in BHA varied from 3.6 to 20 𝜇𝜇g/L and in BHB2 from 5 to 
24.2 𝜇𝜇g/L. The monthly variation in groundwater concentrations is not the same at both boreholes. In 

Figure 7 - FLUTe multi-level system (MLS) groundwater 1,4-D concentration profiles for a series 
of sampling events from May to October 2019; maxima (red), minima (green), and anomalous 
results (purple). Conventional wells are shown in orange. Groundwater quality data is shown as 
a bar, with the length of the bar representing the monitored interval in meters above mean sea 
level (m AMSL). Rock core porewater (gray) results are solid circles for detected values, hollow 
circles for estimated values(J flag) , and crosses for non-detects (U flag). Florida Department of 
Environmental Protection health advisory limit (HAL) and groundwater cleanup target limit 
(GCTL) indicated with dashed lines. BHB2, the historic source zone , groundwater 
concentrations are typically lower than the porewater suggesting 1,4-D is flushing from the 
matrix into the groundwater. The August sampling event (purple) represents anomalous high 
groundwater concentrations that were not representative of other sampling events and is 
believed to be highly transient as the porewater are not close to equilibrium with that water. The 
groundwater concentrations in BHA FLUTe MLS are higher than the porewater suggesting that 
the 1,4-D is diffusing into the matrix. The conventional well nest is located approximately 20m 
southwest of BHA and shows consistently reduced concentration of 1,4-D relative to MLS 
values as a result of blending over the monitored interval. The distance between BHA and BHB2 
(300m) sees less than a half order of magnitude reduction. Additionally, the BHA MLS data more 
closely matches the porewater data suggesting a high degree of interference by the 
conventional well construction. Overburden groundwater samples show similar 1,4-D 
concentrations to the bedrock.  
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BHA, the variation is much larger for deeper MLS ports. For BHB2, the variation between sampling 
events is smaller and more consistent over depth. 

The elevated (greater than one order of magnitude) groundwater concentrations detected throughout the 
MLS in August 2019 are anomalous. This is the only sampling event in this borehole with consistently 
higher groundwater concentrations than porewater concentrations thus complicating the 
conceptualization of the porewater flushing at BHB2. Understanding the porewater concentrations as less 
sensitive to seasonal or other transient factors, the reverse porewater/groundwater relationship in the 
August data is anomalous. Because the groundwater concentrations are higher than the porewater 
concentrations the 1,4-D mass that supports the measured groundwater concentrations must come from 
another portion of the aquifer. 

Some potential explanations for these data are a combination of hydraulic transience contributing to 
dynamic flow conditions (see discussion below) and a heterogenous groundwater 1,4-D concentrations in 
the groundwater beneath the site. Only four boreholes are used to characterize the site. Due to the limited 
number of sample points, higher concentration zones may exist onsite. These higher concentration zones 
could be mobilized to the sampled zone due to hydraulic transience associated with natural recharge 
events. Because the high concentrations are not associated with any known change in aquifer 
withdrawals or injections, there is little evidence for anthropogenic forcing (i.e., pumping from the aquifer) 
as a cause for these elevated groundwater concentrations. Another potential cause that high groundwater 
concentration recorded in August is that they represent offsite 1,4-D traveling onsite. The singular 
behavior at this time suggests that under certain conditions and/or time periods the bedrock at BHB2 is 
being loaded with 1,4-D. If high groundwater concentrations were consistent, porewater concentrations at 
BHB2 would be greater than was measured as part of this study. Instead, porewater concentrations are 
generally above groundwater concentrations, suggesting the upper portion of the aquifer is flushing from 
the porewater into the groundwater at BHB2 (Figure 7).The August groundwater data are not 
representative of most of the data collected in BHB2. Instead, these anomalous data invite further 
investigation into their cause, including more frequent and spatially variable sampling. 

Both porewater distributions exhibit inflections (peaks and troughs) consistent with fracture flow (Figure 7) 
and when combined with A-DTS data suggest forward and back diffusion is occurring. In BHB2, the 
highest porewater concentration in the whole borehole, is recorded at -17.2 m amsl (43.9 𝜇𝜇g/L) with a 
secondary peak at -19.6 m amsl (37.6 𝜇𝜇g/L). There is a significant decrease in calculated porewater 1,4-D 
between the primary and secondary peaks in the shallow bedrock, supported by multiple samples. In 
BHB2, overall porewater concentration peaks are higher (greater than 30 𝜇𝜇g /L) but are not associated 
with A-DTS detected flow zone. This suggests that the water flowing through flow zones in BHB2 is 
undersaturated with 1,4-D relative to the rock, and that the peaks are associated with back diffusion or 
flushing. In BHA, porewater peaks that are associated with A-DTS-identified hydraulically active intervals 
suggest that groundwater is saturated with 1,4-D with respect to bedrock and therefore these peaks 
represent diffusion into the bedrock at discrete features (Parker et al., 2008).  

Groundwater concentration gradients in the two boreholes are different. In BHB2, the area of the 
historical TCA release, the groundwater from wells and MLS sampling generally has lower concentrations 
than the rock matrix porewater, especially in the upper part of the section. The upper portion of the 
section also has the highest concentrations in the borehole. Groundwater 1,4-D concentrations in this 
upper zone are elevated via back diffusion from historic 1,4-D that is back diffusing out of the bedrock 
matrix. At BHA, porewater and groundwater concentrations are lower overall than at BHB2, conceptually 
consistent with the occurrence of dispersion and diffusion based plume attenuation with distance in a 
fractured porous rock (Parker et al., 2018, 2010; Pierce et al., 2018). Groundwater concentrations at BHA 
have higher overall concentrations than the porewater, indicating the bedrock and groundwater have not 
equilibrated and suggest that groundwater 1,4-D is diffusing into the bedrock at BHA. In contrast to BHB2, 
the groundwater is not flushing and transporting 1,4-D mass, instead it is loading mass into the rock.  
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Near both boreholes, Hawthorn Group monitoring wells were installed to measure concentrations of 1,4-D 
in the groundwater. At both locations, overburden concentrations are like the maximum groundwater 
concentration measured in the MLS suggesting good communication at the overburden-bedrock contact. 
This suggests that the 1,4-D has diffused into the Hawthorn Group sediments and is a potential 
continuing source for 1,4-D groundwater concentrations.  

The vertical distribution of 1,4-D at this site is more systematic than the lateral distribution. The cumulative 
distribution of porewater mass presented in Figure 8 shows the vertical transport of 1,4-D from BHB2 to 
BHA. At the historical source area (BHB2), 90%of the mass is located above 21 m below mean sea level. 
In the ‘plume’ research borehole (BHA), rock core 1,4-D is more dispersed throughout the section, with 
90% of the mass located above 32 m below mean sea level. Additionally, the magnitude of mass 
contained in the release zone BHB2 rock core (0.32 g) is higher than the mass in the rock core from the 
‘plume’ (BHA 0.07 g). These boreholes are assumed to be on a straight-line flow path from BHB2 to BHA. 
Rock core 1,4-D porewater concentrations suggest 1,4-D is not traveling conservatively from BHB2 to 
BHA as expected for a chemical with its properties (low sorption to carbon, high solubility). 
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The overall reduction in mass between the two boreholes suggests attenuation by storage in lower K 
intervals (observed in the rock cores at depth) and/or degradation processes are occurring, evidenced by 
the mass reduction between the boreholes and presence of 1,4-D in the rock matrix at both boreholes. 
The chemical properties of 1,4-D (high solubility, very-low KOC) suggest that 1,4-D should behave as a 
conservative solute in the subsurface. Quantifying this reduction is difficult without a good control on input 
concentrations/volumes. Though this association is limited by the paucity of other boreholes and 
measurement points, there is a bulk order of magnitude reduction between porewater and groundwater 
concentrations measured in both boreholes 

Figure 8 - Cumulative porewater 1,4-D mass with depth. This shows  80% of 
the 1,4-dioxane mass in BHB2 is above 21 m below MSL. BHA shows deeper 
penetration of the 1,4-D in the rock matrix with 80% of the mass above 28m  
below MSL. 
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1,4-D is detected in bedrock porewater higher typically to inferred hydraulically active features as well as 
in the pore space further from these features. Adamson et. al (2016) present an analytical model showing 
the likelihood of detecting 1,4-D at meter scale depth in low permeability zones transferred primarily via 
diffusion. Diffusion from the bedrock porewater into the groundwater extends the detections of various 
contaminants at numerous sites in disparate geologic environments (Parker et al., 2018, 2012; Perrin et 
al., 2011; Pierce et al., 2018; Sterling et al., 2005). The detection and continued presence of 1,4-D in the 
rock core confirm Adamson et al.’s findings and are the first direct evidence of significant matrix diffusion 
of 1,4-D. 1,4-D storage in the matrix porewater has implications for sites that detect 1,4-D. Given long 
contact time and storage capacity in the aquifer materials, matrix diffusion can be anticipated to extend 
the time that 1,4-D is detected in the groundwater (Parker et al., 2010; Pierce et al., 2018). Back diffusion 
has a well-documented retarding effect on remediation and persistent plume detection, and these 
porewater data show significant diffusion cannot be neglected when assessing potential risk to receptors 
even at 1,4-D impacted sites. 

5.1.1 Using Conventional Wells to Sample Groundwater 

Near BHA, two bedrock monitoring wells were installed and sampled in October 2019. The groundwater 
concentrations measured at the bedrock conventional wells are more than one order of magnitude 
reduced relative the other MLS groundwater concentrations. The reduction in concentration is likely due 
to longer well screens blending highly spatially variable groundwater concentrations as evidenced by the 
rock core porewater.  

The conventional well monitoring nest is a more standard approach to monitoring than the FLUTe™ MLS. 
Conventional monitoring wells (1.5–6.0 m long well screens) (Aller et al., 1991) show consistently lower 
concentrations than the MLS, with concentrations reduced by more than an order of magnitude. While 
useful as a common regulatory standard, the use of long-screened wells is limited when characterizing an 
aquifer system. Conventional wells cross connect hydrogeologic units and limit the integrity of protective 
aquitard units (Sterling et al., 2005). Boreholes that cross connect can blend unimpacted and impacted 
water to reduce the measured groundwater concentration and mischaracterize plume distribution.  

Single borehole MLS are critical to understanding the unique nature of this site. Investigating this site 
using the well nest instead of the MLS leads to the reverse conclusion about the direction of diffusion at 
BHA. Based on the conventional monitoring well data, groundwater is flushing the matrix at BHA. 
However, the MLS shows the bedrock is loading with 1,4-D from the groundwater. MLS wells emphasize 
key characteristics and processes at this site. 

5.1.2 CSIA 

CSIA was conducted on 15 samples collected in October 2019. Figure 9 is the dual isotope plot of carbon 
and hydrogen compared to published isotopic enrichment for bacterially degraded 1,4-D. The range of 
carbon isotopic enrichment is small (Max: -31.4, Min: -34.9 per mil), showing the lack of preferential 
enrichment between boreholes and with depth. Hydrogen isotopic enrichment is more variable (Max: 
4.4991, Min: -50.25). Given the lack of variation in carbon enrichment, using dual isotope plot is useful to 
characterize the samples.  
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Hydrogen enrichment suggests that some biodegradation is occurring. Bennet et al (2020) present linear 
models of isotopic enrichment in 1,4-D samples degraded by two different bacteria on different substrates 
grown in the lab. Linear models of the enrichment relationship as diagnostic of the active bacteria 
degrading a sample. The October CSIA data is split by borehole in Figure 10 to show isotopic variation 
across the site. The slopes of the linear models are slightly different in each MLS (6.7 BHA and 9.3 
BHB2). The slope of the BHB2 data is close to the slope of the overall data (9.3 vs. 9.8, Fig. 9), however 
the isotopic enrichment measured onsite does not match any of Bennet et al.’s (2020) measured 
enrichment. Though the site data do not match lab data, site data are from a natural system and are 
considered reasonably close to Bennet et al.’s identified degradation. 

  

Figure 9 - δ13C/ δ2H dual isotope plot for groundwater samples collected from HGA, BHA, 
HGB2 and BHB2 (blue) compared to the characteristic slopes of isotopic enrichment caused 
by biodegradation of 1,4-D identified by Bennet et al. (2018). Solid lines represent lab-
controlled studies of isotopic enrichment by bacteria grown on different substrates Propane 
(green), Isobutane (purple) and Tetrahydrofuran (yellow). Linear best fit of the site data does 
not match the slope of the Bennet et al.’s published values suggesting biodegradation by the 
bacteria identified by Bennet et al. is limited onsite.  
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Comparing site isotopic ratios to manufacturer isotopic ratios can show meaningful differences, thus 
biodegrading activity. Bennet et al (2020) present isotopic ranges of carbon and hydrogen isotopes for 
manufactured 1,4-D. The carbon-13 ranges from -35.96 to 29.36 per mill PDB and the hydrogen-2 varies 
from -149 to -59.6 per mill VSMOW. The site carbon-13 values fall within the range of the manufacturer 
provided samples, while the hydrogen-2 values are enriched relative to the manufactured samples. The 
enrichment in hydrogen isotopes suggest that biodegradation is occurring on this site, however the 
impacts of biodegradation are not spatially uniform. Because the exact microbes active onsite are not 
known, and because they do not match the degradation behavior reported from lab studies, the rate of 
degradation is unknown. These data show subtle preferential isotopic enrichment of hydrogen and 
therefore biodegradation. Active microbial communities will reduce 1,4-D groundwater concentrations 
potentially limiting offsite mass flux. 

This data has a series of non-unique explanations, i.e., biodegradation, source mixing and the data may 
be explained by one or a mixture of these processes. Additionally, the manufacturer values are for recent 

Figure 10 Borehole specific dual isotope (δ13C/ δ2H) plots on a sitemap indicating borehole 
locations. solid lines indicate lab-measured enrichment in biodegraded samples (Bennet et 
al. 2018). Linear best fit in each borehole differ (BHA: 6.7, BHB2 9.3). The enrichment of 
hydrogen between samples suggests biodegradation is occurring, however the lack of 
alignment with the trends identified by Bennet et al. suggest that the bacteria causing the 
enrichment were not studied by Bennet et al. 
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1,4-D generation and may not be reflective of the 1,4-D associated with the historic 1,1,1-TCA release. 
These non-unique explanations may be constrained with further investigation employing similar (e.g., 
additional site groundwater CSIA, receptor CSIA), or more novel (e.g., quantitative polymerase chain 
reaction DNA census of 1,4-D degrading bacteria) techniques.  

5.2 Lithostratigraphy 
Both coreholes, BHA and BHB2 were drilled rotosonically in April of 2018. A series of vertically aligned 
datasets were constructed from both boreholes and are presented in Figures 11 (BHA) and 12 (BHB2). 
The stratigraphy encountered is (shallow to deep) Hawthorn Group, Ocala Limestone, and Avon Park 
dolostone. 

The Cypresshead Formation is a member of the Hawthorn Group, and is a sand rich clastic unit, and is 
the first unit encountered when drilling (26 to 3 m amsl BHA , 23 to 10 m amsl BHB2). Beneath the 
Cypresshead Formation is the undifferentiated Hawthorn Group sediments consisting of interbedded 
sand and clay of varying consistency and thickness (3 to -9 m amsl BHA, 10 to -9 m amsl BHB2). The 
thickness and location of clay rich units in the undifferentiated Hawthorn Group varies across the site. The 
thickness of clay rich layers in BHA range from 0.1 m to 4 m and from 0.2 m to 6 m in BHB2. In BHB2, 
beneath the 6m sandy clay is a sandy gravel that extends to the bedrock contact. Gravelly intervals in this 
section of the boring visually appear to be sourced from the bedrock itself. The transition to bedrock is 
more abrupt in BHA. Top of bedrock elevation is estimated as relatively similar in both boreholes (-8.3 m 
amsl BHA: -9.3 m amsl BHB2) which is 1 m difference over approximately 100m of lateral distance.  

The upper bedrock unit is a fossiliferous, white grainstone (intrasparite) interpreted as the Ocala 
limestone, transitioning to the massive, tan competent dolostone, interpreted as Avon Park Formation at 
depth in both boreholes (BHA 60.4 m ; BHB2 55.5m) (Figure 13). Much of the rock brought to surface in 
the sections interpreted as Ocala limestone are disaggregated sand and shell fragments. This ‘sand’ 
effervesces when exposed to hydrochloric acid. The elevation of the Avon Park Formation is variable 
between each borehole (33.3 m amsl BHA: 32.2 m amsl BHB2). The transition between the two bedrock 
formations is poorly defined, mostly by the absence of Lepidocyclina, a foraminifera, in the Avon Park 
Formation (Miller, 1986). The high density of fossils and their grain supported nature suggest the Ocala 
limestone was deposited in a relatively high energy environment. 
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Figure 11  - Rock core photos from drilling A(BHB2, 42-45m bgs), B(BHB2, 53-60 m bgs),C(BHB2 
50-53 m bgs), D(BHA, 67 mbgs)  and still images from downhole camera E( BHA, 47 m bgs) and 
F(BHB2, 48m bgs)). Purple blocks in core photos indicate locations samples collected for 
porewater analysis. Photos A, B and C show the variability in core competency at different 
elevations. Photo D shows close-up of disturbed section and associated sand and gravel. E and 
F highlights the variation of the borehole wall in downhole video. Note downhole still images do 
not show meter scale sandy/gravelly intervals observed in the core. The core at surface does not 
appear to be representative of the subsurface environment. 
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The lithology of the Ocala limestone is a key factor in the hydraulic properties of the UFA. Preferential 
dissolution of individual fossils and potential interconnection of those void spaces is a key contributor to 
karstification. Infiltrating, solutionally aggressive water can effectively transmit through the Ocala 
limestone, leading to preferential dissolution relative to the Avon Park Formation. The contact between 
the Hawthorn Group and Ocala Limestone is known to be deeply weathered and is likely not a flat surface 
across the site (Figure 14). The bedrock contact is a preferential place for karst development due to its 
weathered nature as the most solutionally aggressive water will intercept the buffering unit at the contact. 
Additionally, the presence of bedrock fragments in the clastic overburden suggests some physical 
weathering. Physical weathering increases the rate of karst development. The transition at depth from 
limestone to dolostone occurs at different elevations in both coreholes reflecting the gentle ramp sloping 
structure of the regional depositional environments.  

The site rocks were deposited in a shallow marine environment. The lack of micrite in the Ocala limestone 
and presence of abraded forams, mollusks, crinoids, and other marine invertebrates suggests deposition 
onsite above fair-weather wave base and a relatively high energy environment. Carbonate deposition was 
stopped by clastic sediments coming from the Appalachian Mountains. Weathered clastic sediments filled 
the Gulf trough, a low feature located in the northern portion of the Floridan peninsula and began 

Figure 12 – Ocala Limestone exposure in Hawthorn Group mine taken near study site. 
Note the prevalence of vertical solution channels at the overburden bedrock interface 
(Tihansky and Knochenmus, 2001) 
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depositing on the Ocala platform. These sediments became the Hawthorn Group (Williams and 
Kuniansky, 2015).  

5.2.1 Influence of Drilling on Bedrock Boreholes 

Rotosonic drilling cuts a hole in the rock by vibrating and rotating a drill bit as the bit advances through 
the subsurface. The energy transmitted into the formation as a part of the drilling process is believed to 
have greatly impacted the quality of core data and final borehole diameter variability. It is unclear how 
much this behavior is site specific, method specific, or driller specific. Previous site cores have been 
drilled using the rotosonic method with reasonable recovery. Cores with better total recovery have been 
extracted from the Ocala Limestone and Avon Park Formation from deeper areas south of the study site 
(e.g., Ward et al 2003). Additionally, Budd and Vacher (2004) present evidence for highly variable 
recovery throughout the upper Floridan Aquifer though they do not define the coring method. These two 
examples suggest that extracting intact cores from the Ocala limestone is difficult especially in shallow 
areas and suggest wireline coring as the preferred method for core recovery. Physical caliper 
measurements show the borehole diameter in both boreholes is highly variable (16.5-50.8 cm). Average 
caliper statistics are presented in Table 12, conservatively quantifying the variability in corehole diameter. 
Both coreholes were drilled to be 15.2 cm in diameter, however, both are significantly larger, and have 
different maximum, minimum, and average diameters. Significant, discrete deviations from average 
corehole diameter are interpreted as subsurface voids, either natural dissolution features, or wash-out 
zones where drilling eroded the poorly cemented rock. In BHA, the largest void space is from 64 to 66 m 
bgs, while in BHB2 the largest void is from 49.9 to 51.8 m bgs. The width of these voids is at least 50.8 
cm, as measured by the physical caliper. Because these measurements use a physical caliper, they 
should be treated as conservative and intervals of the void space may exceed 50 cm. 

Table 12 - Open corehole physical caliper statistics. Both coreholes were drilled to be 6 inches in 
diameter, but disturbances and poor cementation in the limestone itself likely led to approximately 
7-inch mean diameter for both coreholes. Significant void spaces are encountered in each 
corehole, indicated by the maximums. The physical caliper tool itself is biased to record the 
narrowest of three-point measurements, so these statistics can be considered conservative. 

Diameter BHA 
(in) 

BHB2 
(in) 

Mean 7.02 7.26 

Minimum 6.39 6.4 

Maximum 15.58 20.05 

Complimenting conventional core logging with borehole geophysical measurements proved to be a key 
aspect of the DFN. The core alone suggests a marginally lithified subsurface. This characterization is 
inaccurate. The borehole wall examined via downhole video is jagged, alternating between competent 
and incompetent layers in 2-5 cm layers (Figure 13), a variation that appears to be associated with 
natural vugs and preferential dissolution zones. However, core extracted from the borehole did not 
alternate between competent and incompetent as was viewed in the downhole camera. The washout 
zones in the borehole and disarticulated bedrock fragments in the bedrock core is interpreted to be a 
result of drilling.  

During drilling, vibrational energy is transferred into the formation. The Ocala Limestone is poorly 
cemented at this site; thus, the borehole wall was inferred to be damaged during drilling. Instead of 
cutting through the rock, weak portions of the bedrock appear to have been vibrated and disarticulated.  



 

 

39 

 

Using rotosonic drilling did not return competent core to the surface. The lack of core increases the 
difficulty in visually defining the presence of natural fractures, complicates the measurement of accurate 
depths of features/samples, and creates difficulty correlating between coreholes. The lack of 
representativeness of the core suggests a significant degree of disturbance caused by the drilling 
technique and demonstrates the value of borehole geophysics as a complimentary, in-situ 
characterization tool. Because the core data was disturbed, greater weight was placed on geophysical 
datasets.  

5.2.2 Hydraulically Active Fracture Network Characterization 

Defining the presence and orientation of fractures is a key aspect of the DFN-M. ATV quality was poor for 
both coreholes due to poor signal return from the acoustic pulses, so these logs were not used to classify 
fractures. Instead OTV logs were used to identify fractures and classify them as major, minor, aligned void, 
or discontinuous and confirm the location of the voids identified by the physical caliper logs (see Appendix 
D for definitions of these categories). 
In BHA, the strike of fractures across categories (including incomplete fractures, aligned voids, continuous 
fractures, minor and major fractures) is chaotic. Fracture types that are more likely to be open (major, minor, 
aligned voids), therefore more likely to be hydraulically active, are aligned NW-SE in BHA and E-W in BHB2. 
Regional upwarped structures suggest a NW-SE trending regional fracture set as well as a secondary high 
angle NE-SW set (Green et al., 2013). Capturing the high angle NE-SW fracture set is unlikely in a vertical 
corehole, however these data suggest the corehole reflect regional features, at least in BHA.  
Because the fractures could not be identified during coring, and the ATV is too poor to use to corroborate 
fracture picks, these OTV derived fracture picks have limited confidence in representing true aquifer 
properties. 

A-DTS is used to determine if washout zones are natural or drilling induced. Oversized corehole liners 
constructed with materials appropriate for karst applications (840 denier nylon) were able to seal the A-
DTS cable despite sharp edges. Use of the liner minimized vertical hydraulic cross connection and 
enabled A-DTS tests of the restored natural flow system. 

A-DTS results show a series of active flow zones (Figures 11 and 12) indicated by preferential cooling at 
discrete vertical intervals (Pehme et al., 2013; Maldaner et al., 2019). The two A-DTS tests conducted in 
June 2018 show thermal conductivity variation with depth. Figure 11 shows six enhancements in 
apparent thermal conductivity in BHA, while Figure 12 shows five enhancements in apparent thermal 
conductivity in BHB2. Flow zones in both coreholes align with large voids measured with the physical 
caliper. Because the thermal conductivity of water is lower than rock, static water in these large zones 
should be warm. Instead, they show a preferential cooling suggesting the large void spaces are 
connected to flow features and areas of weakness in the rock and are not strictly an artifact of drilling.  
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Figure 13 - Vertically aligned datasets in the bedrock of borehole BHA showcasing results from 
drilling onsite. The logs included are from left to right: Elevation, Depth, Formation, rock type, 
Munsell color, rock core properties, caliper, ATV, OTV, natural gamma, OTV derived fracture 
counts, A-DTS derived hydraulically active intervals, PFM measured darcy flux, transducer 
deployment intervals, and caliper informed MLS design.  
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Figure 12 - Vertically aligned datasets in the bedrock of borehole BHB2 showcasing results from 
drilling onsite. The logs included are from left to right: Elevation, Depth, Formation, rock type, 
Munsell color, rock core properties, caliper, ATV, OTV, natural gamma, OTV derived fracture 
counts, A-DTS derived hydraulically active intervals, PFM measured darcy flux, transducer 
deployment intervals, and caliper informed MLS design. 
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A-DTS in incompetent karst environments is not as sensitive as other environments as the thermal signal 
may be reduced by convective flow along the fiber optic cable in spalled sections of the borehole. Weak 
rock and destructive drilling increase voids in the subsurface. In void spaces, the DTS cable is no longer 
well-coupled to the aquifer itself so heating because of the test may generate convective flow along the 
cable. Sealing the borehole with a FLUTe liner during the A-DTS test prevents convective flow along the 
wellbore increasing the spatial resolution of active flow path location, and sensitivity to active flow 
features. The A-DTS logs do not show cool water moving along the cable as is expected in a convection 
cell. Instead, the tests show large cool responses in large void spaces particularly at -37 m amsl in BHA 
(Figure 11). While unsealed sections of the borehole like the one at -37m amsl have reduced spatial and 
thermal resolution, the detected cooling is the result of hydraulic activity. In competent rock and void 
spaces in both boreholes, A-DTS tests show evidence for preferential flow through the system.  

Manual head measurements, discussed below, align with active flow zones detected by the A-DTS test 
conducted in BHA. Two upper active flow features shown in Figure 11 align with the second interval in 
BHA (Figure 15). These intervals (-8.2 to -9.3 m AMSL and -9.9 to -10.6 m AMSL) are particularly 
sensitive to seasonal fluctuations and suggest that the A-DTS test can detect active flow zones in the 
subsurface.  

The A-DTS data confirms that the Ocala Limestone is a bedrock aquifer with significant preferential 
flowpaths. While the conduit system is important to the local and regional flow system, the location of the 
conduits themselves is unknown and not likely to be sampled by a borehole as the likelihood of a 

Figure 15 – Transducer Vertical head profiles and gradients in BHA (green) and BHB2 (blue) 
on July 1, 2018. This is a representative snapshot of vertical head distributions in both 
boreholes. Sealed transducers are indicated with a bar extending over their monitoring 
interval. Transducers  show a downward gradient in both bedrock boreholes; however, the 
overall gradient is small (-0.0083 BHA, -0.0041 BHB2).  
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randomly placed borehole intersecting a conduit is as low as 0.3% (Worthington, 2009). Randomly 
located boreholes, like those in the municipal wellfield and the research boreholes at the site are unlikely 
to intercept conduits. Additionally, the portion of the springshed that is occupied by the study site is 
unlikely to be influenced by a major meter-scale conduit as it is in the distal portion of the springshed. 
Conduit networks self-organize with larger features closer to the outlet (White, 2002). The location of the 
study site in the springshed suggests the conduit influence is better conceptualized as proto-conduits or 
larger-than-expected fractures (Munch et al., 2006). In fact, Yang et al. (2019) demonstrate that flow in 
the Silver Springs springshed can be most parsimoniously described as a dual domain system with 
evidence of matrix and fracture flow operating simultaneously in the springshed. In contrast to other 
indurated karst environments, the eogenetic Ocala Limestone has significant matrix porosity (Bailly-
Comte et al., 2010; Florea and Vacher, 2006). The A-DTS data show preferential flow through discrete 
zones in the subsurface and therefore at this site, significant flow is conceptualized as occurring in 
variably-dissolution, enhanced fractured matrix blocks.  

Both boreholes show evidence of drilling induced washout zones, however many are shown to be 
hydraulically active. Hydraulically active intervals identified with A-DTS do not appear at the same 
elevations between boreholes. Identifying hydraulically active intervals allows PFMs and temporarily 
deployed pressure and temperature transducers to be targeted to seal directly against hydraulically active 
intervals.  

5.3 Hydraulics  
Representative vertical hydraulic head profiles from temporarily deployed transducers suggest a well-
connected aquifer system without evidence of an aquitard in the bedrock (Figure 15). The presented 
hydraulic head data are from July 1, 2018, one week after installation which is assumed to be enough 
time for system re-equilibration. Inspecting the hydraulic head data over the entire deployment period 
from June to October 2018 shows that the shapes of the head profiles and vertical head gradients 
through the bedrock deployment interval do not vary seasonally. The lack of variation in the vertical head 
profiles suggest a highly connected fractured system. Variability in the magnitude of hydraulic head loss 
with depth can be used to show relative changes in vertical hydraulic conductivity within the 
lithostratigraphic sequence(Meyer et al., 2014, 2008).  

Depth discrete hydraulic head values suggest little variation in hydraulic head at different elevations in 
each borehole. The hydraulic head in BHA drops 0.266 m over a 32 m length. The hydraulic head in 
BHB2 drops 0.131 m over a 31.3 m length (Figure 15). Both boreholes show bulk downward gradients. 
Estimating the length of the sealed interval between two transducers allows for the calculation of vertical 
hydraulic gradient at discrete intervals throughout the borehole. Vertical hydraulic gradient in BHA is 
downward in almost every monitored zone (mean -0.0027). The vertical gradient in BHB2 is also small 
and downward (mean -0.0013). Hydraulic gradients in BHB2 are smaller in magnitude than in BHA, 
however both boreholes see little absolute variation in vertical gradient. The change in magnitude 
between BHA and BHB2 may be associated with the proximity of BHA to large open screened supply 
wells and associated passive drawdown. 

Aquitard-like intervals in the bedrock will influence 1,4-D transport. Calculating vertical hydraulic gradients 
is a robust method to characterize hydraulic units in the subsurface (Meyer et al., 2014, 2008). The lack 
of significant inflection in the hydraulic head profile and small gradients indicates there is little barrier to 
vertical flow throughout either bedrock borehole (Figure 15). Williams and Kuniansky (2015) calculate the 
regional vertical gradient across the Ocala-Avon Park Lower Permeability Zone throughout southern 
peninsular Florida. They find a trend of decreasing magnitude vertical gradient toward central Florida; 
therefore, the lack of consistent, resolvable vertical gradient is expected since this site is in central 
Florida. The data from temporarily deployed transducers in these boreholes suggest a single, vertically 
hydraulically connected but locally variable aquifer unit. 
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The hydraulic response to precipitation on a seasonal scale is presented in Appendix B. Though each 
transducer is installed in a depth discrete interval in each borehole, during his deployment period, each 
transducer responds similarly to natural forcing (i.e., recharge, barometric changes) and to anthropogenic 
forcing (i.e., pumping). Discrete precipitation events do not appear to be related to hydraulic head 
changes in the bedrock transducers. Instead, the broad seasonal increases and decreases are reflected 
in the hydraulic head data. Each monitored interval appears to behave similarly to both long- and short-
term trends. 

Manual water level data was collected from the FLUTe™ MLS and conventional monitoring wells in May, 
June, July, August, and October of 2019. Three manually collected head profiles are presented in Figure 
16. The manual head profiles combine hydraulic head measurements from both bedrock FLUTe™ MLS 
and overburden Hawthorn Group monitoring wells. In the bedrock borehole there is no consistent 
resolvable difference in hydraulic head values between monitoring intervals. This confirms the findings of 
the temporary transducer array and suggests that the bedrock is vertically hydraulically well-connected. 
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Transducer data shows the bedrock behaves similarly to seasonal forcing. However, manual 
measurements between the bedrock and overburden wells show significant seasonal differences. Figure 
16 highlights the transient interaction between the overburden aquifer and bedrock aquifer. In BHA in 
June, the hydraulic gradient between the monitoring well and the uppermost MLS port is -0.21. In August 
2019, the vertical hydraulic gradient cannot be resolved. In October, the gradient reverses direction and is 

Figure 16 – Manually collected vertical hydraulic head profiles from multi-level systems (filled 
circles) and overburden monitoring intervals(denoted by “HG” and squares). Area A (BHA, 
HGA, FLA1, FLA2) wells (Left), Area B (BHB2, HGB2, HGB1) wells (Right). Pale green data in 
October are from FLA1 and FLA2a , a conventional well nest installed 20 m from A. Each 
measurement has an error of 0.0084 m applied (Rau et. al, 2019). Vertical gradients suggest 
hydraulically homogenous behavior and confirm transducer data. The gradient between the 
Hawthorn Group and the bedrock wells shifts direction and is resolvable through time. 
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0.004. The shift in gradient magnitude and direction is magnified between the second shallowest port in 
the MLS and the Hawthorn Group wells (0.015). This shift in hydraulic gradient suggests that during the 
dry season water recharges the overburden aquifer from the bedrock. This shift in gradient has potential 
to inform the advective transport of a contaminant infiltrating from the surface. Additionally, a variable 
gradient will smear water from the overburden along the bedrock/overburden interface, potentially 
increasing contact time in those zones and providing more time for diffusion to occur.  

Manual hydraulic head measurements in BHB2 differ from BHA because the Hawthorn Group well 
(HGB2) is screened very close to the bedrock MLS. A more characteristic Hawthorn group well is HGB1, 
located 50 m from BHB2 (Figure 16). HGB1 is screened shallower than HGB2 In June, the vertical 
hydraulic gradient from the Hawthorn Group to the bedrock is -0.008 in Area B, suggesting flow from the 
overburden to the bedrock. In area A the gradient is slightly larger -0.017 and suggests similar recharge 
dynamics. In both boreholes in August, the vertical hydraulic gradient cannot be confidently resolved 
between the bedrock and the overburden in both boreholes. In October, the vertical gradient in area B it is 
unresolved. 

These data show that in the dry season water is flowing from the bedrock to the overburden. and that 
connection between the overburden and bedrock is spatially heterogeneous. The increased vertical 
connectivity at BHB2, evidenced by the lack of resolvable gradient, may explain the 1,4-D concentration 
profile with highest concentrations deeper in the profile i.e., downward migration not impeded by the 
Hawthorn Group/Bedrock contact. 

The transient nature of the surficial/bedrock interaction can be explained by the wet/dry seasons of 
Florida’s climate. Florida has a humid subtropical climate with a distinct rainy season characterized by 
brief, intense, daily, rain showers from May to October. Examining the mean precipitation amounts from 
1892 to 2020 by month, shows that 67% of the yearly precipitation falls in Ocala between May and 
October (NOAA, 2020). Intense precipitation during the rainy season likely drives the changes in vertical 
and horizontal hydraulic gradient. 

Both boreholes respond similarly to short, intense anthropogenic forcing. Figure 17 shows the typical 
response in the research boreholes on site over a pumping interval from the impacted municipal supply 
wells. Eleven transducers in BHA and eight transducers in BHB2 are presented and show the operation 
of the impacted municipal supply wells. 
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All the monitored intervals behave similarly with no significant separation between the drawdown curves 
in either borehole. The initial magnitude of drawdown reduces with distance from the pumping wells, 
however both boreholes record similar later time drawdowns. The initial drawdown is delayed from the 
reported activation of the pump; however, the recovery to the initial pump cycling off is immediate in both 
boreholes. The drawdown associated with the second pump is the same slope as the first pump. These 
data show that the municipal supply pumping wells are hydraulically well connected laterally at all TD 
transducer depths. 

These data also show drawdown is detectable across the site. However, the detection of drawdown 
should not be confused with capture. Regional horizontal groundwater flow, recharge and other factors 
can cause drawdown in monitoring wells without capture (Burden, 2008). Water quality concerns with 
capturing significant 1,4-D in pumped water limit the length of such tests and therefore limit the 
interpretations that can be made from them. 

A potentiometric surface map of the site and surrounding area for the water table in the Hawthorn Group 
and separately for the Ocala Formation groundwater is presented in Figure 18. Data from the MLS in 
BHA and BHB2 are combined with local conventional monitoring wells to construct a map of hydraulic 
head distribution across the site during multiple discrete measurement events. Manual hydraulic head 
measurements were made at a series of events in 2019 (May, June, July, August, October). Two 
snapshots are shown in Figure 18 a decoupled (May) and coupled (October) surficial aquifer/bedrock 
aquifer. A decoupled aquifer is one where there is a measurable vertical hydraulic gradient detected 
between the surficial and bedrock aquifers, and a coupled aquifer is an aquifer where there is no 
resolvable vertical hydraulic gradient between the two aquifers.  

Figure 17 –Hydraulic head drawdown to a pumping event on August 13, 2018 recorded by 
transducers. Two supply wells at the municipal wellfield operated for a combined 39 minutes 
extracting approximately 58,000 gallons of water. The response to pumping in both boreholes 
from a series of transducer deployed behind the borehole liner is presented. The drawdown 
behavior in BHB2 (450m from the supply wells) show near uniform response at all elevations 
in the borehole. In BHA (150m from the supply wells) there is marginally more spread, but 
overall, all transducers in the borehole respond the same. In both boreholes the switch 
between pumps can been seen at approximately t(7) evidenced by the negative deviation in 
drawdown. 
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Figure 18 – Simplified plan view map of site wells and surrounding area with hand drawn 
contours at 0.02 m intervals. Manual measurements are printed next to the well. Blue arrows 
represent general horizontal flow direction. During the rainy season horizontal flow in the 
Hawthorn Group is not aligned with bedrock horizontal flow direction. In October, the flow 
direction in the Hawthorn Group aligns with the bedrock indicating enhanced coupling. Water 
infiltrating through the Hawthorn flows towards preferential vertical flowpaths to flow into the 
bedrock FAS highlighted in green. Preferential vertical pathways are inferred by the author as 
relatively high hydraulic conductivity zones based on the distribution of clay lenses in the 
Hawthorn group. These zones may not have a slightly different distribution of clay bodies 
enabling bedrock recharge, or bedrock piping and subsurface collapse promotes preferential 
flow. Maps for the entire period are included in appendix E. 
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The range in hydraulic head values across the site is small (0.04-0.1 m) however the flow direction can be 
detected. In the bedrock, hydraulic head indicates flow is towards the west. Westward horizontal flow in 
the bedrock FAS, aligns with expectations based on regional potentiometric surface maps (Faulkner, 
1970; Phelps, 1994) (Appendix B, Appendix E). In May, the surficial aquifer system flows towards the 
southwest. In October 2019, the flow direction shifts and flow in the surficial aquifer is towards the west 
aligning with the bedrock flow direction. The green zones dashed zones in Figure 18 are inferred 
locations of preferential vertical flow between the overburden and the bedrock. Zones of preferential 
vertical flow are believed by this author to exist based on the vertical piping observed in the Ocala 
Formation (Figure 14) and the laterally discontinuous clay units in the overburden sediments. Vertical 
hydraulic gradient that exists seasonally (Figure 16) provides more evidence for a semi-aquitard existing 
between the overburden and the bedrock. The shape and extent of these zones is poorly defined and 
arbitrary and further investigation is needed to delineate them with more specificity. 

Despite low hydraulic gradients across the site, preferential drains, or vertical connections from the 
Hawthorn Group to the FAS are suggested by the distribution of hydraulic head measurements. The 
contact between the Ocala limestone and the Hawthorn Group is weathered and irregular evidenced by 
the variable bedrock elevation observed during boring advancement across the site. Dissolution 
enhancement is expected around the bedrock contact (Figure 14), conceptually providing support for the 
presence of preferential vertical connection across the site. The transience in vertical head gradient 
shown by the manual measurements in Figure 16 aligns with plan view observations presented in Figure 
18 and suggests that the connection between the bedrock aquifer and the surficial sediments is 
heterogeneous across the site. The increased clay content found in the undifferentiated Hawthorn Group 
sediments relative to the Cypresshead Formation suggests that the vertical hydraulic conductivity of the 
Hawthorn Group is less than the Cypresshead Formation. Clays in the Hawthorn Group do not occur at 
the same elevations across the site, suggesting a more lenticular and distributed character, rather than a 
robust, laterally extensive, tabular clay aquitard contributing to the semi confining nature of the Hawthorn 
Group. Thin, discontinuous clay lenses could cause a zone of relative increased vertical hydraulic 
conductivity. Thinner clay units would enhance dissolution at the bedrock contact as there is less 
buffering capacity of a thin layer of sediment. Thinner low hydraulic conductivity units combined with 
enhanced dissolution combines to increase the vertical hydraulic conductivity of the zone. A partially 
leaky confining unit would extend the influence of 1,4-D in the overburden sediments by smearing back 
diffused 1,4-D across the bedrock contact seasonally instead of strictly flushing the overburden directly to 
the bedrock. 

The bedrock FAS does not show compelling evidence for an aquitard in the investigation interval 
including the inferred contact between the Ocala Limestone and Avon Park Formation. However, the 
multiple lines of evidence show evidence of preferential flow paths through the rock. The response to the 
activation of the Silvers Springs Shores wells is uniform with depth in MLS systems installed onsite. 
Manual measurements of hydraulic head (Figure 16) show small but measurable differences in hydraulic 
head in the bedrock with depth. This feature aligns with an A-DTS identified flow zone, suggesting the 
presence of preferential flowpaths intersected by one of the research boreholes. 

5.4 PFM Results 
A series of PFMs were deployed behind the borehole liner for the first time to measure the vertical 
distribution of water and mass flux. These measurements are time weighted averages of horizontal flux 
through discrete intervals in the aquifer. There are two components of the mass flux measurement, a time 
weighted average darcy flux (groundwater specific discharge) calculation and time weighted average 
mass flux. Because groundwater specific discharge has a large impact in 1,4-D mass flux calculation, the 
groundwater specific discharge values are assessed for reasonableness first. Reasonable groundwater 
specific discharge measurements also suggest that 1,4-D mass flux may be assessed using PFMs. Darcy 
flux values can be calculated using multiple methods, thus average values are situated in context for 
other measured and estimated values for Darcy flux for the site and springshed based on the literature.  
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5.4.1 PFM Derived Groundwater Specific Discharge 

Figure 19 shows the distribution of water flux during different deployment time periods in both boreholes. 
In both boreholes, the measured range of Darcy flux is consistent and varies less than one order of 
magnitude. This suggests the horizontal distribution of flux is moderately homogenous with depth, 
consistent with the findings of numerous fractures, presence of 1,4-D in the groundwater throughout the 
profile, and the transducer response to pumping.  
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Figure 19 – PFM derived darcy flux at BHA(top) and BHB2 (bottom) over multiple 
deployments. green is the first deployment (May-June), blue is the second deployment (June 
to Aug) and red is the third deployment (Aug to Oct). Black bars represent 95% confidence 
interval after Hatfield 2004). The range in all deployments and both boreholes is 0.8-2 cm/d 
indicating homogenous horizontal flow with depth in both boreholes. 
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Three different deployments are presented. In the first deployment, May to June, an undersized borehole 
liner, resulted in poor vertical segmentation in both boreholes. Given the lack of significant vertical 
gradient measured via other methods (transducers, manual measurements), the lack of seal had a minor 
effect on water flux measurement. In the second deployment, June to August 2018, both boreholes show 
the highest absolute measurement (approximately 4 cm/d) of horizontal flux. During the third deployment, 
the flux values return to the range of values measured during the first deployment (1-2 cm/d). Differences 
between seasonal behavior is further evidence of transient interactions with seasonal variation.  

Overall, the range in water flux values measured by the PFM is low (2 cm/d) in both boreholes, 
suggesting relatively homogenous specific discharge with depth, which suggests that advective forces are 
similar throughout the aquifer. Uniform advective forces acting on 1,4-D in the subsurface suggest plume 
variability is more related to diffusion and/or dispersion processes. Water flux values are integrated in the 
calculation of mass flux presented in Figure 20. 
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Figure 20 – Depth discrete 1,4-D mass flux calculated from PFM deployments May-June 
(Green), June-August(Blue), August-October (Red). Red, green, and blue lines represent 
granular activated carbon (GAC) PFMs. Purple represents a special Ambersorb®(AMB) 
PFM analyzed from the August to October Deployment. AMB is designed to strongly 
adsorb 1,4-D while 1,4-D may desorb from GAC. Measured intervals are represented by a 
straight vertical line. AMB 1,4-D mass flux values are uniformly lower than GAC PFMs 
deployed during the same time. This may be a result of the smaller section of the PFM 
that was AMB, or the strength of the 1,4-D/AMB adsorptive bond. GAC mass flux values in 
BHB2 are higher and vary over a larger range than in BHA.  
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Table 13 is a comparison of the temporarily deployed (TD) PFMs deployed as part of this thesis work with 
other measurements and estimations of Darcy Flux. Yang et al. (2019) used PFMs to measure 
groundwater specific discharge throughout the Silver Springs springshed and thus provide a direct 
comparison of direct water flux measurements in the Ocala Formation from on and off-site. Yang et al 
(2019) use PFMs snugly deployed as cartridges in conventionally screened wells, in the manner 
described in Annable et al. (2005) and Hatfield et al. (2004).  

Table 13 Summary table of darcy flux calculations in the springshed in comparison to PFM 
measured darcy fluxes. 

Method Source n 
Measurement 

Interval Length 
(m) 

Darcy Flux 
(m/d) 

PFM This Study 34 1-12.6 0.02-0.03 
 Yang et al.  2019 48 1 0.03-0.1 

Borehole 
Dilution 

    

 Yang et al.  2019 21 2-3 0.1-36.4 
Tracer     

 Yang et al.  2019 12 - 8.4-317 
Map estimate     

 Phelps 1994 - - 0.024 
 Faulkner 1970 - - 0.01 

Similar darcy flux values between the two different deployment types suggest that the TD PFM performed 
consistent with established PFM approaches. Overall, the TD PFM calculated fluxes are approximately 1 
centimeter per day less than the traditional PFMs. Yang et al.’s PFM investigation is spatially distributed 
throughout the springshed and may therefore capture spatial variability in groundwater flux. Overall, the 
TD PFM measured values are lower but still appear to be reasonable (Table 14). 

Table 14 – Table showing volumetric estimates of Darcy flux in the springshed. The contour 
columns use the length of a contour to define the size of the springshed, the hand contoured are 
interpolations of the map. Note these calculations assume a homogenous recharge distribution 
and perfect drainage.  

Source 
Volume 
Balance 
(contour) 

Volume Balance 
(hand contour)  

 m/d m/d 
Faulkner 

(1970 0.84-1.7 0.55 

Phelps 
(1994) 0.74 0.33-0.42 

Yang et al. 
2019 0.34 0.47 

To independently assess the reasonableness of PFMs, TD PFMs can also be compared to regional 
Darcy flux by estimating the horizontal hydraulic gradient using potentiometric surface maps and using 
map-derived gradients to calculate Darcy flux across the springshed (Appendix C). These calculations 
assume the springshed scale flow satisfies the homogenous and isotropic assumption of the Darcy law 
calculation. Yang et al. (2019) demonstrate that this assumption is likely violated at the site scale, 
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however it offers a simple approximation for assessing the reasonableness of the Darcy flux values 
measured by the PFMs.  

Comparing the TD PFMs to map estimates show that the PFMs provided values that lie within the range 
of Darcy flux estimates when using data published in 1994 (Table 14). Conducting the same analysis for 
data published in 1970 suggests the PFM Darcy flux measurements are lower than the regional gradient. 
The use of historic potentiometric surface maps is not ideal given development and climatic changes; 
however, the range of TD-PFM measured values suggest they are appropriate for the site located in the 
springshed and reflect the lower fluxes expected on the flanks of the springshed. The map-derived 
measurements of groundwater flow align with the PFM calculated water flux measurements. 

A different independent assessment of reasonableness of PFM water flux measurement is to use 
potentiometric surface maps to generate a flow net and stream tubes. These estimates are robust in that 
they conserve mass through a control volume (the stream tube) however a series of simplifying 
assumptions are made. Faulkner’s (1970) stream tubes represent 98% of the volume of water 
discharging from Silver Springs, with a wide distribution around the springshed. Estimates for Darcy flux 
span three orders of magnitude from 9.8 to 0.01 m/d around the springshed. Stream tubes that intersect 
the study area has a calculated specific discharge of 3.12 m/d, suggesting the TD PFMs do not 
accurately represent the study area. See Appendix C for a more in-depth discussion of this method of 
analysis. 

Darcy flux can also be calculated via volumetric balance. Assuming Silver Springs drains the entire spring 
shed the average annual discharge at the spring can be used to estimate darcy flux by representing the 
springshed as an ellipse, with a second ellipse defined by the position of the site in the simplified 
springshed. Water flowing through the site, and theoretically measured by the PFM, is assumed to be 
derived from the recharge on the surface area of the annulus (Yang et al, 2019). This volume of water is 
balanced with the discharge at the spring. Included in appendix C is a map of the springshed with 
elliptical capture zones and the site location highlighted as well as schematic diagrams describing the 
calculation method. The radius of the internal ellipse is set as the location of the site in the springshed 
(Table 15).Yang et al (2019) conducted a volumetric balance and assumed a springshed area of 2000 
km2. A separate springshed area for this study was computed to be approximately 3000 km2 based on the 
findings of Munch et al. (2006) (Appendix C).  
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Table 15 Summary Tables for Mass Flux calculations in springshed 

BHA     

Deployment n 
Average 
Interval 
length 

Average 
Mass 
Flux 

Average 
Equivalent 

Groundwater 
Concentration 

  m ug/m^2/d ug/L 
June 4 7.7 113.3 6.5 
Aug 6 1 49.2 2.1 
Oct 6 1 127.7 7.6 

Oct AMB 5 1 37.7 2.4 
Average   81.9 4.6 

 
BHB2     

Deployment n 
Average 
Interval 
length 

Average 
Mass 
Flux 

Average 
Equivalent 

Groundwater 
Concentration 

  m ug/m^2/d ug/L 
June 4 12.6 140.9 5.9 
Aug 7 1.2 178.8 7 
Oct 7 1 234.7 14.8 

Oct AMB 7 1 116.4 7.2 
Average   167.7 8.7 

Using the volumetric approach from both Yang and this study shows that TD PFM measurements are at 
least one order of magnitude low across all methods of estimation. This may be related to the different 
scales of data that are being compared. PFMs are measuring flow near to the borehole, while map and 
volumetric balance approached are more regional. Volumetric estimates of darcy flux seem more aligned 
with karst borehole dilution tests conducted by Yang et al (2019) suggesting that borehole dilution is more 
like regional flow. 

5.4.2 PFM Derived 1,4-D Mass Flux Measurement 

The adapted type of PFMs deployed behind FLUTe liners in this study were successful in measuring 
mass flux. Across measurement deployment times and elevations in both boreholes, there is an increase 
in calculated mass flux at the shallowest portions of both boreholes that decreases with depth (Figure 20). 
Broadly the shape of the Aug deployment (blue) and Oct GAC deployment (red) are similar, with the Aug 
deployment systematically reduced (Figure 20). This reduction in mass flux is a result of the increased 
water flux in August relative to October (Figure 19) with the same source (1,4-D diffused into the 
bedrock). 

The frequency of measured porewater 1,4-D samples (0.3 m) is finer than the scale of PFMs (1m). Close 
inspection of the peaks in the porewater profile show that they are typically defined by one to 3 samples, 
i.e., a length that is significantly shorter than the PFM measurements. The PFMs measured flux appears 
to follow the overall trend borehole sections but blends the flux from intervals identified with porewater 
sampling.  
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The first deployment (green) shows high overall mass flux concentrations even though the PFMs were 
poorly sealed by the borehole liner. In the first deployment in BHB2, two PFMs were deployed in the 
same interval and the calculated mass flux did not vary significantly (165-190 μg/m2/d). Because the 
mass flux calculation is based on the measured water flux, the shape of the mass flux profile is like the 
water flux values presented in Figure 19. The dependence on water flux suggests mobility of 1,4-D in the 
bedrock is similar with depth, and that small variations in the water flux control the flux of 1,4-D. 

In BHA, mass flux and groundwater equivalent groundwater concentrations are less than BHB2. Higher 
mass flux values in BHB2 align with 2019 MLS groundwater concentrations support labeling BHB2 as the 
higher concentration upgradient, near ‘source’ zone. In BHA, the mass flux and equivalent groundwater 
concentrations are reduced during the second deployment, suggesting the influx of water at this time is 
not as impacted with 1,4-D.In BHB2, the maximum concentration occurs during the August to October 
deployment. 

One method to assess reasonableness of PFM mass flux values is to compare them to similar 
groundwater values (elevation, season). Table 16 detail the mass flux and equivalent groundwater 
concentrations for 1,4-D across three deployment time periods. Groundwater samples collected in 2019 
show 2018 GAC PFM derived groundwater equivalent measurements reasonably equivalent to 
groundwater samples collected from the MLS. For example, the average GAC PFM groundwater 
equivalent is 14.8 μg/L, and the average groundwater concentration in October 2019 is 13.8 μg/L (Figure 
20). 

The PFMs equivalent groundwater concentration does not capture outlier sampling events (August 2019), 
suggesting the August 2019 groundwater sampling is not representative. Because PFM data is a time 
weighted average, highly transient phenomena are not represented. Overall, the PFMs deployed behind 
the liner were successful in measuring 1,4-D mass flux in both boreholes. 

The behavior of GAC and AMB PFMs are not the same. In the third period, both a GAC and AMB derived 
sample were taken to compare different sorbents in PFMs (Figure 20). In both boreholes the Ambersorb® 
PFM mass flux calculations are significantly reduced relative to the GAC however the shape of the profile 
is similar. This is unexpected as 1,4-D is expected to desorb more from GAC than AMB, and therefore, 
should have reduced mass sorbed, calculated mass flux, and equivalent groundwater concentrations. 
The reduced extracted mass from AMB® samples may be a result of extraction via dichloromethane. The 
use of dichloromethane to extract 1,4-D from GAC is shown to be effective (Haluska et al., 2018), 
however the interaction between AMB and dichloromethane and the extent of extraction is unknown.  

5.5 Refined Conceptual Site Model Based on High Resolution 
Datasets 

A conceptual site model is presented in Figure 21 and the depth aligned data underlying it are presented 
in Appendix D. The only known release of 1,4-D on the site was in 1985 as part of a release of TCA 
(Trichloroethane) from a rinse tank leak. 1,4-D is used as a stabilizer for chlorinated solvents including 
TCA and therefore was likely co-released with the TCA. The bulk of the 1,4-D on the site is therefore 
aged (35 years old). The concentration and volume of this release is unknown creating difficulties for 
estimating the mass loaded into the system. 1,4-D acts as a generally conservative compound in the 
subsurface, due to its lack of sorption to aquifer materials i.e., organic material and hydrophilic nature. At 
the point of release (near BHB2), 1,4-D traveled through the unsaturated zone with the host solvent 1,1,1-
TCA via the force of gravity and continued below the groundwater table and diffused into low permeability 
lenses in the Hawthorn Group sediments and into the matrix of the bedrock along preferential migration 
pathways (Adamson et al., 2016). Low regional horizontal gradients (>0.03 m) increase the contact time 
between low permeability media in the Hawthorn and 1,4-D rich water. After remediation via pump and 
treat and decades of natural flushing, dispersion by groundwater flow and natural degradation, TCA 
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groundwater concentration has declined, but 1,4-D remains in the low permeability clays back diffusing 
and serving as a secondary source. 

Other sources of 1,4-D exist besides the TCA release on this site (HSW Engineering, 2017). These other 
sources are upgradient, side gradient and at varying distances from the supply wells and may be the 
source of anomalous groundwater samples detected in August 2019 (Figure 7). 1,4-D releases offsite are 
subject to the same processes that govern the transport and fate on this site. Many of these processes 

Figure 21 – Site conceptual model showing 1,4-D distribution vertically through the 
overburden and Floridan Aquifer System and horizontally across the site. 1,4-D 
distribution is informed by calculated porewater data collected by G360, and screening 
data collected by HSW Engineering and Florida department of Environmental 
Protection (FDEP) in 2017. Final Water FLUTe™ MLS completions are represented in 
areas BHA and BHB2. Fractures that are flushing, i.e. have equal or lower groundwater 
concentration relative to porewater values are denoted in dark blue. Fractures that 
have higher groundwater concentrations relative to porewater concentrations are 
denoted in red. The high groundwater concentration core of the source area (BHB2) 
has descended beneath the bedrock contact and may be feeding the loading fractures 
at BHA. 
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are time dependent, so offsite sources would have varying degrees of natural storage in the bedrock 
matrix, flushing, and dispersion based on the timing and concentration of the release. 

A portion of the aqueous 1,4-D drained into the bedrock FAS through the preferential vertical infiltration 
zones. Seasonal precipitation and infiltration from the surficial aquifer system into the bedrock flush water 
through the bedrock rock matrix. Continuous, high-volume pumping from the Silver Springs Shores 
municipal wellfield may have drawn 1,4-D impacted water deeper into the bedrock.  

In the bedrock, released 1,4-D was transported along hydraulically active features and diffused into the 
rock matrix. Transport through the bedrock was retarded by the diffusion of 1,4-D into the bedrock matrix. 
Generally, groundwater moving through preferential flowpaths provided by variable aperture fractures in 
the bedrock has a lower concentration of 1,4-D than the porewater in the matrix (Figure 7). High 
resolution rock core sampling in the source zone shows higher concentrations in the porewater than 
detected in the groundwater in the collocated MLS. In the lower concentration area, BHA, the porewater 
concentrations are overall lower than the groundwater concentrations. Groundwater is being loaded with 
1,4-D via diffusion processes under the site. As water flows across the site it is flushing 1,4-D and 
enhancing back diffusion moving it in the same direction as the regional groundwater flow.  

1,4-D groundwater concentrations are spatially and temporally variable. 1,4-D exists at low 
concentrations in the groundwater (>10 μg/L) across the site. The vertical distribution of 1,4-D is more 
systematic than the lateral distribution. Higher porewater concentrations are found in shallower bedrock at 
the distal portions of the plume (BHA)(Figure 8). Near the historic release area (BHB2), porewater 
concentrations are reduced near the bedrock contact suggesting a portion of the plume has equilibrated 
with contemporary groundwater concentrations. This suggests that shallow BHB2 groundwater 
concentrations are supported by matrix diffusion and suggests that 1,4D at lower elevations in the source 
zone is still diffusing back out of the matrix (Figure 8). This conceptual model assumes that BHB2 is in the 
source area and representative of the flow path from source to receptor. 

High porosity of the Hawthorn Group clays, and the thickness of those deposits, provide storage for 
diffused 1,4-D. Likewise, high porosity in the bedrock matrix stores 1,4-D providing a long-term source for 
diffusion in and out of the matrix. High concentrations (>10 μg/L) that remain in the bedrock 40 years after 
release suggest 1,4-D will be detected on the site for decades into the future with continuously 
diminishing concentrations if there are no other upgradient sources to support the plume. If the wellfield 
1,4-D is solely sourced from the site, groundwater concentrations will continue to decrease. 

5.5.1 Evaluating Site Contamination Impacts 

Assessing the risk to the Silver Springs Shores supply well from 1,4-D on site is difficult given the scarcity 
of spatially distributed data onsite and potential for other sources of 1,4-D in the vicinity of Silver Springs 
Shores wellfield. According to the presented CSM of the site (Figure 21), the released 1,4-D has traveled 
approximately 300 m at high enough concentrations to diffuse into the bedrock resulting in significant 
groundwater concentrations (>10 μg/L) over 40 years. 

Typically, mass discharge is calculated by using a transect of wells, by integrating groundwater and 
contaminant flux across the transect plane. Using TD PFMs allows a similar transect plane to be 
constructed. A highly conservative model of the mass loading to the supply well is in Appendix F and is 
stylistically represented in Figure 22.Using simplifying assumptions including laterally extensive 
concentration, representative PFM measurements, and stable groundwater concentrations, estimated 
contributions from the site to the wellfield in a variety of configurations can be calculated. These 
calculations are sensitive to the length of the transect as well as the PFM measurements. This model has 
many uncertainties in its assumptions; however, as a boundary calculation, it can be useful.  
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Figure 22 – Rough order of magnitude estimation of plume mass discharge across 
transect A-A’ located near BHA. PFMs deployed in BHA were used to provide mass 
flux estimates in the transect model. This model suggests 1,4-D from this plume 
contributed 8 to 19 percent of the mass extracted from the supply wells. The evolution 
of the mass flux distribution is shown schematically at positions B and C upgradient 
from A informed by PFM measurements at BHA and BHB2. Stylistic mass discharge 
profiles highlight attenuation with distance. See appendix F for additional details.   



 

 

61 

 

PFM measurements from BHA from June to August and August to October suggest that the water flowing 
through the control plane represents 16 and 44%, respectively, of the water extracted by the municipal 
supply wells. The wide range represents the wide range in pumping regimes in the supply wells. This 
estimate is calculated by comparing the volume of water that passed through the control plane to the 
volume of water extracted by the supply wells during the same time. This estimate is conservative. Flow 
to the wells is radial, suggesting an even smaller portion of water captured by the supply wells is coming 
from the site. 

Assessing mass contribution to the supply wells requires additional assumptions. Control plane values 
are compared to historic 1,4-D groundwater concentrations as recent concentration data from the supply 
wells are not available. Assuming a plume width of 200 m, and that the PFMs are situated along critical 
flow paths, the site is contributing 8% (Aug PFM data ) to 19% (Oct PFM data) of the 1,4-D detected in 
the impacted wellfield under current pumping conditions.  

5.5.2  1,4-D Retardation via Diffusion 

Organic compounds are traditionally evaluated based on their adsorption to carbon, as adsorption is 
perceived as the main retarding factor to organic contaminant movement in granular aquifers; However, 
adsorption is secondary to matrix diffusion in fractured porous rock including limestones and dolostones 
in the Ocala Formation. The 1,4-D log KOW (-0.27) and log Koc (1.23), indicate a lack of sorption 
anticipated on clean carbon (Mohr, 2001). Some authors suggest carbon with additives can provide 
significant sorption (Haluska et al., 2018; Myers et al., 2018). 

The presence of significant 1,4-D concentrations in the porewater confirm the conclusions of Adamson et 
al. (2016), that high solubility of 1,4-D will lead to deep (meter scale) penetration of 1,4-D into the rock 
matrix. Diffusion into the rock matrix is well documented for many organic contaminants, and appears to 
be the main process retarding 1,4-D movement through the subsurface (Parker et al., 2008).  

Comparing PFM mass flux values to porewater concentrations highlights the storage of 1,4-dioxane in the 
matrix. Though the units of the two methods are not directly comparable the shapes of the profiles 
confirm each other. In BHB2 the bulk of the 1,-4dioxane mass is in the section of aquifer from 
approximate -15 to -25 m amsl. However numerous PFMs deployed in this region show low mass flux, 
indicating this mass is stored in the matrix and not flushing much. At the upper portion of BHB2, higher 
mass flux and significant porewater concentrations suggest the interval is contributing more 1,4-dioxane 
mass to the down gradient plume. At BHA, high mass flux and low detections in the bottom 15 meters of 
the borehole suggest future loading into the porewater in this section. Overall the porewater and mass 
flux together show matrix storage of 1,4-dioxane in some sections of the aquifer as well as suggest future 
sections where the porewater is likely to be loaded into the matrix. 

5.5.3 Multilevel System vs. Well Nests 

In comparison to other ‘conventional’ (i.e., long screened) wells, high resolution MLS allow a broader 
range of questions to be asked of the aquifer without prior knowledge of the hydraulic or chemical 
conditions and serves as a critical component of the DFN-M investigation method. Typically MLS with 
short screens are used to delineate hydrogeologic units and identify aquitards (Meyer et al., 2008, 2014; 
Skinner, 2019). Area A (HGA, FLA1, FLA2, BHA) contains both depth-discrete datasets from an MLS and 
conventional well nest and shows the influence of using both investigation tools.  

Groundwater concentrations from the MLS installed at area A are greater than the groundwater 
concentrations found in discrete porewater samples in the same intervals, suggesting that the plume is 
still diffusing from the groundwater into the bedrock matrix. Examining the groundwater concentration 
data from only the conventional wells leads to the opposite conclusion, that groundwater concentrations 



 

 

62 

 

are being supported by diffusion from the matrix. In this case, a more accurate and complete 
conceptualization of the 1,4-D storage dynamics on the site are characterized by the MLS data.  

Comparing the area, A conventional well nests and FLUTe™ MLS groundwater concentrations is not 
perfect. The BHA MLS is in the same spatial position as the porewater sampling location, while the 
conventional well nest is located 20m from the porewater sample location. Additionally, FLUTe™ MLS 
systems and conventional wells sample two different volumes of aquifer as the purge volumes of the two 
systems are different. This is due to the difference in volume of filter material (e.g., sand pack in a 
conventional well, tubing length FLUTe MLS) that is used in each system and therefore the volume of 
water that must be purged from each system before a sample may be collected. The MLS system likely 
provides a less spatially blended sample due to its smaller overall purge volume (0.11 m3 vs. 0.41m3). 
Reducing the volume purged is inferred to result in a more representative sample.  

5.5.4 1,4-D in Karst 

Karst contaminant investigations, especially in karst aquifers with high matrix porosity must interrogate 
the bedrock matrix as well as the conduit or fracture network. Borehole investigations in karst aquifers are 
often disregarded because they have a very low potential to intercept a conduit (Worthington et al., 2000). 
While contaminant transport in karst aquifers can be dramatically faster than a typical porous media 
aquifer due to highly transmissive preferential flow paths and corresponding rapid arrival time to receptors 
in discrete events (e.g. Walkerton tragedy), this study shows low, yet significant, 1,4-D concentrations in 
the porewater of the bedrock matrix contributes to persistent detects in groundwater monitoring wells and 
multilevel monitoring systems (Figure 23).Neglecting the matrix neglects the storage and back diffusion 
resulting in long-term low, but still appreciable, 1,4-D concentrations that can be expected at the 
municipal supply well. 
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Figure 23 - Generalized conceptual block diagram showing 1,4-D transport and flow 
variability in an eogenic karst setting. Flow and contaminant transport is into and 
through the overburden and bedrock including the matrix, fractures and dissolution 
enhanced features. Two inset diagrams show variable groundwater flow rates in the 
dissolution enhanced major fractures compared to the discrete fractures and 1,4-D 
diffusion into the matrix under low hydraulic gradient (A) and higher hydraulic gradient 
(B) conditions. Blue arrows are scaled to represent relative flow rate, red arrows are 
scale to represent mass flux. Under low gradient conditions, 1,4-D transport is focused in 
the dissolution enhanced feature where the bulk of the groundwater flow occurs, with 
diffusion into the matrix pore water dominated at the edge of the dissolution enhanced 
feature. Under higher hydraulic gradient conditions, more water flows throughout the 
discrete fracture network within smaller fractures adjacent to the dissolution enhanced 
features. Matrix diffusion under high gradient conditions penetrates deeper beyond the 
edges of the dissolution enhanced feature as 1,4-D rich water is flushed into fractures. 
Diffusion beyond the dissolution enhanced fracture boundary and fracture plane is 
independent of hydraulic gradient, therefore as the concentration of 1,4-D is reduced in 
the groundwater relative to the porewater, the diffusion gradient reverses and 1,4-D is 
transported out of the matrix. Permeability contrast (the degree of diagenesis) drives the 
 systemic response to hydraulic gradient change. In eogenic environments with a higher 
degree of diagenesis, the matrix storage and forward/back diffusion will be greater, as 
the permeability contrast between matrix, 
fracture, and conduit will increase. 
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Only sampling the conduit network (e.g., spring, swallet sampling) in a karst aquifer neglects the critical 
role the matrix plays in water and contaminant storage and transport. Loop and White (2001) present a 
robust conceptual model for DNAPL transport in karst conduits, however their analysis is biased towards 
well developed telogenic karst and towards chemicals that will sorb to sediment piles. They correctly 
identify the distinct entry passages through sinkholes and swallet that are unique to karst; however, they 
associate contaminant storage with sediment piles in conduits themselves and neglect the influence of 
matrix diffusion on contaminant transport. Aged 1,4-D detections show that conservative compounds may 
still be detected in karst systems.  

Matrix-void and matrix-fracture diffusion dynamics do not behave the same (Figure 23). In non-karst 
fractured rock environments, fractures typically represent the highest permeability features. In karst 
however degree of dissolution enhancement controls the highest permeability fractures. Diffusion 
dominated transport in both fractures and conduits is defined by this permeability difference. Under 
normal conditions most advective transport occurs in dissolution enhanced fractures. Advective 
movement brings unimpacted groundwater into contact with the impacted matrix-storage area. This 
maintains the concentration gradient between the relatively immobile porewater and water in the 
dissolution enhanced fracture, flushing the matrix locally. Fractures that are not dissolution enhanced do 
not have advective movement moving unimpacted water to the matrix face. Therefore, under normal 
hydraulic conditions, the relative concentration gradient in the fracture is less than in the matrix. During a 
recharge event, when the hydraulic gradient throughout the system increases, the diffusion dynamics 
from the void-matrix do not change much. However, the influx of water flushes the fractures and causes 
new water to advect through the matrix towards the fractures. 

At a smaller scale of investigation (e.g., borehole), mapping the location of dissolution enhanced features 
is difficult to impossible. Boreholes are unlikely to intercept conduits for downhole measurements 
(Worthington, 2009), surficial geophysical surveys are not sensitive enough to detect sub meter scale 
dissolution enhancement, and tracer tests require a source/sink which is unlikely to exist on a site scale. 
The small scale of this investigation, along with its position at the boundary of a springshed suggest 
preferential flow paths will be more similar to large fractures than true conduits. Yang et al. (2019) 
describe the flow in this springshed as dual domain, matrix, and fractures. In this context, borehole karst 
investigations are valuable methods for interrogating the driving force for 1,4-D alarm in a karst aquifer, 
the matrix.  

6 Future Work 
This study emphasizes the use of two high resolution characterization boreholes, one near an aged 
source, and the other between the source and receptor to elucidate site flow and transport properties. 
The study is data rich but still gaps persists in the CSM that could be addressed by applying different 
techniques to the existing monitoring devices and/or drilling new boreholes. Building a process based 
conceptual model requires continuous interrogation to iterate and improve the model. 

The most cost-effective data that could be gathered to help further the understanding of water mixing is 
groundwater chemical data. Groundwater chemistry can provide insight into groundwater residence time 
which is critical to understanding flushing rates with depth on site. Some common analytes that would be 
instructive include chloride, nitrogen, calcium, sulfate, oxygen isotopes and hydrogen isotopes. These 
chemical indicators can indicate different sources of water and critically, help unravel the flowpaths 
through the site to the monitoring wells. Site hydrochemical data could be situated in the context of the 
Upper Floridan Aquifer (Phelps, 1994), Silver Springs specifically (Knowles et al. 2010), or vertically 
across the site. Sampling with vertical depth may show preferential vertical recharge through the 
overburden aquifer and residence time in the both the overburden and bedrock aquifers. Understanding 
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the residence time in the aquifer can help differentiate the amount of 1,4-D mobilizing via back diffusion 
onsite in contrast to capture of an aqueous plume offsite. Because the site is instrumented with both MLS 
and co-located conventional wells, groundwater chemical analysis of both monitoring instruments could 
quantify the blending observed in the conventional wells. Samples analyzed from different elevations in 
the MLS could differentiate flowpaths with depth across the site, potentially revealing offsite flowpaths. 

To help understand the different sources, 1,4-D CSIA samples could be collected from the municipal 
supply wells. The isotopic signature could be compared to the ranges and specific elevations of samples 
collected and presented as part of this thesis. These data could help understand the potential contribution 
from this site relative to others. If the supply well isotopic signature is like the site isotopic signature, the 
two may be related. A similar isotopic composition may also suggest that the variety of different 
sites/sources that are contributing to the supply wells have the same or similar initial 1,4-D isotopic 
composition. Alternatively, a significantly different isotopic signature from the supply wells would suggest 
a significant alternate source, or perhaps spatially variable biodegradation is occurring. The age of this 
plume and historic pump and treat activities complicate the isotopic signatures across the site.  

Enriched hydrogen isotopes in samples from BHA are subtle evidence for biodegradation that should be 
further explored. Additional confirmatory sampling should be conducted at BHA and BHB2. Additional 
samples for CSIA collected at wells around the site may put the isotopic distribution measured as part of 
this thesis into more complete site context. It is possible that BHA and BHB2 are not along the same 
flowpath, therefore sitewide synoptic sampling should be conducted and isotopic composition analyzed to 
inform the behavior observed in BHA.  

Fundamentally this system is transient, and future sampling efforts should recognize and work to 
characterize that behavior. Sampling at the same wells (HGA, BHA, HGB2, BHB2) at different points in 
time and analyzing for isotopic composition would be a useful approach as the site has shown to have 
significant transience on the seasonal scale, especially between the bedrock and overburden. Bacterial 
activity is contingent on a variety of factors, some which may be preferentially satisfied under certain 
seasonal conditions. Additional evidence for microbial activity could be collected by sampling for direct 
evidence (e.g., DNA/RNA census) of the bacteria shown to break down 1,4-D.  

Rock core porewater measurements at two boreholes onsite show variations in concentrations vertically 
with several higher concentration zones separated with lower concentration and peak concentrations 
decreasing with depth. Rock core porewater measurements are not always in equilibrium with sampled 
groundwater, suggesting a complex interplay of transient back diffusion into the fracture network 
groundwater onsite. Spatially varied boreholes would further the understanding of the immobile 1,4-D 
mass under the site. These boreholes would have the most value if they were spread along a line 
between area A and area B, increasing the understanding of attenuation from the historic source (BHB2) 
along the plume centerline (i.e., longsect) toward the receptor (BHA).  

The location of a longsect must be preceded by a general understanding of the plume shape. A 
maximally effective longsect would be in the plume core. Two orthogonal transects is a strong approach 
for defining the plume location. These transects may leverage existing monitoring infrastructure to reduce 
costs, though mixing data types (conventional wells vs. MLS) may introduce uncertainties. 

Constructing a transect of monitoring wells perpendicular to the straight-line between areas A and B is 
another approach that would enable an independent calculation of mass flux flowing towards the receptor 
wells and precede the longsect wells (Einarson and Mackay, 2001; Annable et al., 2005; Interstate 
Technology & Regulatory Council, 2010). Drilling a transect for mass discharge calculations would require 
multi-level samplers to be installed to be most effective. This approach has been used in other field 
evaluations of mass flux (i.e., Annable et al., 2005, Guilbeault et al., 2005), however the transect 
approach relies on Darcian assumptions, assumptions that are violated in both fractured rock and 
especially in karst aquifers. Though this is an appealing, classic mass flux-determination validation 
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technique, the cost is high, and the theoretical violation makes this an inappropriate technique to apply at 
this site. 

Another area of the CSM that could be strengthened is the site fracture distribution and bulk orientation. 
Fracture distribution is important as fractures often form the start of conduit development in karst aquifers 
(Palmer, 1991). The fracture distribution identified as part of this thesis is limited by the poor quality of the 
core. New boreholes onsite, especially those that would be logged with downhole geophysical tools, 
should be drilled using wireline coring to minimize physical disruption of the rock to better characterize 
site fracture distributions. 

The conduit network in and around the site has not been treated in this study, however as the most 
permeable features in a system, conduits carry most of the flow in karst aquifers. A further 
characterization activity that would help define hydraulic connection would be to conduct a tracer 
investigation by using a conservative tracer in one of the sinkholes near the site upgradient and 
monitoring onsite. Tracer injections and investigations are a common tool in karst investigations, as the 
likelihood of intercepting an active conduit with a borehole is very low ( Worthington et al., 2000, 
Worthington, 2009). Because the conduit network will dominate the flow system, understanding the 
distribution of 1,4-D in relation to these high flow features is critical. A focused dye tracer study through a 
sinkhole or karst window would trace some of the active conduit network around the site.  

Traditional 2-inch well-compatible passive flux meters could be installed in the conventional wells at areas 
A, D, and E. These would provide insight into mass flux out of the potential flowpath between A and B. 
Installing traditional PFMs would also provide further validation of the FLUTe™ PFM. Laboratory studies 
of the desorption of 1,4-D from AMB using dichloromethane could be conducted to assess the potential 
interference from different materials in PFM design. 

7 Conclusions 
The results of this investigation present the first quantified field evidence for 1,4-D diffusion into a bedrock 
matrix following the simple analytical model of Adamson et al. (2016). 1,4-D is detected in the rock matrix 
at concentrations greater than the groundwater, suggesting forward and back diffusion of this recalcitrant 
semi-volatile organic compound to be a major process at this site. The presence of 1,4-D diffused into the 
matrix suggests back diffusion and tailing effects will be present at this site in the future. Storage in matrix 
porewater is shown to be significant for 1,4-D, a hydrophilic, less-sorptive compound. Storage in the 
bedrock matrix also serves to retard the movement of 1,4-D in the subsurface, potentially reducing spatial 
magnitude of 1,4-D plumes and mass discharge at impacted sites. 

An adapted type of PFM was successfully deployed in series sealed behind a FLUTe™ liner to quantify 
groundwater specific discharge and 1,4-D mass flux. This is a novel configuration of the PFM technology 
that was successfully able to measure a reasonable horizontal specific discharge and integrate that with 
time weighted average 1,4-D concentrations to assess mass flux in the FAS onsite. 

This investigation is also the first application of a suite of high resolution DFN-M methods to a poorly 
indurated karst aquifer with very low 1,4-D concentrations persistent after TCA remediation (i.e., 1,4-D 
that is remnant) at an industrial site. The DFN-M tools applied here, namely porewater groundwater 
quality assessment and temporary deployments, are critical to understanding the transport and fate of an 
aged 1,4-D plume derived as a stabilizer in a TCA plume remediated by pump and treat. The 
quantification of the site fracture network and characteristics at the two boreholes onsite was not sufficient 
quality due to drilling techniques; despite these challenged multiple lines of evidence support construction 
and refinement of a process based CSM. Rotosonic drilling precluded the identification of fractures in the 
core that was brought to surface as much of it was highly disturbed and rubblized, potentially an effect of 
vibrational energy translated into the bedrock because of the drilling process combined with the weak 
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cementation of the matrix materials. The rough and highly variable diameter of the cored hole and 
lithology likely caused the acoustic energy to be scattered and poorly received by the ATV, resulting in 
using only the optical televiewer to count fractures. The OTV fracture counts are therefore biased by the 
clarity and shadows in the borehole, but more importantly the downhole fracture distribution could not be 
validated via an independent dataset. 

This study demonstrates the use and efficacy of the CoreDFN methodology for characterization of 
contaminant mass via high resolution rock core sampling at very low concentrations and how mass 
distributions vary with depth and position relative to lithostratigraphy and hydraulically active features. 
FLUTe™ liners constructed with 840-denier ballisitic nylon are shown to be robust and boreholes with 
variable diameter need oversized liners to sufficiently seal. FLUTe™ liners create temporary depth 
discrete, high resolution monitoring systems extending the advancements of Pehme et al. (2013, 2014), 
Maldaner et al. (2019) and others.This work extends the viability of PFMs in a modular, system through 
the use of FLUTe™ liners to characterize water and 1,4-D flux on a site with low hydraulic gradients. 
Using flexible configurations of sensors allows for data feedback to inform site characterization activities. 
Constructing a transect of wells is time and cost intensive. Temporarily deployed PFMs utilize existing 
characterization boreholes and measure water and mass flux directly. Though the presence and degree 
of seal provided by the liner is dictated by borehole diameter rather than by design, measurements at 
multiple depth-discrete intervals remained highly insightful showing the merits in multi-scaled 
measurements at sites, i.e. high resolution methods to refine a CSM and inform processes as a 
compliment to coventional well data. Dynamic investigations that adapt to site data as it is analyzed 
represents a marked departure from many traditional site characterization activities, as the expense of 
drilling and well installation typically require the execution of a pre-planned program. 
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Appendix A - Porewater Calculations 
The below tables detail the calculation of porewater used in this thesis. Each column is preserved to 
explicitly trace the steps of conversion from sample collected at the core to the associated porewater 
concentration. Some columns are repeated to aid the reader. The columns are as follows 

1. Site ID: Site identifier
2. Borehole ID: Borehole identifier
3. Date: Date sample was collected
4. VOC Sample ID: Sample label submitted for 1,4-dioxane analysis
5. Core run: Number of the 10-ft section of core from which that sample came.
6. Core Run interval: Depth in feet below ground surface that is the core run
7. Sample depth: 6 cm (0.2 ft) interval from which the sample was collected
8. Centre of sample: Midpoint of sample depth
9. Extracted 1,4-dioxane Concentration: Analytical result of equilibrated sample
10. Analytical QA/QC flag: Quality Assurance/Quality Control indicators for results that were flagged

by the lab for exceeding or failing to meet criteria. U is non-detect; J is not quantifiable.
11. Mass of extractant: Mass of fluid used to equilibrate with 1,4-dioxane during extraction
12. Mass of Dry Rock Sample: Mass of rock sample before being added to extractant
13. Mass of Water in Sample: Wet rock mass multiplied by the moisture content ratio defined by

the moisture content split sample.
14. 1,4-Dioxane Concentration (ug/g rock): Concentration of 1,4-dioxane expressed per unit weight

of rock.
15. MC Sample ID: Moisture content sample identifier used to track moisture content split samples
16. Mass of water in the sample: gravimetrically determined mass of water in the moisture content

sample
17. Void ratio: Assumed particle density multiplied by the water content ratio
18. Gravimetric water content ratio: Gravimetrically determined from the moisture content sample
19. Matrix porosity: derived from Void ratio
20. Dry bulk density: Derived from moisture content sample
21. Wet bulk density: Derived from moisture content sample
22. Estimated Porewater 1,4-Dioxane: Computed porewater concentration
23. Estimated Porewater 1,4-Dioxane Ranges: Estimated upper and lower bound in porewater

concentration.
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Borehole 

ID
Date VOC Sample ID

Core 

Run

Centre 

of 

Sample 

(ft bgs)

Extracted 1,4-

Dioxane 

Concentration

(ug/L)

Analytical 

and QA/QC 

Flags

BHB2 43200 LMOC_DIOX_001 11 97 107 107.3 108.1 107.7 3.94

BHB2 43201 LMOC_DIOX_002 12 105 127 108.1 108.3 108.2 7.01

BHB2 43201 LMOC_DIOX_003 12 105 127 108.9 109.1 109 7.1

BHB2 43201 LMOC_DIOX_004 12 105 127 109.9 110.1 110 7.77

BHB2 43201 LMOC_DIOX_005 12 105 127 111.1 111.3 111.2 4.97

BHB2 43201 LMOC_DIOX_006 12 105 127 111.8 112 111.9 4.18

BHB2 43201 LMOC_DIOX_007 12 105 127 112 112.2 112.1 5.61

BHB2 43201 LMOC_DIOX_008 12 105 127 112.9 113.1 113 5.2

BHB2 43201 LMOC_DIOX_009 12 105 127 113.1 113.3 113.2 5.25

BHB2 43201 LMOC_DIOX_010 12 105 127 118.9 119.1 119 6.7

BHB2 43201 LMOC_DIOX_011 12 105 127 119.3 119.5 119.4 6.16

BHB2 43201 LMOC_DIOX_012 12 105 127 121 121.2 121.1 7.33

BHB2 43201 LMOC_DIOX_013 12 105 127 122 122.2 122.1 8.88

BHB2 43201 LMOC_DIOX_014 12 105 127 123.2 123.4 123.3 7.92

BHB2 43201 LMOC_DIOX_015 12 105 127 124.3 124.5 124.4 7.01

BHB2 43201 LMOC_DIOX_016 12 105 127 125.5 125.7 125.6 5.95

BHB2 43201 LMOC_DIOX_017 13 127 137 127.6 127.8 127.7 7.57

BHB2 43201 LMOC_DIOX_018 13 127 137 128.3 128.5 128.4 12.5

BHB2 43201 LMOC_DIOX_019 13 127 137 129 129.2 129.1 13.4

BHB2 43201 LMOC_DIOX_020 13 127 137 130.1 130.3 130.2 10.3

BHB2 43201 LMOC_DIOX_021 13 127 137 131.5 131.7 131.6 15.3

BHB2 43201 LMOC_DIOX_022 13 127 137 132.7 132.9 132.8 18.4

BHB2 43201 LMOC_DIOX_023 13 127 137 134 134.2 134.1 12.7

BHB2 43201 LMOC_DIOX_024 13 127 137 135.1 135.3 135.2 10.2

Core Run 

Interval

(ft bgs) 

Sample Depth

(ft bgs)

Table A1 -  Sample specific location and extractant measurements
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BHB2 43201 LMOC_DIOX_025 13 127 137 136.2 136.4 136.3 9.17

BHB2 43201 LMOC_DIOX_026 14 137 147 137.8 138 137.9 13

BHB2 43201 LMOC_DIOX_027 14 137 147 139 139.2 139.1 13.7

BHB2 43201 LMOC_DIOX_028 14 137 147 140.65 140.85 140.75 15.2

BHB2 43201 LMOC_DIOX_029 14 137 147 141 141.2 141.1 12.9

BHB2 43201 LMOC_DIOX_030 14 137 147 142 142.2 142.1 11.2

BHB2 43201 LMOC_DIOX_031 14 137 147 142.8 143 142.9 8.33

BHB2 43201 LMOC_DIOX_032 14 137 147 144 144.2 144.1 5.68

BHB2 43201 LMOC_DIOX_033 14 137 147 145 145.2 145.1 4.75

BHB2 43201 LMOC_DIOX_034 14 137 147 146 146.2 146.1 4.3

BHB2 43201 LMOC_DIOX_035 15 147 157 148.1 148.3 148.2 3.28

BHB2 43201 LMOC_DIOX_037 15 147 157 150.5 150.7 150.6 2.2

BHB2 43201 LMOC_DIOX_039 15 147 157 152.7 153 152.85 1.48

BHB2 43201 LMOC_DIOX_041 15 147 157 154 154.2 154.1 0.96

BHB2 43201 LMOC_DIOX_043 17 167 177 167.6 167.8 167.7 0.61

BHB2 43201 LMOC_DIOX_045 17 167 177 169.5 169.7 169.6 0.94 J

BHB2 43201 LMOC_DIOX_047 19 177 197 178 178.2 178.1 0.38 J

BHB2 43201 LMOC_DIOX_049 19 177 197 180.4 180.2 180.3 0.89

BHB2 43201 LMOC_DIOX_051 19 177 197 182 182.2 182.1 1.05

BHB2 43201 LMOC_DIOX_053 19 177 197 183.8 184 183.9 0.29 J

BHB2 43201 LMOC_DIOX_054 19 177 197 185 185.2 185.1 0.5

BHB2 43201 LMOC_DIOX_055 19 177 197 186.6 186.8 186.7 0.6 U

BHB2 43201 LMOC_DIOX_057 19 177 197 188.2 188.4 188.3 0.5 U

BHB2 43201 LMOC_DIOX_058 20 197 207 198.1 198.4 198.25 0.47 J

BHB2 43201 LMOC_DIOX_060 20 197 207 201.8 202 201.9 0.78

BHB2 43201 LMOC_DIOX_062 20 197 207 203 203.2 203.1 0.91

BHB2 43201 LMOC_DIOX_064 20 197 207 204.9 205.1 205 0.72

BHB2 43201 LMOC_DIOX_066 21 207 217 207.8 208 207.9 0.76

BHB2 43201 LMOC_DIOX_068 21 207 217 209.8 210 209.9 1.16

BHB2 43201 LMOC_DIOX_070 21 207 217 211 211.2 211.1 1.47

BHB2 43201 LMOC_DIOX_072 21 207 217 212.2 212.4 212.3 1.33

BHB2 43201 LMOC_DIOX_074 21 207 217 213.6 213.8 213.7 1.38

BHB2 43201 LMOC_DIOX_075 21 207 217 214.6 214.8 214.7 1.62

BHB2 43201 LMOC_DIOX_076 21 207 217 215.8 216 215.9 1.36
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BHA 43203 LMOC_DIOX_077 10 107 117 107.6 107.9 107.75 8.78

BHA 43203 LMOC_DIOX_078 10 107 117 108.3 108.5 108.4 0.68

BHA 43203 LMOC_DIOX_079 10 107 117 109.3 109.5 109.4 2.03

BHA 43204 LMOC_DIOX_080 11 115 127 117.4 117.6 117.5 3.65

BHA 43204 LMOC_DIOX_081 11 115 127 118.5 118.7 118.6 3.22

BHA 43204 LMOC_DIOX_082 11 115 127 119.5 119.7 119.6 1.06 J

BHA 43204 LMOC_DIOX_083 11 115 127 120.3 120.5 120.4 0.36 J

BHA 43204 LMOC_DIOX_085 11 115 127 122.5 122.7 122.6 1.5

BHA 43204 LMOC_DIOX_086 11 115 127 123.6 123.8 123.7 1.47

BHA 43204 LMOC_DIOX_087 12 127 137 127.5 127.7 127.6 1.5

BHA 43204 LMOC_DIOX_088 12 127 137 129.3 129.5 129.4 1.75

BHA 43204 LMOC_DIOX_089 12 127 137 130.3 130.5 130.4 1.51

BHA 43204 LMOC_DIOX_090 12 127 137 131.4 131.6 131.5 1.44

BHA 43204 LMOC_DIOX_092 12 127 137 133.5 133.7 133.6 1.46

BHA 43204 LMOC_DIOX_094 12 127 137 135.7 135.9 135.8 1.02

BHA 43204 LMOC_DIOX_095 12 127 137 136.6 136.8 136.7 0.93

BHA 43204 LMOC_DIOX_096 13 137 147 137.2 137.4 137.3 0.84

BHA 43204 LMOC_DIOX_098 13 137 147 140 140.2 140.1 1.29

BHA 43204 LMOC_DIOX_099 13 137 147 141 141.2 141.1 1.14

BHA 43204 LMOC_DIOX_100 13 137 147 141.6 141.8 141.7 1.28

BHA 43204 LMOC_DIOX_102 13 137 147 143.3 143.5 143.4 1.71

BHA 43204 LMOC_DIOX_104 13 137 147 145.5 145.7 145.6 1.07

BHA 43204 LMOC_DIOX_106 14 147 157 147.2 147.4 147.3 0.5 U

BHA 43204 LMOC_DIOX_108 14 147 157 148.8 149 148.9 0.41 J

BHA 43204 LMOC_DIOX_110 14 147 157 150.7 150.9 150.8 0.97

BHA 43204 LMOC_DIOX_112 14 147 157 152.5 152.7 152.6 0.66

BHA 43204 LMOC_DIOX_114 14 147 157 154.8 155 154.9 0.5 U

BHA 43204 LMOC_DIOX_116 15 157 167 158.3 158.5 158.4 0.5 U

BHA 43204 LMOC_DIOX_118 15 157 167 161 161.2 161.1 0.64

BHA 43204 LMOC_DIOX_120 15 157 167 163.5 163.7 163.6 0.63

BHA 43204 LMOC_DIOX_122 15 157 167 165.5 165.7 165.6 0.69

BHA 43204 LMOC_DIOX_124 16 167 177 168.3 168.5 168.4 1.17

BHA 43204 LMOC_DIOX_125 16 167 177 169.6 169.8 169.7 1.42

BHA 43204 LMOC_DIOX_126 16 167 177 170.8 171 170.9 1.81
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BHA 43204 LMOC_DIOX_128 16 167 177 172.7 172.9 172.8 1.62

BHA 43204 LMOC_DIOX_130 16 167 177 175 175.2 175.1 1.75

BHA 43204 LMOC_DIOX_132 17 177 187 179 179.2 179.1 1.7

BHA 43204 LMOC_DIOX_133 17 177 187 180.1 180.3 180.2 2.23

BHA 43204 LMOC_DIOX_134 17 177 187 181.5 181.7 181.6 2

BHA 43204 LMOC_DIOX_135 17 177 187 182.4 182.6 182.5 2.24

BHA 43204 LMOC_DIOX_136 17 177 187 183.3 183.5 183.4 1.7

BHA 43204 LMOC_DIOX_138 18 187 197 187.8 188 187.9 0.72

BHA 43204 LMOC_DIOX_140 18 187 197 190 190.2 190.1 0.48 J

43204 LMOC_DIOX_142 18 187 197 192.4 192.6 192.5 0.5 U

BHA 43204 LMOC_DIOX_144 18 187 197 194.8 195 194.9 0.5 U

BHA 43204 LMOC_DIOX_147 19 197 207 199.45 199.65 199.55 0.5 U

BHA 43204 LMOC_DIOX_148 19 197 207 200.3 200.5 200.4 0.5 U

BHA 43204 LMOC_DIOX_150 19 197 207 202.7 202.9 202.8 0.5 U

BHA 43204 LMOC_DIOX_152 19 197 207 205.4 205.6 205.5 0.4 J

BHA 43204 LMOC_DIOX_154 21 217 237 219.8 220 219.9 0.94

BHA 43204 LMOC_DIOX_155 21 217 237 220.8 221 220.9 1.01

BHA 43204 LMOC_DIOX_156 21 217 237 222 222.2 222.1 1.03

BHA 43204 LMOC_DIOX_157 21 217 237 223.1 223.3 223.2 0.67

BHA 43204 LMOC_DIOX_158 21 217 237 224.7 224.9 224.8 0.42 J

BHA 43204 LMOC_DIOX_159 21 217 237 225.6 225.8 225.7 0.31 J

BHA 43204 LMOC_DIOX_160 21 217 237 226.5 226.7 226.6 0.5 U
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VOC Sample ID

Centre of 

Sample 

(ft bgs)

Extracted 1,4-

Dioxane 

Concentration

(ug/L)

Mass of 

Extractant

(g)

Mass of Dry 

Rock Sample

(g) 

Mass of 

Water in 

Sample

(g)

1,4-Dioxane 

Concentration 

(μg/g rock)

Analytical 

and 

QA/QC 

Flags

DIOX_001 107.7 3.94 103.247 226.836 42.279 0.003

DIOX_002 108.2 7.01 103.446 217.640 55.976 0.005

DIOX_003 109 7.1 103.458 195.275 62.990 0.006

DIOX_004 110 7.77 103.525 190.664 60.212 0.007

DIOX_005 111.2 4.97 103.277 212.943 48.011 0.004

DIOX_006 111.9 4.18 103.389 233.538 41.361 0.003

DIOX_007 112.1 5.61 103.398 224.751 47.136 0.004

DOX_008 113 5.2 103.246 277.827 47.077 0.003

DIOX_009 113.2 5.25 103.346 230.950 41.549 0.003

DIOX_010 119 6.7 103.440 220.623 57.331 0.005

DIOX_011 119.4 6.16 103.480 214.581 54.079 0.005

DIOX_012 121.1 7.33 101.069 216.169 58.980 0.005

DIOX_013 122.1 8.88 101.343 230.710 63.143 0.006

DIOX_014 123.3 7.92 101.370 227.629 61.779 0.006

DIOX_015 124.4 7.01 101.436 225.329 52.920 0.005

DIOX_016 125.6 5.95 101.709 251.846 43.561 0.003

DIOX_017 127.7 7.57 101.700 232.098 49.866 0.005

DIOX_018 128.4 12.5 101.653 189.876 76.281 0.012

DIOX_019 129.1 13.4 101.713 194.850 73.412 0.012

DIOX_020 130.2 10.3 102.099 224.827 57.812 0.007

DIOX_021 131.6 15.3 102.009 206.271 68.083 0.013

DIOX_022 132.8 18.4 102.011 219.866 73.214 0.015

DIOX_023 134.1 12.7 102.179 188.822 73.831 0.012

DIOX_024 135.2 10.2 102.097 229.626 58.260 0.007

1,4-d Sample

Table A2 -  Sample specific rock  1,4-dioxane measurements

79



DIOX_025 136.3 9.17 102.377 233.737 50.630 0.006

DIOX_026 137.9 13 102.399 213.891 71.234 0.011

DIOX_027 139.1 13.7 102.297 206.641 68.893 0.011

DIOX_028 140.75 15.2 102.230 204.687 68.916 0.013

DIOX_029 141.1 12.9 102.252 217.917 63.262 0.010

DIOX_030 142.1 11.2 102.155 218.605 68.617 0.009

DIOX_031 142.9 8.33 102.137 224.690 66.569 0.006

DIOX_032 144.1 5.68 102.192 222.650 61.392 0.004

DIOX_033 145.1 4.75 100.639 216.351 68.383 0.004

DIOX_034 146.1 4.3 101.388 209.825 63.681 0.003

DIOX_035 148.2 3.28 101.453 215.211 70.464 0.003

DIOX_037 150.6 2.2 102.149 229.726 64.635 0.002

DIOX_039 152.85 1.48 100.873 258.512 55.225 0.001

DIOX_041 154.1 0.96 100.664 304.234 44.360 0.000

DIOX_043 167.7 0.61 100.338 264.934 35.842 0.000

DIOX_045 169.6 0.94 100.093 225.043 59.952 0.001 J

DIOX_047 178.1 0.38 100.763 260.723 55.588 0.000 J

DIOX_049 180.3 0.89 100.729 227.391 64.005 0.001

DIOX_051 182.1 1.05 100.767 237.821 64.660 0.001

DIOX_053 183.9 0.29 100.725 318.370 19.291 0.000 J

DIOX_054 185.1 0.5 100.709 350.889 23.201 0.000

DIOX_055 186.7 0.6 100.258 333.053 40.243 0.000 U

DIOX_057 188.3 0.5 100.531 323.036 13.021 0.000 U

DIOX_058 198.25 0.47 100.461 294.147 56.974 0.000 J

DIOX_060 201.9 0.78 100.624 230.275 84.053 0.001

DIOX_062 203.1 0.91 100.687 209.042 77.480 0.001

DIOX_064 205 0.72 100.782 214.383 72.836 0.001

DIOX_066 207.9 0.76 101.107 201.994 71.748 0.001

DIOX_068 209.9 1.16 100.892 222.938 76.919 0.001

DIOX_070 211.1 1.47 100.994 220.591 68.000 0.001

DIOX_072 212.3 1.33 100.859 215.769 68.793 0.001

DIOX_074 213.7 1.38 100.890 230.999 65.587 0.001

DIOX_075 214.7 1.62 100.914 230.951 68.240 0.001

DIOX_076 215.9 1.36 100.965 212.966 73.956 0.001
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DIOX_077 107.75 8.78 100.947 338.850 24.364 0.003

DIOX_078 108.4 0.68 100.944 232.167 25.845 0.000

DIOX_079 109.4 2.03 101.045 225.885 70.841 0.002

DIOX_080 117.5 3.65 101.025 231.786 62.774 0.003

DIOX_081 118.6 3.22 100.870 267.242 55.262 0.002

DIOX_082 119.6 1.06 101.063 319.198 23.686 0.000 J

DIOX_083 120.4 0.36 100.937 303.797 31.138 0.000 J

DIOX_085 122.6 1.5 100.944 309.655 46.212 0.001

DIOX_086 123.7 1.47 101.027 298.937 44.915 0.001

DIOX_087 127.6 1.5 101.020 242.915 81.858 0.001

DIOX_088 129.4 1.75 101.107 181.111 83.522 0.002

DIOX_089 130.4 1.51 101.304 212.066 78.875 0.001

DIOX_090 131.5 1.44 106.086 200.948 66.784 0.001

DIOX_092 133.6 1.46 102.602 236.173 64.676 0.001

DIOX_094 135.8 1.02 100.952 265.318 59.415 0.001

DIOX_095 136.7 0.93 101.172 273.078 58.371 0.001

DIOX_096 137.3 0.84 101.279 250.520 70.049 0.001

DIOX_098 140.1 1.29 101.178 209.662 76.872 0.001

DIOX_099 141.1 1.14 101.266 213.305 78.255 0.001

DIOX_100 141.7 1.28 101.033 192.547 77.022 0.001

DIOX_102 143.4 1.71 101.186 200.508 84.381 0.002

DIOX_104 145.6 1.07 101.533 222.642 65.957 0.001

DIOX_106 147.3 0.5 101.484 316.859 21.565 0.000 U

DIOX_108 148.9 0.41 101.478 310.961 52.366 0.000 J

DIOX_110 150.8 0.97 101.341 270.513 51.253 0.001

DIOX_112 152.6 0.66 100.635 301.490 30.179 0.000

DIOX_114 154.9 0.5 100.982 314.714 22.887 0.000 U

LDIOX_116 158.4 0.5 100.863 283.793 38.334 0.000 U

DIOX_118 161.1 0.64 100.918 260.078 51.975 0.000

DIOX_120 163.6 0.63 100.860 272.896 49.173 0.000

DIOX_122 165.6 0.69 100.841 261.033 49.308 0.000

DIOX_124 168.4 1.17 101.013 265.823 64.029 0.001

DIOX_125 169.7 1.42 100.885 232.624 78.290 0.001

DIOX_126 170.9 1.81 100.912 215.453 77.901 0.002
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DIOX_128 172.8 1.62 100.898 214.656 73.933 0.001

DIOX_130 175.1 1.75 100.891 215.058 75.093 0.001

DIOX_132 179.1 1.7 100.949 213.948 78.599 0.001

DIOX_133 180.2 2.23 101.036 219.678 78.558 0.002

DIOX_134 181.6 2 101.028 219.385 78.095 0.002

DIOX_135 182.5 2.24 101.098 222.450 64.388 0.002

DIOX_136 183.4 1.7 101.226 203.904 77.038 0.001

DIOX_138 187.9 0.72 101.287 294.128 42.253 0.000

DIOX_140 190.1 0.48 101.292 266.086 43.455 0.000 J

DIOX_142 192.5 0.5 101.210 219.604 79.756 0.000 U

DIOX_144 194.9 0.5 100.791 205.069 82.028 0.000 U

DIOX_147 199.55 0.5 100.960 168.495 97.071 0.001 U

DIOX_148 200.4 0.5 101.211 232.774 76.131 0.000 U

DIOX_150 202.8 0.5 101.172 219.403 58.987 0.000 U

DIOX_152 205.5 0.4 101.420 239.027 56.677 0.000 J

DIOX_154 219.9 0.94 101.435 185.698 94.777 0.001

DIOX_155 220.9 1.01 101.116 198.039 81.612 0.001

DIOX_156 222.1 1.03 101.467 241.383 63.181 0.001

DIOX_157 223.2 0.67 101.352 221.131 78.053 0.001

DIOX_158 224.8 0.42 101.405 208.651 74.114 0.000 J

DIOX_159 225.7 0.31 101.491 193.725 72.754 0.000 J

DIOX_160 226.6 0.5 101.894 214.245 78.873 0.000 U
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VOC Sample ID

Centre 

of 

Sample 

(ft bgs)

Extracted 1,4-

Dioxane 

Concentration

(ug/L)

Analytical 

and 

QA/QC 

Flags

MC Sample ID

Mass of 

Water

(g)

Void 

Ratio

(-)

Gravimetric 

Water 

Content 

Ratio

(-)

Matrix 

Porosity 

Φ

(-)

Dry Bulk 

Density 

ρb,dry

(g/cm3)

Wet Bulk 

Density ρb, 

wet

(g/cm3)

DIOX_001 107.7 3.94 LMOC_MC_001 3.998 0.494 0.186 0.33 1.77 2.10

DIOX_002 108.2 7.01 LMOC_MC_002 10.542 0.682 0.257 0.41 1.58 1.98

DIOX_003 109 7.1 LMOC_MC_003 8.859 0.855 0.323 0.46 1.43 1.89

DIOX_004 110 7.77 LMOC_MC_004 9.026 0.837 0.316 0.46 1.44 1.90

DIOX_005 111.2 4.97 LMOC_MC_005 5.753 0.597 0.225 0.37 1.66 2.03

DIOX_006 111.9 4.18 LMOC_MC_006 5.661 0.469 0.177 0.32 1.80 2.12

DIOX_007 112.1 5.61 LMOC_MC_007 5.862 0.556 0.210 0.36 1.70 2.06

DIOX_008 113 5.2 LMOC_MC_008 4.986 0.449 0.169 0.31 1.83 2.14

DIOX_009 113.2 5.25 LMOC_MC_009 4.433 0.477 0.180 0.32 1.79 2.12

DIOX_010 119 6.7 LMOC_MC_010 6.294 0.689 0.260 0.41 1.57 1.98

DIOX_011 119.4 6.16 LMOC_MC_011 5.638 0.668 0.252 0.40 1.59 1.99

DIOX_012 121.1 7.33 LMOC_MC_012 7.603 0.723 0.273 0.42 1.54 1.96

DIOX_013 122.1 8.88 LMOC_MC_013 6.487 0.725 0.274 0.42 1.54 1.96

DIOX_014 123.3 7.92 LMOC_MC_014 6.413 0.719 0.271 0.42 1.54 1.96

DIOX_015 124.4 7.01 LMOC_MC_015 4.966 0.622 0.235 0.38 1.63 2.02

DIOX_016 125.6 5.95 LMOC_MC_016 5.376 0.458 0.173 0.31 1.82 2.13

DIOX_017 127.7 7.57 LMOC_MC_017 7.254 0.569 0.215 0.36 1.69 2.05

DIOX_018 128.4 12.5 LMOC_MC_018 12.936 1.065 0.402 0.52 1.28 1.80

DIOX_019 129.1 13.4 LMOC_MC_019 10.431 0.998 0.377 0.50 1.33 1.83

DIOX_020 130.2 10.3 LMOC_MC_020 8.686 0.681 0.257 0.41 1.58 1.98

DIOX_021 131.6 15.3 LMOC_MC_021 7.979 0.875 0.330 0.47 1.41 1.88

DIOX_022 132.8 18.4 LMOC_MC_022 7.830 0.882 0.333 0.47 1.41 1.88

DIOX_023 134.1 12.7 LMOC_MC_023 10.791 1.036 0.391 0.51 1.30 1.81

DIOX_024 135.2 10.2 LMOC_MC_024 6.736 0.672 0.254 0.40 1.58 1.99

Moisture Content Sample

Table A3 -  Sample specific rock moisture content measurements
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DIOX_025 136.3 9.17 LMOC_MC_025 5.398 0.574 0.217 0.36 1.68 2.05

DIOX_026 137.9 13 LMOC_MC_026 10.158 0.883 0.333 0.47 1.41 1.88

DIOX_027 139.1 13.7 LMOC_MC_027 10.562 0.884 0.333 0.47 1.41 1.88

DIOX_028 140.75 15.2 LMOC_MC_028 10.576 0.892 0.337 0.47 1.40 1.87

DIOX_029 141.1 12.9 LMOC_MC_029 7.999 0.769 0.290 0.43 1.50 1.93

DIOX_030 142.1 11.2 LMOC_MC_030 8.904 0.832 0.314 0.45 1.45 1.90

DIOX_031 142.9 8.33 LMOC_MC_031 8.983 0.785 0.296 0.44 1.48 1.92

DIOX_032 144.1 5.68 LMOC_MC_032 9.111 0.731 0.276 0.42 1.53 1.95

DIOX_033 145.1 4.75 LMOC_MC_033 8.468 0.838 0.316 0.46 1.44 1.90

DIOX_034 146.1 4.3 LMOC_MC_034 8.974 0.804 0.303 0.45 1.47 1.91

DIOX_035 148.2 3.28 LMOC_MC_035 8.324 0.868 0.327 0.46 1.42 1.88

DIOX_037 150.6 2.2 LMOC_MC_037 11.174 0.746 0.281 0.43 1.52 1.95

DIOX_039 152.85 1.48 LMOC_MC_039 8.662 0.566 0.214 0.36 1.69 2.05

DIOX_041 154.1 0.96 LMOC_MC_041 5.295 0.386 0.146 0.28 1.91 2.19

DIOX_043 167.7 0.61 LMOC_MC_043 4.146 0.359 0.135 0.26 1.95 2.21

DIOX_045 169.6 0.94 J LMOC_MC_045 8.365 0.706 0.266 0.41 1.55 1.97

DIOX_047 178.1 0.38 J LMOC_MC_047 10.498 0.565 0.213 0.36 1.69 2.05

DIOX_049 180.3 0.89 LMOC_MC_049 7.943 0.746 0.281 0.43 1.52 1.95

DIOX_051 182.1 1.05 LMOC_MC_051 10.738 0.720 0.272 0.42 1.54 1.96

DIOX_053 183.9 0.29 J LMOC_MC_053 2.269 0.161 0.061 0.14 2.28 2.42

DIOX_054 185.1 0.5 LMOC_MC_054 2.272 0.175 0.066 0.15 2.25 2.40

DIOX_055 186.7 0.6 U LMOC_MC_055 4.212 0.320 0.121 0.24 2.01 2.25

DIOX_057 188.3 0.5 U LMOC_MC_057 1.460 0.107 0.040 0.10 2.39 2.49

DIOX_058 198.25 0.47 J LMOC_MC_058 5.773 0.513 0.194 0.34 1.75 2.09

DIOX_060 201.9 0.78 LMOC_MC_060 12.286 0.967 0.365 0.49 1.35 1.84

DIOX_062 203.1 0.91 LMOC_MC_062 10.265 0.982 0.371 0.50 1.34 1.83

DIOX_064 205 0.72 LMOC_MC_064 10.046 0.900 0.340 0.47 1.39 1.87

DIOX_066 207.9 0.76 LMOC_MC_066 9.872 0.941 0.355 0.48 1.37 1.85

DIOX_068 209.9 1.16 LMOC_MC_068 10.400 0.914 0.345 0.48 1.38 1.86

DIOX_070 211.1 1.47 LMOC_MC_070 11.553 0.817 0.308 0.45 1.46 1.91

DIOX_072 212.3 1.33 LMOC_MC_072 10.087 0.845 0.319 0.46 1.44 1.89

DIOX_074 213.7 1.38 LMOC_MC_074 7.224 0.752 0.284 0.43 1.51 1.94

DIOX_075 214.7 1.62 LMOC_MC_075 9.077 0.783 0.295 0.44 1.49 1.93

DIOX_076 215.9 1.36 LMOC_MC_076 9.670 0.920 0.347 0.48 1.38 1.86
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DIOX_077 107.75 8.78 LMOC_MC_077 2.509 0.191 0.072 0.16 2.23 2.39

DIOX_078 108.4 0.68 LMOC_MC_078 2.905 0.295 0.111 0.23 2.05 2.27

DIOX_079 109.4 2.03 LMOC_MC_079 8.218 0.831 0.314 0.45 1.45 1.90

DIOX_080 117.5 3.65 LMOC_MC_080 7.733 0.718 0.271 0.42 1.54 1.96

DIOX_081 118.6 3.22 LMOC_MC_081 6.924 0.548 0.207 0.35 1.71 2.07

DIOX_082 119.6 1.06 J LMOC_MC_082 2.005 0.197 0.074 0.16 2.21 2.38

DIOX_083 120.4 0.36 J LMOC_MC_083 3.563 0.272 0.102 0.21 2.08 2.30

DIOX_085 122.6 1.5 LMOC_MC_085 4.365 0.395 0.149 0.28 1.90 2.18

DIOX_086 123.7 1.47 LMOC_MC_086 5.129 0.398 0.150 0.28 1.90 2.18

DIOX_087 127.6 1.5 LMOC_MC_087 12.874 0.893 0.337 0.47 1.40 1.87

DIOX_088 129.4 1.75 LMOC_MC_088 11.893 1.222 0.461 0.55 1.19 1.74

DIOX_089 130.4 1.51 LMOC_MC_089 11.521 0.986 0.372 0.50 1.33 1.83

DIOX_090 131.5 1.44 LMOC_MC_090 8.072 0.881 0.332 0.47 1.41 1.88

DIOX_092 133.6 1.46 LMOC_MC_092 7.388 0.726 0.274 0.42 1.54 1.96

DIOX_094 135.8 1.02 LMOC_MC_094 7.561 0.593 0.224 0.37 1.66 2.04

DIOX_095 136.7 0.93 LMOC_MC_095 7.246 0.566 0.214 0.36 1.69 2.05

DIOX_096 137.3 0.84 LMOC_MC_096 11.913 0.741 0.280 0.43 1.52 1.95

DIOX_098 140.1 1.29 LMOC_MC_098 9.787 0.972 0.367 0.49 1.34 1.84

DIOX_099 141.1 1.14 LMOC_MC_099 10.334 0.972 0.367 0.49 1.34 1.84

DIOX_100 141.7 1.28 LMOC_MC_100 8.584 1.060 0.400 0.51 1.29 1.80

DIOX_102 143.4 1.71 LMOC_MC_102 10.480 1.115 0.421 0.53 1.25 1.78

DIOX_104 145.6 1.07 LMOC_MC_104 7.663 0.785 0.296 0.44 1.48 1.92

DIOX_106 147.3 0.5 U LMOC_MC_106 1.957 0.180 0.068 0.15 2.25 2.40

DIOX_108 148.9 0.41 J LMOC_MC_108 6.393 0.446 0.168 0.31 1.83 2.14

DIOX_110 150.8 0.97 LMOC_MC_110 7.545 0.502 0.189 0.33 1.76 2.10

DIOX_112 152.6 0.66 LMOC_MC_112 2.982 0.265 0.100 0.21 2.09 2.30

DIOX_114 154.9 0.5 U LMOC_MC_114 2.313 0.193 0.073 0.16 2.22 2.38

DIOX_116 158.4 0.5 U LMOC_MC_116 4.283 0.358 0.135 0.26 1.95 2.22

DIOX_118 161.1 0.64 LMOC_MC_118 5.927 0.530 0.200 0.35 1.73 2.08

DIOX_120 163.6 0.63 LMOC_MC_120 5.919 0.477 0.180 0.32 1.79 2.12

DIOX_122 165.6 0.69 LMOC_MC_122 7.808 0.501 0.189 0.33 1.77 2.10

DIOX_124 168.4 1.17 LMOC_MC_124 8.540 0.638 0.241 0.39 1.62 2.01

DIOX_125 169.7 1.42 LMOC_MC_125 9.683 0.892 0.337 0.47 1.40 1.87

DIOX_126 170.9 1.81 LMOC_MC_126 7.640 0.958 0.362 0.49 1.35 1.84
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DIOX_128 172.8 1.62 LMOC_MC_128 10.860 0.913 0.344 0.48 1.39 1.86

DIOX_130 175.1 1.75 LMOC_MC_130 10.593 0.925 0.349 0.48 1.38 1.86

DIOX_132 179.1 1.7 LMOC_MC_132 9.958 0.974 0.367 0.49 1.34 1.84

DIOX_133 180.2 2.23 LMOC_MC_133 11.085 0.948 0.358 0.49 1.36 1.85

DIOX_134 181.6 2 LMOC_MC_134 14.219 0.943 0.356 0.49 1.36 1.85

DIOX_135 182.5 2.24 LMOC_MC_135 9.427 0.767 0.289 0.43 1.50 1.93

DIOX_136 183.4 1.7 LMOC_MC_136 13.261 1.001 0.378 0.50 1.32 1.82

DIOX_138 187.9 0.72 LMOC_MC_138 4.648 0.381 0.144 0.28 1.92 2.20

DIOX_140 190.1 0.48 J LMOC_MC_210 5.618 0.433 0.163 0.30 1.85 2.15

DIOX_142 192.5 0.5 U LMOC_MC_212 10.533 0.962 0.363 0.49 1.35 1.84

DIOX_144 194.9 0.5 U LMOC_MC_214 11.560 1.060 0.400 0.51 1.29 1.80

DIOX_147 199.55 0.5 U LMOC_MC_147 10.480 1.527 0.576 0.60 1.05 1.65

DIOX_148 200.4 0.5 U LMOC_MC_148 9.642 0.867 0.327 0.46 1.42 1.88

DIOX_150 202.8 0.5 U LMOC_MC_150 7.270 0.712 0.269 0.42 1.55 1.96

DIOX_152 205.5 0.4 J LMOC_MC_152 6.920 0.628 0.237 0.39 1.63 2.01

DIOX_154 219.9 0.94 LMOC_MC_154 13.908 1.353 0.510 0.57 1.13 1.70

DIOX_155 220.9 1.01 LMOC_MC_155 10.021 1.092 0.412 0.52 1.27 1.79

DIOX_156 222.1 1.03 LMOC_MC_156 9.388 0.694 0.262 0.41 1.56 1.97

DIOX_157 223.2 0.67 LMOC_MC_157 13.296 0.935 0.353 0.48 1.37 1.85

DIOX_158 224.8 0.42 J LMOC_MC_158 9.691 0.941 0.355 0.48 1.37 1.85

DIOX_159 225.7 0.31 J LMOC_MC_159 9.607 0.995 0.376 0.50 1.33 1.83

DIOX_160 226.6 0.5 U LMOC_MC_160 11.281 0.976 0.368 0.49 1.34 1.84
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VOC Sample ID

Centre of 

Sample 

(ft bgs)

Estimated 

Porewater

1,4-Dioxane

(no R)

(μg/L)

DIOX_001 107.7 13.6 16.3 10.8

DIOX_002 108.2 20.0 24.0 16.0

DIOX_003 109 18.8 22.5 15.0

DIOX_004 110 21.1 25.4 16.9

DIOX_005 111.2 15.7 18.8 12.5

DIOX_006 111.9 14.6 17.6 11.7

DIOX_007 112.1 17.9 21.5 14.3

DIOX_008 113 16.6 19.9 13.3

DIOX_009 113.2 18.3 22.0 14.6

DIOX_010 119 18.8 22.5 15.0

DIOX_011 119.4 17.9 21.5 14.4

DIOX_012 121.1 19.9 23.9 15.9

DIOX_013 122.1 23.1 27.8 18.5

DIOX_014 123.3 20.9 25.1 16.7

DIOX_015 124.4 20.4 24.5 16.4

DIOX_016 125.6 19.8 23.8 15.9

DIOX_017 127.7 23.0 27.6 18.4

DIOX_018 128.4 29.2 35.0 23.3

DIOX_019 129.1 32.0 38.4 25.6

DIOX_020 130.2 28.5 34.2 22.8

DIOX_021 131.6 38.2 45.9 30.6

DIOX_022 132.8 44.0 52.8 35.2

DIOX_023 134.1 30.3 36.3 24.2

DIOX_024 135.2 28.1 33.7 22.5

Estimated 

Porewater

1,4-Dioxane 

Ranges 

(no R)

 (μg/L)

Table A4 -  Sample specific calculated rock porewater values
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DIOX_025 136.3 27.7 33.3 22.2

DIOX_026 137.9 31.7 38.0 25.4

DIOX_027 139.1 34.0 40.9 27.2

DIOX_028 140.75 37.7 45.3 30.2

DIOX_029 141.1 33.8 40.5 27.0

DIOX_030 142.1 27.9 33.4 22.3

DIOX_031 142.9 21.1 25.3 16.9

DIOX_032 144.1 15.1 18.2 12.1

DIOX_033 145.1 11.7 14.1 9.4

DIOX_034 146.1 11.1 13.4 8.9

DIOX_035 148.2 8.0 9.6 6.4

DIOX_037 150.6 5.7 6.8 4.5

DIOX_039 152.85 4.2 5.0 3.3

DIOX_041 154.1 3.1 3.8 2.5

DIOX_043 167.7 2.3 2.8 1.9

DIOX_045 169.6 2.5 3.0 2.0

DIOX_047 178.1 1.1 1.3 0.9

DIOX_049 180.3 2.3 2.7 1.8

DIOX_051 182.1 2.7 3.2 2.1

DIOX_053 183.9 1.8 2.2 1.4

DIOX_054 185.1 2.7 3.2 2.1

DIOX_055 186.7 2.1 2.5 1.7

DIOX_057 188.3 4.4 5.2 3.5

DIOX_058 198.25 1.3 1.6 1.0

DIOX_060 201.9 1.7 2.1 1.4

DIOX_062 203.1 2.1 2.5 1.7

DIOX_064 205 1.7 2.1 1.4

DIOX_066 207.9 1.8 2.2 1.5

DIOX_068 209.9 2.7 3.2 2.1

DIOX_070 211.1 3.7 4.4 2.9

DIOX_072 212.3 3.3 3.9 2.6

DIOX_074 213.7 3.5 4.2 2.8

DIOX_075 214.7 4.0 4.8 3.2

DIOX_076 215.9 3.2 3.9 2.6
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DIOX_077 107.75 45.2 54.2 36.1

DIOX_078 108.4 3.3 4.0 2.7

DIOX_079 109.4 4.9 5.9 3.9

DIOX_080 117.5 9.5 11.4 7.6

DIOX_081 118.6 9.1 10.9 7.3

DIOX_082 119.6 5.6 6.7 4.5

DIOX_083 120.4 1.5 1.8 1.2

DIOX_085 122.6 4.8 5.7 3.8

DIOX_086 123.7 4.8 5.7 3.8

DIOX_087 127.6 3.4 4.0 2.7

DIOX_088 129.4 3.9 4.6 3.1

DIOX_089 130.4 3.4 4.1 2.8

DIOX_090 131.5 3.7 4.5 3.0

DIOX_092 133.6 3.8 4.5 3.0

DIOX_094 135.8 2.8 3.3 2.2

DIOX_095 136.7 2.5 3.1 2.0

DIOX_096 137.3 2.1 2.5 1.6

DIOX_098 140.1 3.0 3.6 2.4

DIOX_099 141.1 2.6 3.1 2.1

DIOX_100 141.7 3.0 3.6 2.4

DIOX_102 143.4 3.8 4.5 3.0

DIOX_104 145.6 2.7 3.3 2.2

DIOX_106 147.3 2.9 3.4 2.3

DIOX_108 148.9 1.2 1.4 1.0

DIOX_110 150.8 2.9 3.5 2.3

DIOX_112 152.6 2.9 3.4 2.3

DIOX_114 154.9 2.7 3.2 2.2

DIOX_116 158.4 1.8 2.2 1.5

DIOX_118 161.1 1.9 2.3 1.5

DIOX_120 163.6 1.9 2.3 1.5

DIOX_122 165.6 2.1 2.5 1.7

DIOX_124 168.4 3.0 3.6 2.4

DIOX_125 169.7 3.2 3.9 2.6

DIOX_126 170.9 4.2 5.0 3.3
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DIOX_128 172.8 3.8 4.6 3.1

DIOX_130 175.1 4.1 4.9 3.3

DIOX_132 179.1 3.9 4.7 3.1

DIOX_133 180.2 5.1 6.1 4.1

DIOX_134 181.6 4.6 5.5 3.7

DIOX_135 182.5 5.8 6.9 4.6

DIOX_136 183.4 3.9 4.7 3.1

DIOX_138 187.9 2.4 2.9 2.0

DIOX_140 190.1 1.6 1.9 1.3

DIOX_142 192.5 1.1 1.4 0.9

DIOX_144 194.9 1.1 1.3 0.9

DIOX_147 199.55 1.0 1.2 0.8

DIOX_148 200.4 1.2 1.4 0.9

DIOX_150 202.8 1.4 1.6 1.1

DIOX_152 205.5 1.1 1.3 0.9

DIOX_154 219.9 1.9 2.3 1.6

DIOX_155 220.9 2.3 2.7 1.8

DIOX_156 222.1 2.7 3.2 2.1

DIOX_157 223.2 1.5 1.8 1.2

DIOX_158 224.8 1.0 1.2 0.8

DIOX_159 225.7 0.7 0.9 0.6

DIOX_160 226.6 1.1 1.4 0.9
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Appendix B - Transducer Code and Supplemental Figures 
This appendix details how non-vented temporarily deployed transducers are field calibrated and 
presents the code that is used to generate the hydrographs and calculate hydraulic gradients.  

Field deployment methodology 
Data is collected using solo2 and solo3 pressure, temperature, and pressure/temperature RBR® brand 
transducers. Each transducer is set to record every second. Because the transducers are deployed for 
more than 50 days, each transducer records approximately 4.75 million measurements. Each borehole 
has a series of transducers deployed simultaneously, thus the amount of data generated from each 
deployment per borehole is prohibitive for spreadsheet data management. A custom R code was written 
and is presented as part of this appendix to analyze the data.  

The RBR transducers are non-vented and are barometrically compensated using a dedicated RBR that is 
suspended above the water table in one of the boreholes. Each monitoring interval is designed to 
monitor both pressure and temperature. Some RBR transducers (‘TD’) integrate both measurements 
into one unit, however some intervals are monitored by attaching a pressure and a temperature 
transducer together in one hydraulically connected interval. Transducers are encased in a plastic mesh 
that provide hydraulic connection throughout the monitored interval. Each transducer string is built at 
surface by laying the cable on the ground and attaching the transducer or transducer pair to a specific 
depth. The placement of each monitoring interval is informed by other site datasets. After construction, 
the transducer string is lowered into the borehole. After letting the string equilibrate for a minimum of 
one hour, the water level is measured as part of the field calibration process. Figure B1 is a schematic 
diagram showing field calibration of each transducer. The FLUTe® liner is installed on top of the 
transducer string sealing each monitoring interval. At the conclusion of the monitoring period, the liner 
is uninstalled, transducers removed, and data is downloaded.  
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Data analysis 
Jonathan Kennel developed an R package the interfaces with the RBR native data storage methods to 
extract timestamped pressure data. His program repository and documentation can be found at 
(https://github.com/jkennel). After moving the data into R, the unvented transducer pressure 
measurements are calibrated base on the open hole measurement. Mean field calibration offsets are 
presented in Table B1. 

Table B1- Mean offset values for each well for both deployment periods. 

Borehole June to 
Aug (m) 

Aug to 
Oct (m) 

BHA 0.151 0.122 
BHB2 0.034 0.032 

 

Note that the mean offset values vary by borehole and deployment time. Only two deployments are 
presented here as the May to June deployment was behind a 6 inch diameter borehole liner and thus 
was not representative of a sealed, depth-discrete measurement.  

  

Figure B1 - Schematic transducer field calibration offset calculation. 
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 Results 
Figure B2 shows hydrographs at both boreholes during two deployments. Note that the color scale 
represents the deployed elevation of each transducer and is consistent between boreholes. These plots 
show subtle response to precipitation events recorded at lake weir (https://climatecenter.fsu.edu/) and 
immediate response to silver springs shores pumping events.  

 

 

  

Figure B2 - Precipitation, pumping, and hydraulic head measurements at two hour 
intervals from June to October of 2018 across temporarily deployed transducers in BHA 
and BHB2. The monitored intervals change between the first and second deployments. 
The elevation of the transducers is represented by color. The trend in the pressure 
measurements show uniform hydraulic response throughout the Ocala limestone when 
forced by natural systems. The seasonal nature of the hydraulic head throughout the 
system is demonstrated.  
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R code 

The below code is used to generate hydrographs and calculate vertical hydraulic gradients from the 
temporarily deployed sensors using R version 4.0.5 (2021-03-31). 

--- 

title: "20190908_hydrographs_and_gradient_june_to_aug" 

author: "Sam Jacobson" 

date: "September 16, 2019" 

output: html_document 

‘Packages 

library(transducer) 

library(viridis) 

library(data.table) 

library(plotly) 

library(dplyr) 

Sys.setenv(tz = 'UTC') 

`Comments 

loaded packages/libraries are as follows 

transducer: Kennel's package developed specifically for working with RBR transducers. It includes the 
ability to load the data and metadata from the transducers into R so it can be manipulated. Additionally 
it contains some functions for adjusting data to the manual water level measurements.  

 

viridis is a plotting package. it is a dependency in transducer.  

 

data.table/dplyr is a package for general data manipulation. I am most familiar with it, and I think it is a 
dependency of transducer 

 

plotly allows me to plot the data 

 

```{r} 
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seals<- fread('G:/My Drive/Lockheed Ocala Share/Data/05 
Hydraulics/Hydrophysics/Transducers/R_files/Kennel_Transducer/20190916_seal_length_june-aug.csv') 

s<- seals[, c('serial', 'seal_length')] 

setkey(s, serial) 

 

source('G:/My Drive/Lockheed Ocala Share/Data/07 Analysis/Hydraulics/Precip 
data/20191002_precip_data_script.r') 

``` 

Above is a table of seals based picked from the physical caliper measurements in the borehole. To 
determine the seal, the measured tops and bottoms of the transducer are used as a starting point in 
relation to the caliper log. If there was an area greater than the liner diameter intersecting the 
transducer, the end of that deviation became the top or bot of the seal interval.  

 

BHB2 was calculated using an 8 inch liner diameter and BHA were calculated with 7.5 inch liners used. 

 

```{r} 

locations <- fread('G:/My Drive/Lockheed Ocala Share/Data/05 
Hydraulics/Hydrophysics/Transducers/R_files/Kennel_Transducer/20191109_locations_June-Aug.csv') 

 

manual_wl <- data.table(start = c(as.POSIXct('2018-06-22 13:00:00', tz = 'UTC'), 

                                  as.POSIXct('2018-06-22 18:15:00', tz = 'UTC')), 

                        end   = c(as.POSIXct('2018-06-22 13:04:59', tz = 'UTC'), 

                                  as.POSIXct('2018-06-22 18:19:59', tz = 'UTC')), 

                        value_manual = c(15.139416, 15.111984), 

                        well = c('BHA', 'BHB2')) 

 

``` 

First we prepare a table of metadata that is needed for using transducer, as well as understanding the 
data on the transducers themselves. Serial, well, elevation, port, baro are all included. These are 
computed separately in excel. All data use the surveyed elevation data completed in 2019 (NAVD29).  
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Next we have to define the time when we took manual water level measurements with the string in the 
open hole. The open hole water level measurement is used to calculate the offset for each transducer. 
Assuming there is no flow in the borehole, all transducers should be reading the same value, the open 
hole water level.  

 

We can get this data from field notes, however it is also useful to plot the pressure transducers readings 
for the installation day to confirm the time. Looking at the field observations alongside the actual data 
coming out of the transducers underscores time difference and impact of time zones. For these analyses 
all times are in UTC.  

 

The average water level over the time indicated at each transducer is stored to be compared to the 
manual water level input as a hard number in the table. Each row in the matrix is associated with a 
different borehole.  

 

```{r} 

start<- as.POSIXct('2018-06-24 00:00:00', tz = 'UTC') 

end<- as.POSIXct('2018-08-08 00:00:00', tz = 'UTC') 

 

times <- seq.int(as.numeric(start), 

                 as.numeric(end), 

                 by = 3600*2) 

 

profile_time<- (start+(3600*24*7)) 

 

J2A<- J2A[date > start] 

J2A<- J2A[date < end] 

 

``` 

The above code is going to be used to down sample our data. The top row is the start time, the second is 
the end of the investigation window. 

The times line is the actual sequence of numbers that are matched with the RBR time. 'by =' is the 
number of seconds we will see. 1= every second will be plotted. 60 = every minute etc. This can be a 
function i.e. 3600*24*3.5 = 2 samples every week.  
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Note that this does not average rather it is selecting arbitrary points.  

 

In this case we will look at one point every day at midnight across essentially the entire deployment 
period. The choice of midnight is arbitrary. 

 

```{r} 

# read data 

wl <- transducer::read_rbr(locations, times = times) 

 

 

# get shifts 

shifts <- compare_manual(locations, manual_wl) 

 

 

# apply the shifts 

wl <- adjust_value(wl, shifts) 

``` 

 

The above code actually brings all of the data from the transducers into R so it can be manipulated.  

wl becomes the data table with all of the data in it. It's a nested table which is the format used in the 
transducer package, but it is harder to plot independently.  

 

The shifts function shifts averages the pressure readings collected over the deployment time into a 
single value.  

 

wl then has the shifts that were estimated compared to the open hole water level that was manually 
input earlier.  

```{r pump plot} 
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pump<- fread('G:/My Drive/Lockheed Ocala Share/Data/05 
Hydraulics/Hydrophysics/Transducers/R_files/Kennel_Transducer/20191112_June-Aug_pumping.csv') 

pump<- pump[, datetime := as.POSIXct(datetime, tz = 'GMT', "%m/%e/%Y  %H:%M:%S")] 

pump<- pump[datetime > start] 

pump<- pump[datetime < end] 

 

pump_plot<- plot_ly (pump, 

        x = ~datetime, y = ~Pumpage, type = 'scatter', mode = 'markers+lines', fill = 'tozeroy', color = 
~Name) %>% 

        layout (title = 'SSS Total Pumping') %>% 

        layout (yaxis = list(title = 'Pumping (Gallons)')) %>% 

        layout (xaxis = list(title = 'Date/Time')) 

 

pump_plot 

```{r} 

wl<- wl[, shift_ft := shift/.3048] 

wl<- wl[, elevation_ft := round(elevation/.3048, digits = 1)] 

 

shifts_plot<- plot_ly(wl, 

        x = ~shift_ft, y = ~elevation_ft, type ='scatter', mode = 'markers', color = ~as.character(well)) %>% 

  layout (title = 'Calculated offsets applied to each transducer, June to Aug')%>% 

        layout (yaxis = list(title = 'Sensor Elevation (ft AMSL)')) %>% 

        layout (xaxis = list(title = 'Shift (ft)')) 

 

shifts_plot 

 

``` 

 

The plot shows the magnitude of shifts applied in both boreholes is  -0.07 to 0.23 m. Borehole BHB2 
distribution is more centered around 0 than BHA, indicating there may be some systemic bias still in 
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BHA. Overall these shifts are small and applying them helps us have more confidence in the reality of the 
head measurements calculated using the ‘adjusted' values instead of the solely elevation corrected 
values. Note the shape in both datasets increasing with depth, indicating there could be a confounding 
variable not accounted for.  

 

 

```{r} 

#sort based on borehole, remove temperature data 

Liner_depth_A<- -39.1 #change to 217 ft bgs 

Liner_depth_B<- -35.29#change to 192 ft bgs 

 

#removes a transducer from inside the liner that is not really useful. 

test<- wl[type == 'pressure'] 

 

test<- test[port != 'A_Liner'] 

 

verti_plot_A<- test[well == 'BHA'] 

verti_plot_B<- test[well == 'BHB2'] 

 

test<- test[s, on = 'serial'] 

 

test_B <- test[well == 'BHB2'] 

test_A <- test[well == 'BHA'] 

 

 

par(mfrow = c(1,2)) 

 

hist(test_A$shift_ft, breaks = 'FD', main = 'BHA Offsets', xlab = 'Offset (ft)', plot = TRUE) 

hist(test_B$shift_ft, breaks = 'FD', main = 'BHB2 Offsets', xlab = 'Offset (ft)', plot = TRUE) 

``` 
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By defining the maximum install depth of the liner in BHA and BHB2, we can categorize transducers as 
lined or unlined, a particularly useful exercise when addressing whether the vertical gradients calculated 
are real.  

```{r} 

#note that in June to augh BHA does not have a baro logger 

baro<-wl[port == 'BARO'] 

baro_A<-baro[well == 'BHA'] 

baro_B<-baro[well == 'BHB2'] 

baro_A_unnest<- unnest_data(baro_A) 

   

#baro_A[, data[[1]], by = list(file_name, serial, port, well, elevation)] 

 

baro_B_unnest<- unnest_data(baro_B) 

#baro_B[, data[[1]], by = list(file_name, serial, port, well, elevation)] 

baro_A_unnest<- baro_A_unnest[ , value_adj_ft := value_adj/.3048] 

 

``` 

Here we split out the baro data separately for plotting. This allows us to apply baro corrections if needed 
later on as well. 

 

```{r} 

test_B <- test_B[, lined_status := elevation> Liner_depth_B] 

test_A <- test_A[, lined_status := elevation> Liner_depth_A] 

 

wl_A_unnest<- unnest_data(test_A) 

#test_A[, data[[1]], by = list(serial, port, well, elevation)] 

 

 

wl_B_unnest<- unnest_data(test_B) 

#test_B[, data[[1]], by = list(serial, port, well, elevation)] 
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# wl_B_unnest <- wl_B_unnest[, lined_status := elevation> Liner_depth_B] 

# wl_A_unnest <- wl_A_unnest[, lined_status := elevation> Liner_depth_A] 

 

wl_A_unnest<- wl_A_unnest[, value_adj_ft := value_adj/.3048] 

wl_B_unnest<- wl_B_unnest[, value_adj_ft := value_adj/.3048] 

 

locs<- locations[, c('RBR serial', 'elevation', 'well')] 

locs<- rename(locs, 'serial' = 'RBR serial') 

wl_A_unnest<- wl_A_unnest[locs, on = 'serial'] 

wl_A_unnest<- na.omit(wl_A_unnest) 

wl_B_unnest<- wl_B_unnest[locs, on = 'serial'] 

wl_B_unnest<- na.omit(wl_B_unnest) 

 

wl_A_unnest<- wl_A_unnest[, elevation_ft := round(elevation/.3048, digits = 1)] 

wl_B_unnest<- wl_B_unnest[, elevation_ft := round(elevation/.3048, digits = 1)] 

wl_A_unnest<- wl_A_unnest[, elevation := round(elevation, digits = 1)] 

wl_B_unnest<- wl_B_unnest[, elevation := round(elevation, digits = 1)] 

 

setkey(wl_B_unnest, elevation) 

setkey(wl_A_unnest, elevation) 

setorder(wl_A_unnest, -elevation) 

setorder(wl_B_unnest, -elevation) 

#below line calculates vertical gradients but only on single day snapshots. Note that because the table is 
keyed by elevation, 

#the lead term has to be in the second position,  

vert_grad_A<- wl_A_unnest[datetime == profile_time] 

vert_grad_B<-wl_B_unnest[datetime == profile_time] 
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# vert_grad_A<- vert_grad_A[lined_status == TRUE] 

# vert_grad_B<- vert_grad_B[lined_status == TRUE] 

 

vert_grad_A<- vert_grad_A[, vert_grad := (value_adj - lead(value_adj))/(lead(elevation_ft) - 
elevation_ft)] 

vert_grad_B<- vert_grad_B[, vert_grad := (value_adj - lead(value_adj))/(lead(elevation_ft) - 
elevation_ft)] 

 

vert_grad_A <- vert_grad_A[, vert_grad_ft := vert_grad/.3048] 

vert_grad_B<- vert_grad_B[, vert_grad_ft := vert_grad/.3048] 

 

vert_grad_A<- na.omit(vert_grad_A) 

vert_grad_B<- na.omit(vert_grad_B) 

 

``` 

 

The next portion of the code splits the data into borehole specific datasets. Additionally  it strips out all 
of the temperature data from the transducers we will be working with. Finally it adds two important 
columns. 

The first is a column that indicates whether the transducer was actually in a lined condition or not. In 
both borehole the liner was not installed to full depth because the full depth of the borehole was not 
accessible. The lined status allows us to represent this fact in some plots later on.  

 

The second important function carried out by this chunk of code is to actually calculate the vertical 
gradients associated with each transducer. At this point, the code written can only handle one day at a 
time to calculate the gradients. For this reason the variable "profile time. is introduced. Profile time is 
the snapshot time selected for the profile to be generated.  

Vertical gradients are calculated by taking the (deeper port adjusted value - the adjacent shallow 
adjusted value) / seal length in between (Meyer et. al 2014). Under this convention negative values 
represent downward flow and positive values represent upward flow. 

 

Note these gradients do not have the barometric effect removed or treated in any way. Even if the 
barometric effect was in place, the effect on the gradient would be non-existent as the baro removal 

102



would be constant across all transducers. Unless there is an attempt at barometric efficiency 
calculations (i.e. different barometric influence with depth) removing the barometric component of 
head is not important. Additionally the site is small enough that the same barometric effect would be 
felt in both boreholes, reducing the need to account for baro correction to make statements about both 
boreholes. 

 

 

```{r} 

 

Value_adj_plot_A<- plot_ly(wl_A_unnest, 

                           x = ~datetime, y = ~value_adj, type ='scatter', mode = 'markers', 

                           color = ~elevation, 

                           colorscale='Viridis', reversescale =T) %>% 

  layout (title = 'BHA calibrated pressure') %>% 

  layout (yaxis = list(title = 'Water Table Elevation (m AMSL)')) %>% 

  layout (yaxis = list(autotick = FALSE, range = c(14.8, 15.6), dtick = 0.2)) %>% 

  layout (xaxis = list(title = 'Date')) 

   

 

 

Value_adj_plot_B<- plot_ly(wl_B_unnest, 

                           x = ~datetime, y = ~value_adj, type ='scatter', mode = 'markers', 

                           color = ~elevation, 

                           colorscale='Viridis', reversescale =T) %>% 

  layout (title = 'BHB2 calibrated pressure') %>% 

  layout (yaxis = list(title = 'Water Table Elevation (m AMSL)')) %>% 

  layout (yaxis = list(autotick = FALSE, range = c(14.8, 15.6), dtick = 0.2)) %>% 

  layout (xaxis = list(title = 'Date')) 
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baro_A_plot<- plot_ly(baro_A_unnest, 

        x = ~datetime, y = ~value_adj, type ='scatter', mode = 'markers+lines', color = "Baro")%>% 

  layout (yaxis = list(title = 'Air Pressure (dbar)')) %>% 

  layout (xaxis = list(title = 'Date')) 

 

# baro_B_plot<- plot_ly(baro_B_unnest, 

#         x = ~datetime, y = ~value, type ='scatter', mode = 'markers+lines', color = ~as.character(port))%>% 

#   layout (yaxis = list(title = 'Head (m)')) %>% 

#   layout (xaxis = list(title = 'Date')) 

 

subplot(Value_adj_plot_A,  baro_A_plot,  shareX = TRUE, nrows = 2, heights = c(0.8, 0.2), titleX = TRUE, 

  titleY = FALSE) 

subplot(Value_adj_plot_B,  baro_A_plot,  shareX = TRUE, nrows = 2, heights = c(0.8, 0.2), titleX = TRUE, 

  titleY = FALSE) 

 

``` 

 

Static Observations: 

 

Overall pressure increases with depth across transducers in both boreholes. The range in values in BHA 
across a single time is 15.05-14.86 m, while in BHB2 15.00-14.92m  

 

The separation between each of the transducer is not constant. While a portion of this is related to the 
distribution of the transducers themselves not being content in the borehole, it may indicate a true 
hydraulic gradient between the actual transducers themselves. This is reasonable give manual water 
level measurements at BHA and BHB2 (15.55, 15.51) respectively made in the open hole in August. 

 

 

Temporal: 
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The hydrographs show that there is some seasonal variation in the system that is felt by every 
transducer at the same time, and at a similar magnitude. There is a clear positive trend during the 
course of the deployment. For example in BHA 15.07-15.45m and in BHB2 the head increases from 
15.03-15.41. Conceptually this aligns with increased water in the system due to rain. The increasing 
trend is not constant, rather the increases often align with concurrent decreases in barometric pressure. 
This could be a result of rain infiltrating into the system. Because the head in the system increases, and 
stays at an increased level after the barometric pulse has moved on, it is likely related to actual water 
entering the system.  

 

```{r} 

 

# vertigraph(verti_plot_A, 

#            var_type = 'pressure', 

#            plot_col = 'value_adj') 

# vertigraph(verti_plot_B, 

#            var_type = 'pressure', 

#            plot_col = 'value_adj') 

``` 

 

The vertical graphs of head through the borehole are presented above. The first plot is in BHA and the 
second is BHB2. The  values are more linear, which is to be expected. The same effect is seen in BHB2, 
though the downward gradient at the shallowest transducer is maintained.  

 

Field calibrating the transducers shows that the changes we are seeing across the length of this borehole 
are subtle. Profiles maintain their shape across the entire deployment time without major seasonal 
changes detected.  

 

```{r} 

 

plot_ly(vert_grad_A, 

        x = ~vert_grad_ft, y = ~elevation_ft, type ='bar', orientation = 'h', color = 
~as.character(elevation_ft)) %>% 
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  layout (title = 'BHA vertical gradients 2018 06 20') %>% 

  layout (xaxis = list(title = 'Vertical Gradient (ft/ft)')) %>% 

  layout (yaxis = list(title = 'Elevation (ft AMSL)')) 

 

plot_ly(vert_grad_B, 

        x = ~vert_grad_ft, y = ~elevation_ft, type ='bar', orientation = 'h', color = 
~as.character(elevation_ft)) %>% 

  layout (title = 'BHB2 vertical gradients 2018 06 20')%>% 

  layout (xaxis = list(title = 'Vertical Gradient (ft/ft)')) %>% 

  layout (yaxis = list(title = 'Elevation (ft AMSL)')) 

 

vert_grad<- rbind(vert_grad_A, vert_grad_B) 

 

vert_grad 

 

 

plot_ly(vert_grad, 

        x = ~vert_grad, y = ~elevation, type ='bar', orientation = 'h', color = ~as.character(well)) %>% 

  layout (title = 'Vertical gradients July 1, 2018')%>% 

  layout (xaxis = list(title = 'Vertical Gradient')) %>% 

  layout (yaxis = list(title = 'Elevation (m AMSL)')) %>% 

  layout (xaxis = list(autotick = FALSE, range = c(-0.03, 0.03), dtick = 0.01)) %>% 

  layout (yaxis = list(autotick = FALSE, dtick = 10)) 

``` 

Finally we have the vertical gradients plotted with depth in each borehole. Note these are profile 
snapshots that are represent single second comparisons. They are colored to represent whether the 
elevation of the transducer is actually lined or not (i.e. was the liner installed to a depth that would 
overlay and seal this liner or not). 
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In BHA, the liner was installed over most transducers, providing a better picture of the variation in 
vertical gradient throughout the borehole.  In BHB2, the liner was only installed overtop of the 
shallowest 5 transducers. Looking at the variation in those unsealed transducer can help us understand 
the noise in our data indicating a .2 gradient minimum resolvability recommended by Meyer et. al 2014 
is a useful marker to keep in mind.  

 

BHA has 2 lined resolvable gradients all of them downward (-0.023, -0.023 m/m). The shape and 
direction of these gradients align with the manual measurements, namely they are small and down.  In 
BHB2, there are 0 resolvable gradients. All of the transducers that are lined record subtle negative (i.e., 
downward) gradients, however they are too small to resolve with confidence.  

 

Assuming these gradient values are representative, the BHA and BHB2 agree that vertical flow in the 
system is slow and down,  under non-pumping conditions. Manual water level measurements suggest 
downward flow through the Hawthorn Group to the bedrock, and non-resolvable gradients with depth. 
The June-August data best align with manual measurements.  

 

```{r} 

temp<- wl[type == 'temperature'] 

temp<- temp[channel != 'temp05'] 

temp_unnest<- unnest_data(temp) 

temp_unnest<- temp_unnest[locs, on = 'serial'] 

#temp[, data[[1]], by = list(file_name, serial, port, well, elevation)] 

 

temp_unnest<- temp_unnest[, c('serial', 'is_baro', 'well', 'elevation', 'datetime', 'value')] 

temp_unnest<- temp_unnest[, elevation_ft := round(elevation/.3048, digits = 1)] 

temp_unnest<- temp_unnest[is_baro == 'FALSE'] 

temp_unnest_A<- temp_unnest[well == 'BHA'] 

temp_unnest_B<- temp_unnest[well == 'BHB2'] 

 

temp_unnest_B <- temp_unnest_B[, lined_status := elevation> Liner_depth_B] 

temp_unnest_A <- temp_unnest_A[, lined_status := elevation> Liner_depth_A] 
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temp_time_plot_A<- plot_ly(temp_unnest_A, 

        x = ~datetime, y = ~value, type ='scatter', mode = 'markers+lines', color = 
~as.character(elevation_ft)) %>% 

  layout (title = 'BHA temperature') %>% 

  layout (yaxis = list(title = 'Temperature (C)')) %>% 

  layout (xaxis = list(title = 'Date')) 

 

temp_time_plot_B<- plot_ly(temp_unnest_B, 

        x = ~datetime, y = ~value, type ='scatter', mode = 'markers+lines', color = 
~as.character(elevation_ft)) %>% 

  layout (title = 'BHB2 temperature') %>% 

  layout (yaxis = list(title = 'Temperature (C)')) %>% 

  layout (xaxis = list(title = 'Date')) 

 

temp_time_plot<- plot_ly(temp_unnest, 

        x = ~datetime, y = ~value, type ='scatter', mode = 'markers+lines', color = 
~as.character(elevation_ft)) %>% 

  layout (title = 'Combined temperature') %>% 

  layout (yaxis = list(title = 'Temperature (C)')) %>% 

  layout (xaxis = list(title = 'Date')) 

 

subplot(temp_time_plot,  baro_A_plot,  shareX = TRUE, nrows = 2, heights = c(0.8, 0.2), titleX = TRUE, 

  titleY = FALSE) 

 

subplot(temp_time_plot_A,  baro_A_plot,  shareX = TRUE, nrows = 2, heights = c(0.8, 0.2), titleX = TRUE, 

  titleY = FALSE) 

subplot(temp_time_plot_B,  baro_A_plot,  shareX = TRUE, nrows = 2, heights = c(0.8, 0.2), titleX = TRUE, 

  titleY = FALSE) 

 

``` 
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```{r} 

wl_unnest<- rbind(wl_A_unnest, wl_B_unnest) 

day1_profile<- wl_unnest[datetime == start] 

   

day1_plot <- plot_ly(day1_profile, 

        x = ~value_adj_ft, y = ~elevation_ft, type ='scatter', mode = 'markers+lines', color  = ~well) %>% 

  layout (title = 'Transducer Head Profile') %>% 

  layout (yaxis = list(title = 'Elevation (ft AMSL)')) %>% 

  layout (xaxis = list(title = 'Water Table Elevation (ft AMSL)', font = t)) %>%  

  layout (annotations = list(x = 0.2 , y = 1.05, text = "June 24, 2018", showarrow = F, xref='paper', 
yref='paper')) %>% 

  layout (xaxis = list(autotick = FALSE, range = c(48.8, 51), dtick = 0.2)) %>% 

  layout (yaxis = list(autotick = FALSE, dtick = 20)) 

   

   

day7_profile<- wl_unnest[datetime == (start+(3600*24*7))] 

 

day7_plot<- plot_ly(day7_profile, 

        x = ~value_adj_ft, y = ~elevation_ft, type ='scatter', mode = 'markers+lines', color  = ~well) %>% 

  layout (title = 'Transducer Head Profile') %>% 

  layout (yaxis = list(title = 'Elevation (ft AMSL)')) %>% 

  layout (xaxis = list(title = 'Water Table Elevation (ft AMSL)', font = t)) %>%  

  layout (annotations = list(x = 0.2 , y = 1.05, text = "July 1, 2018", showarrow = F, xref='paper', 
yref='paper')) %>% 

  layout (xaxis = list(autotick = FALSE, range = c(48.8, 51), dtick = 0.2)) %>% 

  layout (yaxis = list(autotick = FALSE, dtick = 20)) 

   

day14_profile<- wl_unnest[datetime == (start+(3600*24*14))] 
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day14_plot<- plot_ly(day14_profile, 

        x = ~value_adj_ft, y = ~elevation_ft, type ='scatter', mode = 'markers+lines', color  = ~well) %>% 

  layout (title = 'Transducer Head Profile') %>% 

  layout (yaxis = list(title = 'Elevation (ft AMSL)')) %>% 

  layout (xaxis = list(title = 'Water Table Elevation (ft AMSL)', font = t))%>%  

  layout (annotations = list(x = 0.2 , y = 1.05, text = "July 8, 2018", showarrow = F, xref='paper', 
yref='paper')) %>% 

  layout (xaxis = list(autotick = FALSE, range = c(48.8, 51), dtick = 0.2)) %>% 

  layout (yaxis = list(autotick = FALSE, dtick = 20)) 

 

day21_profile<- wl_unnest[datetime == (start+(3600*24*21))] 

 

day21_plot<- plot_ly(day21_profile, 

        x = ~value_adj_ft, y = ~elevation_ft, type ='scatter', mode = 'markers+lines', color  = ~well) %>% 

  layout (title = 'Transducer Head Profile') %>% 

  layout (yaxis = list(title = 'Elevation (ft AMSL)')) %>% 

  layout (xaxis = list(title = 'Water Table Elevation (ft AMSL)', font = t))%>%  

  layout (annotations = list(x = 0.2 , y = 1.05, text = "July 15, 2018", showarrow = F, xref='paper', 
yref='paper')) %>% 

  layout (xaxis = list(autotick = FALSE, range = c(48.8, 51), dtick = 0.2)) %>% 

  layout (yaxis = list(autotick = FALSE, dtick = 20)) 

 

day28_profile<- wl_unnest[datetime == (start+(3600*24*28))] 

 

day28_plot<- plot_ly(day28_profile, 

        x = ~value_adj_ft, y = ~elevation_ft, type ='scatter', mode = 'markers+lines', color  = ~well) %>% 

  layout (title = 'Transducer Head Profile') %>% 

  layout (yaxis = list(title = 'Elevation (ft AMSL)')) %>% 
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  layout (xaxis = list(title = 'Water Table Elevation (ft AMSL)', font = t))%>%  

  layout (annotations = list(x = 0.2 , y = 1.05, text = "July 22, 2018", showarrow = F, xref='paper', 
yref='paper')) %>% 

  layout (xaxis = list(autotick = FALSE, range = c(48.8, 51), dtick = 0.2)) %>% 

  layout (yaxis = list(autotick = FALSE, dtick = 20)) 

   

 

day40_profile<- wl_unnest[datetime == (start+(3600*24*41))] 

 

day40_plot<- plot_ly(day40_profile, 

        x = ~value_adj_ft, y = ~elevation_ft, type ='scatter', mode = 'markers+lines', color  = ~well) %>% 

  layout (title = 'Transducer Head Profile') %>% 

  layout (yaxis = list(title = 'Elevation (ft AMSL)')) %>% 

  layout (xaxis = list(title = 'Water Table Elevation (ft AMSL)', font = t)) %>%  

  layout (annotations = list(x = 0.2 , y = 1.05, text = "August 4, 2018", showarrow = F, xref='paper', 
yref='paper')) %>% 

  layout (xaxis = list(autotick = FALSE, range = c(48.8, 51), dtick = 0.2)) %>% 

  layout (yaxis = list(autotick = FALSE, dtick = 20)) 

   

subplot(day1_plot, day7_plot, day14_plot, day21_plot, day28_plot, day40_plot,  shareX = TRUE, shareY 
= TRUE, nrows = 3, heights = c(0.3,0.3,0.3), widths = c(0.3, 0.3), titleX = TRUE, titleY = TRUE) 

``` 

 

```{r} 

precip_plot<- plot_ly(J2A, 

        x = ~date, y = ~daily_precip, type ='bar', name = 'Precip (cm)') %>% 

  layout (title = 'Precipitation at Lake Wier')%>% 

  layout (yaxis = list(title = 'Precip (cm)')) %>% 

  layout (xaxis = list(title = 'Date/Time')) 
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subplot(precip_plot, pump_plot, Value_adj_plot_A,  shareX = TRUE, nrows = 3, heights = c(0.3,0.3, 0.4), 
titleX = TRUE, titleY = FALSE) 

 

subplot(precip_plot, pump_plot, Value_adj_plot_B,  shareX = TRUE, nrows = 3, heights = c(0.3,0.3,0.4), 
titleX = TRUE, titleY = FALSE) 

 

plot_ly(day7_profile, 

   x = ~value_adj, y = ~elevation, type ='scatter', mode = 'markers+lines', color  = ~well) %>% 

   layout (title = 'Transducer Head Profile') %>% 

   layout (yaxis = list(title = 'Elevation (m AMSL)')) %>% 

   layout (xaxis = list(title = 'Water Table Elevation (m AMSL)', font = t)) %>%  

   layout (xaxis = list(autotick = FALSE, range = c(14.8, 15.6), dtick = 0.2)) %>% 

   layout (yaxis = list(autotick = FALSE, dtick = 10)) 

``` 
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Appendix C - PFM supporting Figures 

PFM Theory 
This appendix outlines the calculations used to calculate water and mass flux onsite. It also includes 
diagrams outlining PFM theory. 

Assessing the tracer mass remaining in the PFM is a key part of the analysis. These analyses were 
conducted in Dr. Annable’s lab at the University of Florida. The general form of the residual mass is 
described by (Equation C1) (Hatfield et al., 2004): 

𝛺𝛺𝑅𝑅 =  
2
𝜋𝜋

[sin−1 ��1 − 𝜉𝜉2� − 𝜉𝜉�1 − 𝜉𝜉2] 

 

or 

 𝛺𝛺𝑅𝑅 =  
𝑀𝑀𝑅𝑅

𝜋𝜋𝑟𝑟2𝑏𝑏𝑏𝑏𝑅𝑅𝑑𝑑𝐶𝐶0
 

𝜉𝜉 =  
𝑞𝑞𝐷𝐷𝑡𝑡

2𝑟𝑟𝑏𝑏𝑅𝑅𝑑𝑑
 

[C1] 

 

where ΩR is the mass fraction of residual tracer remaining on the PFM [-], ξ is the cumulative pore 
volume of fluid intercepted by the device over time period t divided by the retardation factor Rd [-], b is 
the thickness of the axial length of the PFM [L], MR is the residual resident tracer mass on the PFM [M], 
θ is the volumetric water content (or porosity assuming full saturation) of the PFM (dimensionless), C0 is 
the initial concentration of residual tracer [ML-3], r is radius of the PFM [L], qD time averaged specific 
discharge [LT-1]. Because the rate of tracer displacement is linearly proportional to the amount of 
porewater intercepted (ξ) the equation for estimated specific discharge can be simplified if ΩR ≥ 0.32 to 
(Equation C2): 

 𝑞𝑞𝐷𝐷 =
1.67(1 − 𝛺𝛺𝑅𝑅)𝑟𝑟𝑏𝑏𝑅𝑅𝑑𝑑

𝑡𝑡
 

[C2] 
 

Mass flux 
To calculate the flux averaged contaminant concentration CF, the volume of the PFM must be defined. 
Equation C3 defines the PFM volume as: 

 𝑉𝑉 =  𝜋𝜋𝑟𝑟2𝐴𝐴𝑟𝑟𝑟𝑟𝑏𝑏 

[C3] 
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where V is the volume [L-3], or is the radius of the PFM [L], b is the thickness ( [L], and Arc is 
dimensionless representation of the fraction of sorptive matrix with sorbed contaminant Klammler et al. 
(2007) suggest that PFM do not have homogeneous desorption. Unequal desorption suggests unequal 
sorption of the contaminant. CF is therefore defined as Equation C4: 

 

 𝐶𝐶𝐹𝐹 =  
𝑚𝑚𝐶𝐶

𝛼𝛼𝜋𝜋𝑟𝑟2𝐴𝐴𝑟𝑟𝑟𝑟𝑏𝑏𝑏𝑏𝑅𝑅𝐷𝐷𝐶𝐶
 

[C4] 

or  

𝐶𝐶𝐹𝐹 =  
𝑚𝑚𝐶𝐶

𝛼𝛼𝑉𝑉𝑏𝑏𝑅𝑅𝐷𝐷𝐶𝐶
 

where RDC is the retardation of the contaminant [LT-1]. 

 

Peclet Numbers 
The Peclet numbers describe the ratio of advective transport to diffusive transport. A number greater 
than 1 indicates that advection dominates the system. Peclet number are described in (Hatfield et al., 
2004) by Equation C5: 

𝑃𝑃𝑒𝑒 =  
𝑞𝑞𝐷𝐷𝑙𝑙

𝑏𝑏
7
3𝐷𝐷

 

[C5] 

where Pe is the Peclect number (dimensionless), qD is the specific discharge [LT-1], l is the characteristic 
length or the area weighted average of multiple parallel streamtubes over a PFM cross section, or 1.7r 
[L], θ is the water content (dimensionless) and D is the tracer aqueous phase free-solution diffusion 
coefficient [L2T-1]. 

 

Damköhler Numbers 
The Damköhler calculation is described by Equation C6 (Hatfield et al., 2004): 

 𝜔𝜔 =
𝑘𝑘𝑅𝑅𝑑𝑑(1 − 𝛽𝛽𝑇𝑇)𝑙𝑙

𝑞𝑞𝐷𝐷
 

[C6] 

 

where ω is the Damköhler number (dimensionless), k is the tracer or contaminant desorption rate (T-1), l 
and qD as defined above, βT is the fraction of sorption sites where equilibrium is assumed. Hatfield et al. 
(2004) recommend using 0.5 for βT. Table 10 lists the factors used in Damköhler calculation. Visual 
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inspection of the equation describing the calculation of Damköhler numbers shows that as flow rate is 
minimized, Damköhler number increases. 

Hatfield et al (2004) refer to Brusseau and Rao (1989) who present the following relationship to 
calculate desorption coefficients (Equation C7): 

logk = 0.301 – 0.668logKp 

[C7] 

 

where k is the desorption rate coefficient [T], and Kp is the equilibrium sorption coefficient. Kd can be 
converted to KOC by dividing by the fraction of organic carbon, assumed to be 1 in the case of GAC (US 
EPA, 1996). The US EPA soil screening guidance provides this relationship between KOC and KOW 

(Equation C8) (US EPA, 1996): 

logKOC = .00028 + 0.983logKOW 

[C8] 

 

Where KOC is the organic carbon partitioning coefficient, and KOW is the octanol water partitioning 
coefficient. Log KOW is well tabulated for many chemicals including 1,4-dioxane and TBA (Table C1).  

The desorption coefficients align with expectations, that 1,4-dioxane will desorb the most quickly, 
followed by IPA (the smaller alcohol), followed by TBA. 

 

Table C1 - Intermediary factors in the calculation of Damköhler numbers 

Chemical Desorption 
Rate 
Coefficient 
k 

Organic 
Carbon 
partitioning 
coefficient 
(KOC) 

Octanol 
Water 
Partitioning 
Coefficient 
(Log KOW) 

Source 

1,4-
dioxane 

3.0 
 

0.54 
 

-0.27 (US EPA, 2014) 

Isopropyl 
Alcohol 
(IPA) 

1.5 
 

1.1 .05 (PubChem, n.d.) 

Tert-Butyl 
Alcohol 
(TBA) 

0.79 4.0 0.61 (PubChem, n.d.) 
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PFM Theory 
  

Figure C1 - Plan view and cross section view of PFM in different scenarios. Leftmost diagram is a 
classic, wellbore PFM. It is a perfect circle with full flow penetration. On the right of the classic PFM is 
a continuum of potential FLUTe-PFM shapes and the implications for flow. Note the variable penetration 
of local flow lines. c Outlined in black dotted lines is the most likely scenario, given the FLUTe 
compression of the PFM and the structural support offered by the FLUTe liner. 
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Table C2  – Table of FLUTe PFM deployment specific changes made 

 

  

Description Value 

applied alpha (sealed) 0.67 

applied alpha (unsealed) 1 

Alpha ambersorb  1.9 

AMB density g/cm^3 0.52 

Radius of GAC PFM Uncompressed 20 mm 

Radius of GAC PFM Compressed 22 mm 

Radius of AMB PFM Uncompressed 20 mm 

Radius of AMB PFM Compressed 25 mm 
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Figure C2 - Photographs of PFM in clear pipe. A is the entire PFM sealed by the FLUTe ™ 
liner. B is a closeup image of the GAC section of the PFM showing the diameter of the PFM 
in the sealed condition. C is the AMB section of the PFM. Note that in the field deployment 
there is a plumb weight on the end of the string ensuring the PFM is sealed vertically in 
the borehole. 

A B C 
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Regional Context  

  

Figure C3 - Adapted from Yang et al. 2019, this shows volumetric balance calculation 
based on Silver springs discharge to serve as a check for site PFM values. Annulus is 
calculated based on overlapping ellipses centered on Silver Springs. Recharge is assumed 
to be homogenous for this equivalent porous media (EPM) approximation. 
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Map based darcy estimates (Figures C4 and C5) are made by measuring the horizontal head gradient at five points 
near the estimated location on the potentiometric surface map. The five measurements are averaged. 
Transmissivity values are the results of a pumping test conducted in the Silver Springs well field. Thickness is 
assumed to be 30m based on the approximate length of the bedrock sections of both BHA, BHB2, and the silver 
springs wellfield wells. . Horizontal hydraulic conductivity is calculated by dividing transmissivity by the thickness. 
Hydraulic conductivity is multiplied by hydraulic gradient to calculate darcy flux.   

Figure C4 - Regional potentiometric surface map of Silver Springs area adapted from 
Phelps (1994) with approximate site location indicated in red. Green line outlines the 
potentiometric contours that used to calculate horizontal gradients. Thickness is 
assumed to be the approximate thickness of the bedrock boreholes onsite. Visual 
inspecting indicates horizontal flow is west north west through the study area. 
Assuming homogenous porous medium, darcy flux is calculated to be 2.4 cm/d. 
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Figure C5 - Regional potentiometric surface map of silver springs area adapted from 
Faulkner (1970) with approximate site location indicated in red and potentiometric 
surface contours highlighted in green. Visual inspecting indicates horizontal flow is 
west north west through the study area. Assuming homogenous porous medium, 
darcy flux is calculated to be 1.0 cm/d. 
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Figure C6 - Silver Springs basin and areas contributing recharge with the site 
highlighted in red adapted from Munch et al (2006). Outlined in gray are the 
approximate extent of the theoretical cylinders used in the volumetric 
calculation(see figure B1) The site is on the periphery of the recharge area and 
numerically modeled capture zones for Silver Springs. 
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Table C3  – Table of calculated map horizontal hydraulic gradient based on the Phelps 1994 measurements. The 
total mean gradient was selected for use in the darcy flux calculation. .  

Segment Segment 
1 length 
(km) 

Segment 
2 length 
(km) 

Total 
Line 
length 
(km) 

Segment 
1 grad (-) 

Segment 2 
grad (-) 

Total Line 
gradient (-) 

Line location 

A 9.1 15 24 8E-05 5E-05 6E-05 Study area 

B 5.2 11 17 1E-04 7E-05 9E-05 Study area 

C 3.8 10 14 2E-04 8E-05 1E-04 Study area 

D 2.9 10 12 3E-04 8E-05 1E-04 Study area 

E 6.9 8.3 15 1E-04 9E-05 1E-04 Study area 

F 2.1 7.6 9.7 4E-04 1E-04 2E-04 Wider basin 

G 2.8 3.9 6.7 3E-04 2E-04 2E-04 Wider basin 

H 1.5 3.3 4.8 5E-04 2E-04 3E-04 Wider basin 

I 1.9 1.4 3.3 4E-04 5E-04 5E-04 Wider basin 

J 1.7 4.1 5.8 5E-04 2E-04 3E-04 Wider basin 

K 2.8 5.7 8.5 3E-04 1E-04 2E-04 Wider basin 

L 5.8 8.5 14 1E-04 9E-05 1E-04 Wider basin 

M 4.6 11 16 2E-04 7E-05 1E-04 Wider basin 

N 4.1 8.9 13 2E-04 9E-05 1E-04 Wider basin 

O 3.4 12 15 2E-04 7E-05 1E-04 Wider basin 

P 6.0 14 20 1E-04 5E-05 8E-05 Wider basin 

Q 8.6 16 24 9E-05 5E-05 6E-05 Wider basin 

 
 

Minimum Mean near Study Area Maximum 

Gradient 6E-05 1.00E-04 5E-04 

T( m^2/d) 6120 6120 6120 

b (m) 30 30 30 

K (m/d) 204 204 204 

Darcy Flux (m/d) 0.01 0.02 0.10 
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Table C4  – Table of calculated map horizontal hydraulic gradient based on the Faulkner 1970 measurements. The 
total mean gradient was selected for use in the darcy flux calculation. 

Segment Segment 
1 length 
(km) 

Segment 
2 length 
(km) 

Total 
Line 
length 
(km) 

Segment 1 
grad (-) 

Segment 2 
grad (-) 

Total Line 
gradient (-) 

Line location 

A 0.6 1.5 2.2 1E-03 5E-04 7E-04 Study area 

B 0.4 1.2 1.7 2E-03 6E-04 9E-04 Study area 

C 1.6 1.1 2.7 5E-04 7E-04 6E-04 Study area 

D 0.3 0.8 1.1 2E-03 1E-03 1E-03 Study area 

E 0.4 0.7 1.1 2E-03 1E-03 1E-03 Study area 

F 0.5 0.8 1.3 1E-03 9E-04 1E-03 Wider basin 

G 0.8 1.6 2.4 1E-03 5E-04 6E-04 Wider basin 

H 0.6 2.0 2.5 1E-03 4E-04 6E-04 Wider basin 

I 1.6 3.1 4.7 5E-04 2E-04 3E-04 Wider basin 

J 1.1 3.5 4.6 7E-04 2E-04 3E-04 Wider basin 

K 2.9 2.7 5.7 3E-04 3E-04 3E-04 Wider basin 

L 1.9 2.3 4.2 4E-04 3E-04 4E-04 Wider basin 

M 1.9 2.0 3.9 4E-04 4E-04 4E-04 Wider basin 

N 1.0 4.2 5.2 8E-04 2E-04 3E-04 Wider basin 

O 2.1 3.6 5.6 4E-04 2E-04 3E-04 Wider basin 

P 3.2 2.1 5.3 2E-04 4E-04 3E-04 Wider basin 

Q 2.5 1.8 4.3 3E-04 4E-04 4E-04 Wider basin 

 
 

Minimum Mean near Study Area Max 

Gradient 3E-04 5E-04 1E-03 

T( m^2/d) 6120 6120 6120 

b (m) 30 30 30 

K (m/d) 204 204 204 

Darcy Flux (m/d) 0.05 0.10 0.29 
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Flow net analysis can be an effective estimation tool. It relies on a series of simplifying assumptions namely 
homogenous isotropic media that is governed by darcy flow. Because the scale of these analysis is typically 
conducted on a basin scale, these assumptions may be considered valid. Faulkner (1970) presents a classical flow 
net analysis by creating streamtubes based on regional potentiometric surfaces setting the discharge of Silver 
Springs as a drain for the springshed to estimate discharge throughout the Silver Springs springshed. By assuming a 
thickness of 30m these estimates can be converted into a regional darcy flux. These in turn are used to compare to 
the PFM water flux measurements. Table B4  shows the range water flux values estimated via this method 
throughout the springshed. In the relevant streamtube (Faulkner’s cell 2), the water flux is 3.12 m/d, two orders of 
magnitude larger than the PFM measured(0.02 – 0.03) Some of Faulkner’s other individual cells (e.g. cells 23 and 
24) are the same order of magnitude as the measured PFM values.
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Table C5 – Adapted table 2 from Faulkner 1970. Cell labels refer to Faulkner 1970, Figure 32. Comparing the 
current location of the site suggests it is in Faulkner’s cell No. 2. Transmissivity values are included for method 
evaluation.  

Cell 
No. 

Q tot 
cfs 

q  
ft/s 

q 
m/d 

hi+1-

hi 
- 

feet 

T1 
** 

mgd
/ft 

Percent 
flow of 
Silver 

Springs 

Trans. T 
Adj. 

w/coef. 
0.8*** 
mgd/ft 

T 
m/d 

1 64.40 8.71E-05 2.29 1 29.2 7.8 23.4 2.91E+05 

2 93.76 1.18E-04 3.12 1 54.9. 11.4 43.9 5.45E+05 Site is likely in this cell 

3 19.06 3.28E-05 0.86 1 14.8 2.3 11.8 1.47E+05 

4 19.63 3.10E-05 0.82 1 14.3 2.4 11.4 1.42E+05 

5 20.83 1.97E-05 0.52 1 12.0 2.5 9.6 1.19E+05 

6 14.85 1.34E-05 0.35 1 9.5 1.8 7.6 9.44E+04 

7 5.69 8.99E-06 0.24 0.5 5.8 0.7 4.6 5.71E+04 

8 9.50 8.57E-06 0.23 1 4.8 1.2 3.8 4.72E+04 

9 13.86 1.88E-05 0.49 1 13.8 1.7 11.0 1.37E+05 

10 5.51 8.69E-06 0.23 1 3.3 0.7 2.6 3.23E+04 

11 4.89 6.61E-06 0.17 1 1.8 0.6 1.4 1.74E+04 

12 4.32 6.29E-06 0.17 1 1.9 0.5 1.5 1.86E+04 

13 10.57 1.25E-05 0.33 1 5.2 1.3 4.2 5.22E+04 

14 18.38 2.05E-05 0.54 1 12.1 2.2 9.7 1.20E+05 

15 275.92 3.73E-04 9.83 1 237.
0 33.6 189.6 2.35E+06 

16 61.24 6.44E-05 1.70 1 34.4 7.5 27.5 3.42E+05 

17 16.43 2.83E-05 0.75 1 11.9 2.0 9.5 1.18E+05 

18 11.36 2.15E-05 0.57 1 7.5 1.4 6.0 7.45E+04 

19 8.96 1.70E-05 0.45 1 5.3 1.1 4.2 5.22E+04 

20 7.78 5.46E-06 0.14 1 1.2 0.9 1.0 1.24E+04 

21 10.94 1.59E-05 0.42 1 3.3 1.3 2.6 3.23E+04 

22 2.01 3.17E-06 0.08 1 0.6 0.2 0.5 6.21E+03 

23 0.36 5.62E-07 0.01 1 0.1 0.04 0.08 9.94E+02 

24 1.36 1.98E-06 0.05 1 0.4 0.2 0.3 3.73E+03 

25 3.16 5.43E-06 0.14 1 1.4 0.4 1.1 1.37E+04 

Totals 806.42 98.04 

15.6 1.94E+05 Average 
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Faulkner’s streamtube method may be compared to other measured values, namely transmissivity, to evaluate its 
reasonableness. A pump test was conducted at the impacted wellfield in the Silver Springs Springshed and from 
that a transmissivity of 6.2x103 m2/d was estimated. As stated previously, assuming a thickness of the aquifer 
allows the conversion in Faulkner’s analysis to a transmissivity. Not that the streamtube analysis rests on all the 
water entering the system being sourced from recharge and all discharge occurring at silver springs. To conduct 
this evaluation of the streamtube method, all flow is assumed to occur through one 30m thick unit. Table B5 
compares the results of Faulkner’s analysis with the pump test.  

Table C6 – Table of calculated map horizontal hydraulic gradient based on the Faulkner 1970 measurements. The 
total mean gradient was selected for use in the darcy flux calculation. 

Williams and 
Kuniansky, 2015 

Faulkner 1970 

Pump Test Flow Net Flow Net Flow Net Analytical approach 
- Max Geometric Mean Min 

6.21E+03 2.35E+06 1.94E+05 9.94E+02 m^2/d 

Overall, the pump test does not match either transmissivity estimated in cell no. 2 (5.45x105 m/d), nor the mean of 
the springshed. Instead the pump test reports a lower transmissivity than the springshed demands. This may be a 
result of conducting a pump test in a fractured rock aquifer, the influence (or lack thereof) of karst conduits or 
poor test interpretation. The lack of agreement between a relatively local scale pump test and the springshed-scale 
analysis conducted by Faulkner may be a result of scale, suggesting that Faulkner’s specific discharge compared to 
a site or borehole scale PFM measurement will likely not agree. Additionally, the data underlying Faulkner’s 
analysis is from 1968. Climate and development in the Silver Springs springshed in the intervening years between 
1968 and 2018 may be another source of error in this analysis. However, these comparisons show that the PFM 
water flux measurements may be reasonable in some areas of the springshed (Table B4).  
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Conducting a similar flow net analysis using Phelps’ (1994) potentiometric surface map yields an estimate of 
specific discharge that is the same order of magnitude as the specific discharge measured by the PFMs. However, if 
the total discharge through the belt is summed and compared to the discharge reported at Silver Springs, the two 
values are three orders of magnitude different. Varying the hydraulic conductivity parameter is a main control on 
the calculated discharge through each flow cell. The hydraulic conductivity selected to calculate the flow through 
stream tubes is based on a pump test conducted at the Silver Springs wellfield (Williams and Kunianksy, 2015). If 
this simple flow net is calibrated to approximately flow balance, the required hydraulic conductivity is 
approximately 1x10-6 m/s (Table C6)  

Figure C7 – Plan view flow net analysis of Phelps, 1994 potentiometric surface map. 
Tabulated values are calculations for each cell. Specific discharge through the springshed 
suggests a similar value to the PFM measured value.  
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Table C7 – Approximate flow balance using the Phelps 1994 potentiometric surface map. Note the hydraulic 
conductivity used to calculate this table is 1x10-6 m/s.  

Cell No. W 
(m) 

L (m) Change in head (m) Q 
(m^3/s) 

q (m/s) q 
(m/d) 

1 6060 7036 0.762 1.37E-05 7.5E-11 7E-06 
2 6929 7476 0.762 1.37E-05 6.6E-11 6E-06 
3 6857 8548 0.762 1.37E-05 6.7E-11 6E-06 
4 6250 7095 0.762 1.37E-05 7.3E-11 6E-06 
5 5869 4345 0.762 1.37E-05 7.8E-11 7E-06 
6 3762 3881 0.762 1.37E-05 1.2E-10 1E-05 
7 3321 3702 0.762 1.37E-05 1.4E-10 1E-05 
8 7131 2119 0.762 1.37E-05 6.4E-11 6E-06 
9 4143 1560 0.762 1.37E-05 1.1E-10 1E-05 
10 3048 2310 0.762 1.37E-05 1.5E-10 1E-05 
11 3190 4440 0.762 1.37E-05 1.4E-10 1E-05 
12 4762 8512 0.762 1.37E-05 9.6E-11 8E-06 
13 6012 11262 0.762 1.37E-05 7.6E-11 7E-06 
14 2548 10655 0.762 1.37E-05 1.8E-10 2E-05 
15 5131 10274 0.762 1.37E-05 8.9E-11 8E-06 
16 7250 9381 0.762 1.37E-05 6.3E-11 5E-06 
17 5940 9298 0.762 1.37E-05 7.7E-11 7E-06 
18 4988 8560 0.762 1.37E-05 9.2E-11 8E-06 
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Appendix D: Depth Aligned Datasets and Fracture Network 
Characteristics 

Introduction 
Counting fractures and characterizing the systemic distribution of the fractures is a key aspect of the 
DFN-M approach. These data may be used to inform future discrete fracture numerical models. 
Fractures may be counted at in the rock core, if the drilling method allows it, and/or downhole via 
borehole geophysical tools like acoustic(ATV) or optical televiewer (OTV). Core that is brough to surface 
is necessarily disturbed by the drilling process. The boreholes in this investigation were drilled 
rotosonically. Assessing discrete fractures in rotosonic core is difficult in many environments as the 
drilling method injects significant energy into the system. This may disturb the rock, creating more and 
frequent mechanically derived fractures or features than otherwise might be observed. ATV data 
collection was not successful in these boreholes. For these reasons, the following fracture counts are 
based only on OTV fracture counts. These fracture statistics cannot therefore be corroborated by other 
complementary datasets, however they align with characteristics of regional deformation.  

Qualitative softness scores based on the OTV logs were assigned based on the visual appearance of the 
borehole wall. Given the lack of corroboration provided by the ATV, qualitative scales are a way to 
visually extract more data from the OTV logs. Qualitative scoring shows interbedded soft and hard 
intervals, and these intervals generally align with irregularities identified in the caliper logs. Major 
fractures picked from the OTV data do not systematically align with soft areas. 

Fracture definitions 
Major fractures extend across the borehole with visible aperture. Minor fracture extend across the 
borehole with limited aperture. Aligned voids may or may not extend across the borehole wall but do not 
have fracture morphology (i.e. washout zone, dissolution enhanced). Discontinuous fractures are not 
continuous across the borehole and may not have significant aperture. Four major fractures were 
identified in BHA while only one major fracture was identified in BHB2. Five minor fractures (BHA) and 12 
minor fractures (BHB2) were identified in each corehole. Thirty-eight continuous fractures were identified 
in BHB2, while 39 were identified in BHA. Most of the fractures appear discontinuous across the entire 
borehole wall and are therefore identified as incomplete. 
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Figure D1 - BHA Montage of fracture statistics based on OTV fracture identification. 
From left: elevation, depth, physical caliper, histogram of number of fractures, 
stereonet of major fractures, rose diagrams of fracture orientations, tadpole diagram, 
and qualitative softness scale. Fractures have been grouped by category, yellow 
includes all fractures, orange exclude incomplete fractures, and red is only 
major/minor fractures. Overall, there are few major fractures that were identified, 
with most fractures being incomplete. The black arrows on the rose diagrams show 
mean strike for the fractures counted, showing an overall north south trend through 
each fracture grouping. The qualitative softness scale is based on visual inspection of 
the OTV image. 1 is assigned to solid rock, 10 is void. 
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Figure D2 - BHB2 Montage of fracture statistics based on OTV fracture identification. 
From left: elevation, depth, physical caliper, histogram of number of fractures, 
stereonet of major fractures, rose diagrams of fracture orientations, tadpole diagram, 
and qualitative softness scale. Fractures have been grouped by category, yellow 
includes all fractures, orange exclude incomplete fractures, and red is only 
major/minor fractures. Overall there are few major fractures that were identified, 
with most fractures being incomplete. The qualitative softness scale is based on 
visual inspection of the OTV image. 1 is assigned to solid rock, 10 is void.  
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Figure D3 - Comprehensive diagram showing multiple lines of depth aligned data from borehole BHA including bedrock geologic, groundwater quality, and 
hydraulic data. Each data set is aligned vertically and defined on independent scales at the top of the log. From left to right the logs are: elevation, depth 
below ground surface, borehole construction, FLUTe Multi-level system construction, lithology, lithologic characteristics, borehole geophysical (physical 
caliper, ATV, OTV, natural gamma), rock core porewater, ground water quality,  PFM-derived groundwater equivalent 1,4-D concentration, PFM-derived 1,4-D 
mass flux, PFM-derived water flux, hydraulic head profiles, and active distributed temperature sensing logs. 1,4-D is concentrated towards the upper section 
of the borehole (A) with a discrete low concentration preferential flow feature beneath the bedrock contact. Groundwater and porewater concentrations are 
the same order of magnitude throughout most of the borehole (B) consistent with loading from the groundwater into the bedrock porewater. 
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Figure D4 Comprehensive diagram showing multiple lines of depth aligned data from borehole BHB2 including bedrock geologic, groundwater quality, and 
hydraulic data. Each data set is aligned vertically and defined on independent scales at the top of the log. From left to right the logs are: elevation, depth below 
ground surface, borehole construction, FLUTe Multi-level system construction, lithology, lithologic characteristics, borehole geophysical (physical caliper, ATV, 
OTV, natural gamma), rock core porewater, ground water quality,  PFM-derived groundwater equivalent 1,4-D concentration, PFM derived 1,4-D mass flux, PFM 
derived water flux, hydraulic head profiles, and active distributed temperature sensing logs. The upper portion of the borehole (A) has higher porewater 
concentrations than groundwater concentrations suggesting flushing, while the lower portion of the borehole (B) has low to ND porewater concentrations and 
elevated groundwater concentrations. Note the density of A-DTS-identified flow features in the bottom portion of the borehole which may contribute to reduced 
porewater concentrations.  134



May 2019

H
aw

th
or

n 
G

ro
up POE-OAK

AREA D
14.557AREA A14.652

OAK-ROW
14.542

SSS Supply Wells

AREA E
14.588

DRA-7322

CYPRESS-ROW

DRA-7311

300 m
N

HGB1
14.572

BHB2
14.557

Enhanced Vertical 
Hydraulic Connectivity

 Zone 

Enhanced Vertical 

Hydraulic Connectivity
 Zone 

Bedrock Flow Direction

14.60

14.6214.64

14.58

14.56

14.54

Appendix E - Potentiometric Surface Maps 

Figure E1 - Hand contoured potentiometric surface maps based on manual measurements for a series of monitoring events in 
2019.  Surfical and bedrock aquifers are contoured independently. Dashed lines represent inferred equipotential lines Wells 
that are installed in the same unit are averaged. Posted values represent the contoured values.  Green zones represent 
inferred zones of increased vertical hydraulic conductivity based on low regional and site specific observations of low 
permeability overburden as well as regional vertical piping morphology at the bedrock contact. See main text for a fuller 
description of the inferred zones of increased vertical hydraulic conductivity. 
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Appendix F – Water and Mass contribution to Municipal Well 
Model Description 
A simplified model is constructed to assess potential water and 1,4-dioxane (1,4- D) contribution from 
the site through a control plane to the silver springs shores wellfield. The model assumes constant mass 
loading horizontally across the width of the control plane with variations in mass loading or specific 
discharge defined along depth by PFM measurements. 

The control plane is assumed to be 33 m long in the z direction, the approximate length of the open 
interval of the Silver springs shores wells and the assumed thickness of the aquifer of interest. The width 
of the control plane is calculated for a range of widths, a base case of 50m, the approximate distance 
between Area A and Area D (200m), the width of the current area of investigation (300m), and the total 
width of the site (500m). 

Three mass loading/specific discharge scenarios are considered. The first only considers the 1,4-dioxane 
mass or specific discharge measured by the PFMs. This is likely an underestimate of the actual transport 
as the likelihood of all representative intervals being measured is low. The second scenario assumes an 
approximate linear interpolation in vertical variation between PFM measurements which are laterally 
consistent. In this configuration, the plume tapers from the PFM-defined values to 0 linearly for the first 
and last 20% of the length of the transect. . The third assumes that there are high mass 
discharge/specific water discharge zones that were not measured by the PFMs. These are included in 
areas in the borehole with sparse coverage. Concentrations/specific discharges are linearly interpolated 
between the dummy high flux zones and measured PFM zones. This vertical profile is extended laterally 
across the entire plane. 

Each scenario is calculated for both PFMs deployed in BHA and BHB2. Note that BHA is more 
representative of the conditions near the site boundary, and that BHB2 is included as a conservative 
estimate for transport across the site. Each PFM deployment has three different deployment scenarios, 
GAC from June to July 2019, GAC from July to October, and Ambersorb® from July to October (Table 2), 
though specific discharge calculations are only calculated for the GAC measurements due to PFM design. 
Finally, contribution from the site to the supply wells are compared to two different pumping regimes. 
Scenario 1 is the historic pumping  from the supply wells. Scenario 2 is the reduced pumping 
implemented by Marion county in 2017. The mass extracted by the supply wells is the average 
concentration under each scenario multiplied by the volume of water extracted.  

Specific Discharge 
Specific discharge measurements are compared to total volumes extracted at SSS during the 
deployment intervals. These have been reported from Marion county. Marion county reduced the total 
volume of water extracted in 2018 to reduce the uptake of 1,4-D mass. During the June to August 
deployment, approximately 800 m3 of water was extracted from the wellfield. During the August to 
October deployment approximately 1780 m3 of water was extracted. Tables 1 and 2 present the 
calculated values for BHA PFMs, as well as a percent contribution from the control plane to the well. 
Tables 3 and 4 present the calculated values for BHB2 PFMs, as well as a percent contribution from the 
control plane to the supply well This number represents the percentage of theoretical flow through the 
control plane that is captured by the supply wells.  
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Table F1 – BHA Volume intercepted by the control plane during the deployment in different model 
configurations 

 
Total volume 

(m3) 
Total volume 

(m3) 
Summary - 50 m transect June-Aug Aug-Oct 

PFMs are representative across the entire plane only in 
their intervals 

582.8 380.4 

Smooth transition between control points 2144.3 1417.6 
Higher in 2 points. Smooth transition 2623.7 2046.0 

Summary - 100 m transect June-Aug Aug-Oct 
PFMs are representative across the entire plane only in 

their intervals 
1154.1 753.3 

Smooth transition between control points 4246.6 2807.5 
Higher in 2 points. Smooth transition 5195.9 4051.9 

 

Table F2 – BHA percent contribution of control plane volumes to Silver Springs Shores Well field 
  

June-Aug 
%Contribution 

Aug-Oct 
% Contribution 

50 m transect 
  

 
PFMs are representative across the entire 

plane only in their intervals 
72 469 

 
Smooth transition between control points 38 126  

Higher in 2 points. Smooth transition 31 87 
100m transect 

  
 

PFMs are representative across the entire 
plane only in their intervals 

70 237 
 

Smooth transition between control points 19 63  
Higher in 2 points. Smooth transition 16 44 

300 m 
transect 

Length of the site boundary north of tracks 
  

 
PFMs are representative across the entire 

plane only in their intervals 
23 79 

 
Smooth transition between control points 6 21  

Higher in 2 points. Smooth transition 5 15 
500 m 

transect 
Length of the site boundary north and south 

of tracks 

  

 
PFMs are representative across the entire 

plane only in their intervals 
14 47 

 
Smooth transition between control points 4 13  

Higher in 2 points. Smooth transition 3 9 
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Table F3 – BHB2 volume intercepted by the control plane during the deployment in different model 
configurations 

 
Total Volume  

(m3) 
Total Volume  

(m3) 
Summary - 50 m transect June-Aug Aug-Oct 

PFMs are representative across the entire plane only in their 
intervals 

617.1 419.6 

Smooth transition between control points 2445.9 1611.5 
Higher in 2 points. Smooth transition 3027.6 2068.5    

   

Summary - 100 m transect June-Aug Aug-Oct 
PFMs are representative across the entire plane only in their 

intervals 
1379.6 831.0 

Smooth transition between control points 5153.5 3191.5 
Higher in 2 points. Smooth transition 6305.5 4096.5 

 

Table F4 – BHB2 percent contribution of control plane volumes to Silver Springs Shores Well field 
  

June-Aug % 
Contribution 

Aug-Oct % 
Contribution 

50 m transect 
   

 
PFMs are representative across the entire 

plane only in their intervals 
131 425 

 
Smooth transition between control points 33 111  

Higher in 2 points. Smooth transition 27 86 
100m transect 

   
 

PFMs are representative across the entire 
plane only in their intervals 

58 215 
 

Smooth transition between control points 16 56  
Higher in 2 points. Smooth transition 13 44 

300 m transect Length of the site boundary north of tracks 
  

 
PFMs are representative across the entire 

plane only in their intervals 
19 72 

 
Smooth transition between control points 5 19  

Higher in 2 points. Smooth transition 4 15 
500 m transect Length of the site boundary north and south 

of tracks 

  

 
PFMs are representative across the entire 

plane only in their intervals 
12 43 

 
Smooth transition between control points 3 11  

Higher in 2 points. Smooth transition 3 9 

This model makes many simplifying assumptions but based on the PFM data at the site boundary (BHA), 
expected contributions in site water for realistic transect length (300, 500m) the site is contributing 3-
21% of the water extracted from Silver Springs supply wells. BHB2 reports high overall specific discharge 
values, thus using those numbers the estimated contribution of water to the extraction well is 3-15%. 
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Note that the lower expected contributions of the site to the supply wells from June-July represent 
lower overall water takings from the wellfield rather than a significant reduction in flow through the 
control plane. Transect length controls much of the estimated contribution to the wellfield. The 50 and 
100m transect lengths are arbitrary however the 300 and 500m lengths represent the site boundaries. 
Additionally, scenario 1, only contributions from the PFM measured intervals, is unreasonable in UFA. 
Transducer measurements, coring, and other data suggest the UFA is well connected meaning that this 
conceptualization of the aquifer is probably an underestimate of flow through the control plan. In that 
scenario flow through more than half of the aquifer (24/32 cells per column) is discounted. 

1,4-D Mass contribution 
1,4-D mass loading through the control plan is calculated for the same three scenarios, only PFM data, 
linear interpolations between the PFM data, and PFMs that missed high concentrations. Each scenario is 
calculated based on three deployments, June-August GAC, August to October GAC and August to 
October AMB.  

Evaluating the mass loading to the Silver Springs shores wells is difficult as only the water takings are 
reported by the county. Monthly sampling of each supply well, and POE oak, a nearby well, occurred 
from 4/1/2016 to 1/1/2018. Since the county reduced its water takings in January 2017 the total 1,4-D 
mass intercepted by the well is different before and after the wells turned off. The mass loading through 
the control plane is compared therefore to both the average amount of mass removed on a monthly 
basis from before 2017 and independently to the average amount of mass removed after 2017 under 
reduced rate conditions(Table 5) .  

Table F5 Descriptive statistics of mass removal at Silver Springs Shores before daily pumping was reduced 
(Scenario 1) and after (Scenario 2). 

  
mg/d mg 

Scenario 
1 

max 1,925 103,952 
min 27 1,474 

mean 926 49,983 
Scenario 

2 
max 4,382 245,382 
min 1,988 111,344 

mean 2,738 153,331 
Tables F6 and F7 show the results and the relative contribution from the site to the supply well in 
different configurations for BHA.  
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Table F6 - Total mass through the control plane in different deployments in BHA 
  

Mass (mg) Mass (mg) Mass (mg)  
Summary - 50 m transect June to Aug 

GAC 
Aug to Oct 
GAC 

Aug to Oct 
AMB  

PFMs are representative across the entire plane only 
in their intervals 

1131.1 3053.1 800.3 
 

Smooth transition between control points 2990.6 8587.3 1988.1  
Higher in 2 points. Smooth transition 16813.0 40087.1 8912.0      

     
 

Summary - 100 m transect round 2  Round 3 
GAC 

Round 3 
Amb   

PFMs are representative across the entire plane only 
in their intervals 

2238.1 6053.0 1584.3 
 

Smooth transition between control points 6105.3 14463.8 4661.6  
Higher in 2 points. Smooth transition 33478.1 79388.2 17837.8 

 

Table F7 Percent contribution of the SSS 1,4-d supply well concentration flowing through the control plane at 
BHA. 

50 m 
transect 

 
June to Aug 

GAC  
% Contribution 

Aug to Oct GAC  
% Contribution 

Aug to Oct AMB  
% Contribution 

Scenario 
1 

PFMs are representative across the entire 
plane only in their intervals 

2 6 2 

Smooth transition between control points 6 17 4 
Higher in 2 points. Smooth transition 34 80 18      

Scenario 
2 

PFMs are representative across the entire 
plane only in their intervals 

1 2 1 

Smooth transition between control points 2 6 1 
Higher in 2 points. Smooth transition 11 26 6 

100m 
transect 

    

Scenario 
1 

PFMs are representative across the entire 
plane only in their intervals 

4 12 171 

Smooth transition between control points 12 29 9 
Higher in 2 points. Smooth transition 67 159 1927      

Scenario 
2 

PFMs are representative across the entire 
plane only in their intervals 

1 4 1 

Smooth transition between control points 4 9 3 
Higher in 2 points. Smooth transition 22 52 12 
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200 m 
transect 

Length of the site boundary north of tracks 
   

Scenario 
1 

PFMs are representative across the entire 
plane only in their intervals 

9 24 6 

Smooth transition between control points 24 58 19 
Higher in 2 points. Smooth transition 134 318 71      

Scenario 
2 

PFMs are representative across the entire 
plane only in their intervals 

3 8 2 

Smooth transition between control points 8 19 6 
Higher in 2 points. Smooth transition 44 104 23 

500 m 
transect 

Length of the site boundary north and 
south of tracks 

   

Scenario 
1 

PFMs are representative across the entire 
plane only in their intervals 

22 61 16 

Smooth transition between control points 61 145 47 
Higher in 2 points. Smooth transition 335 794 178      

Scenario 
2 

PFMs are representative across the entire 
plane only in their intervals 

7 20 5 

Smooth transition between control points 20 47 15 
Higher in 2 points. Smooth transition 109 259 58 

 

Table F8 - Total mass through the control plane in different deployments in BHB2 
 

Mass Measured 
(mg) 

  

Summary - 50 m transect June to Aug GAC  Aug to Oct 
GAC  

Aug to Oct 
AMB  

PFMs are representative across the entire plane only in their 
intervals 

20345.4 26172.8 11428.8 

Smooth transition between control points 71643.4 85824.9 33287.5 
Higher in 2 points. Smooth transition 174696.7 128507.7 54825.4     
    

Summary - 100 m transect June to Aug GAC   Aug to Oct 
GAC 

Aug to Oct 
AMB 

PFMs are representative across the entire plane only in their 
intervals 

47756.2 51832.4 19881.0 

Smooth transition between control points 154377.2 171649.8 66575.0 
Higher in 2 points. Smooth transition 496124.2 254495.6 108575.9 
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Table F9 - Percent contribution of the SSS 1,4-d supply well concentration flowing through the control plane at 
BHB2. 

50 m 
transect 

 
June to Aug 

GAC  
% Contribution 

Aug to Oct 
GAC  

% Contribution 

Aug to Oct AMB  
% Contribution 

Scenario 1 PFMs are representative across the entire 
plane only in their intervals 

41 52 23 

Smooth transition between control points 143 172 67 
Order of magnitude higher in 2 points. 

Smooth transition 
350 257 110 

Scenario 2 PFMs are representative across the entire 
plane only in their intervals 

13 17 7 

Smooth transition between control points 47 56 22 
Higher in 2 points. Smooth transition 114 84 36 

100m 
transect 

Approximate distance between area A 
and area D 

   

Scenario 1 PFMs are representative across the entire 
plane only in their intervals 

96 104 40 

Smooth transition between control points 309 343 133 
Higher in 2 points. Smooth transition 993 509 217     

Scenario 2 PFMs are representative across the entire 
plane only in their intervals 

31 34 13 

Smooth transition between control points 101 112 43 
Higher in 2 points. Smooth transition 324 166 71 

300 m 
transect 

Length of the site boundary north of tracks 
   

Scenario 1 PFMs are representative across the entire 
plane only in their intervals 

191 207 80 

Smooth transition between control points 618 687 266 
Higher in 2 points. Smooth transition 1985 1018 434 

Scenario 2 PFMs are representative across the entire 
plane only in their intervals 

93 68 26 

Smooth transition between control points 302 224 87 

Higher in 2 points. Smooth transition 971 332 142 
500 m 

transect 
Length of the site boundary north and 

south of tracks 

   

Scenario 1 PFMs are representative across the entire 
plane only in their intervals 

478 518 199 

Smooth transition between control points 1544 1717 666 
Higher in 2 points. Smooth transition 4963 2546 1086 

Scenario 2 PFMs are representative across the entire 
plane only in their intervals 

156 169 65 

Smooth transition between control points 503 560 217 
Higher in 2 points. Smooth transition 1618 830 354 
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Calculating mass discharge through this simplified control plane is more uncertain. Estimated contributions to the 
supply wells are compared to historic values without. Additionally, the construction of the control plane, laterally 
extensive concentrations defined by the passive flux meter measurements mean the comparisons are scale 
dependent. Comparing the PFM derived volume to the Silver Springs Wellfield volumes showed that a long 
transect is needed to contribute significant amounts of water to the supply wells. The same long transect when 
calculating mass loading results in the inference that much more 1,4-D is flowing from the site than. It is more 
instructive to inspect the results from the 50 and 100 m transect as these are more like field observed plume 
widths. Long screened wells in the UFA show low (approximately 1ug/L) at areas A and Area D. those points are 
located approximately 75 m apart. Adding a factor of safety of 25m, and assuming a 100m plume width may be 
considered reasonable. The 100m transect calculations show that under non-pumping conditions (Scenario 1) the 
site plume may be contributing significantly to the 1,4-dioxane plume observed in the Silver Springs shores wells. 
using the PFMS deployed at the site boundary, the potential contribution under non pumping conditions range 
from 4-67% in the first deployment and 12-159% in the second deployment. Ambersorb® percentages are lower 
across each transect calculation because the amount of mass captured by the Ambersorb ® PFM was generally 
lower. Under the pumped conditions(scenario 2), the percentage contribution decreases, as the amount of mass 
intercepted by the supply well increases. Under scenario 2 during June to August deployment period the percent 
contributions ranged from 1-22% and from August to October they ranged from 4 to 52%.Using the BHB2 PFM 
measurements results in discharge at the site boundary that can likely support the concentrations observed at the 
supply well.  

This simple model shows that using measured data it is unlikely that a majority of the 1,4-dioxane detected at the 
Silver Springs Shores supply wells are coming from the site. This model is very sensitive to plume width, and both 
wider and narrower transects are used to evaluate different aspects of the system (water flux vs. mass loading), 
both are included. However, a 500m plume width is not supported by field measurements, thus these data should 
be discarded. Additionally, this model assumes that there is retardation of the plume between the control plane 
and the supply wells, process shown by the rock core data that are occurring onsite. This model also assumes a 
laterally extensive plume in 1m cells that likely do not capture true plume architecture.  
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