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Abstract 

 
 

Contaminant Mass Distribution of a Mixed Organic Contaminant Plume Down-Gradient of an 
Aged DNAPL Source Zone in Sedimentary Rock 

 
Andrew Buckley                    Advisor 
University of Guelph, 2017                 Dr. B. L. Parker 
 
 

Releases of mixed organic solvent DNAPL occurred before 1970 at an industrial site. The 

DNAPL migrated through glacial sediments and shallow bedrock, accumulated between 45 and 

55 m bgs in a fractured sandstone, and is a persistent source for a large groundwater plume. 

Here, the contaminant mass variability is characterized using five cored holes along a 238 m 

long transect orthogonal to groundwater flow and immediately downgradient of the source. 

Average sample frequency was 4.7 samples per metre. Results show distinct and sometimes 

unpredictable spatial variability of concentration and composition. One core was located 13 m 

from a hole cored and sampled in a similar manner 10.5 years earlier. Comparison of results 

shows an 85% reduction in total VOC mass, attributed mostly to groundwater flushing above the 

known DNAPL accumulation with evidence for some microbial degradation. These data are 

foundational to future mass flux estimates and source zone longevity calculations. 
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1.0 Introduction 

1.1 Motivation and Background for the Study 

 
One of the greatest challenges in groundwater protection and cleanup is the contamination of 

fractured rock (NAS, 2015). Many communities in North America rely on fractured rock aquifers 

for water supply. Effective site management decisions (e.g., monitoring and remedial activities) 

require site conceptual models informed by detailed characterization data (NAS, 2015). 

 

Chlorinated solvents are a common contaminant of concern, widely produced in industry since 

World War II. Chlorinated solvents are dense non aqueous phase liquids” (DNAPLs). Their 

physical properties cause them to be difficult to find and remediate. Denser than water, with low-

interfacial tension and low-viscosity, once released they can move rapidly downward through 

unsaturated and saturated media. Low absolute solubility allows DNAPL to persist for decades 

or centuries. Although their absolute solubility is low, dissolved concentrations are typically high 

compared to concentrations that appear harmful to human health (Pankow and Cherry, 1996).  

 

If DNAPL enters fractured rock, its distribution and the resulting plume can be complex (EPA, 

2001). Fractured rock is heterogeneous and anisotropic with fractures having a variety of 

lengths, apertures and spacing (NRC, 1996). Initially, DNAPL preferentially flows through 

interconnected permeable fractures (Mackay and Cherry, 1989). The fracture aperture, 

orientation, DNAPL interfacial tension and DNAPL column height influences the ability of 

DNAPL to invade fractures (Kueper and McWhorter, 1991). Even relatively small volumes of 

DNAPL can move far and deep into the rock fractures (Mackay and Cherry, 1989). Over time, 

fractures with active groundwater flow slowly dissolve DNAPL, creating a dissolved plume 

downgradient (Pankow and Cherry, 1996). After many years, in porous rock, nearly all DNAPL 

will dissolve and exist as dissolved and sorbed phase mass diffused into the lower-permeability 

but high porosity matrix between fractures (Parker et al., 1994; Parker et al., 1997; Hurley and 

Parker, 2002; Parker et al., 2012) . Back diffusion from the matrix to the fractures can cause 

plumes to persist for decades to centuries (Parker et al., 2012).  

 

The detailed delineation of a DNAPL source is often challenging and inadequate. If holes are 

drilled in the suspected source zone, there is a risk of mobile DNAPL flowing vertically through 
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the hole to different elevations. This would expand the volume of rock impacted by DNAPL. 

Therefore, to minimize this risk, conventional monitoring wells are often placed outside and 

downgradient of the suspected source zone during site characterization (Cohen and Mercer, 

1993; Kueper et al., 2014). Groundwater samples from these wells are used to infer the 

distribution of up gradient DNAPL. However, conventional monitoring wells cannot provide a 

high-resolution vertical contaminant distribution. Also, if the wells have long screens then 

concentrations will be blended and biased and there is the potential for cross-contamination 

within the screen. High-resolution multi-level systems, are specifically designed to minimize 

blending and bias in sampling intervals. They would provide a high-resolution view of vertical 

contaminant mass distribution. However, there still may be some bias due to cross-connection 

that occurred within the open hole prior to MLS installation (Sterling et al., 2005).  

 

A highly-detailed approach to delineating the vertical distribution of the magnitude and 

composition of the contaminant mass in fractured rock is Parker et al. (2012). The technique 

was initially used by (Sterling, 1999; Turner, 2001; Hurley, 2003). Rock core is sampled 

discretely (~2 cm rock core length), and frequently (~less than 30 cm intervals). This technique 

samples the contaminant mass in the rock matrix, which is where most of the contaminant mass 

resides at sedimentary rock sites initially impacted by DNAPL several decades ago. 

Additionally, unlike monitoring wells, concentration results are reflective of the natural system 

and not affected by “cross-contamination”. Several studies have applied this approach to 

“golden-spike” holes downgradient of DNAPL source zones (Turner, 2001; Austin, 2005; 

Stuetzle, 2014). These holes provide a 1-D indication of the distribution of mass and 

composition of the upgradient DNAPL source zone.  

 

Although 1-D profiles provide a good starting point for source zone characterization, complete 

spatial characterization and mass flux estimates require, at the very least, an understanding of 

the 2-D mass distribution. This can be accomplished by applying the rock core VOC sampling 

approach to continuous cores collected from several locations along a transect located 

downgradient of the DNAPL source zone.  

 

There are many examples of the transect approach in the literature, a few of which will be 

highlighted here. Einarson and Mackay (2001) showed an example of groundwater 

concentrations taken from multi-levels aligned transverse to groundwater flow and a 

contaminant plume in granular media. The article recommended that estimates of mass flux 
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based on concentration and groundwater flux data be used to predict concentrations in 

downgradient supply wells. Guilbeault et al. (2005) collected depth-discrete groundwater 

samples, using a direct-push sampler (described by Pitkin et al. (1999)), across transects in 

three different sandy aquifers. The three study sites had persistent, aged, DNAPL source zones 

of either tetrachloroethene (PCE) or trichloroethene (TCE). Due to thin horizontal source zones 

in the sandy aquifers, a vertical sample spacing of 15 to 30 cm was required to locate and 

quantify high concentrations and high mass-flux zones. Contaminant concentrations varied by 

as much as four orders of magnitude across 30 cm vertical intervals, and three-quarters of the 

mass discharge occurred within 5 to 10% of the plume cross-sectional area.  Plett (2006) 

collected depth-discrete rock core and groundwater samples from high-resolution multi-level 

systems, across a transect downgradient of two suspected source zones in a fractured 

dolostone aquifer. This was the first application of a transect approach at a fractured 

sedimentary rock site contaminated with DNAPL. The transect was 150 m downgradient of the 

metachlor source zone and 300 m downgradient of the TCE source zone. Strong natural 

attenuation of the co-mingled metachlor, TCE plume between the source and the transect was 

shown. The extent of the plume was bounded vertically but not laterally. Although all of these 

studies successfully applied the transect approach, none used high-resolution rock core 

sampling across a transect to two-dimensionally characterize a DNAPL source zone in fractured 

sedimentary rock. 

 

1.2 Research Approach 

 
The focus of this study is an aged, multi-component DNAPL source in fractured sedimentary 

rock that has been an important environmental issue for four decades. The thesis study 

questions are: 1) what is the source zone mass distribution (magnitude and composition) and 2) 

how is the mass distribution changing. The Parker et al. (2012) rock core sampling approach 

was applied to five corehole locations forming a transect immediately downgradient of an aged 

DNAPL source zone. Firstly, one-dimensional concentration profiles for each core are 

examined, looking for changes in contaminant mass and composition and possible associations 

with geologic and/or hydraulic controls. Secondly, two-dimensional distribution of mass and 

composition are assessed, along with broader scale correlations with geology. Lastly, in an 

unprecedented opportunity, 2 cores are compared that are only 13 m apart in space but were 

collected 10 years apart in time. These cores provide an indication of how the mass in the 

matrix downgradient of the DNAPL source zone has evolved over this time-period. 
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Prior to 1970, at least 72,200 L of DNAPL was released from a chemical recycling and 

distribution facility in southern Wisconsin. Beneath the facility, there are quaternary-aged 

unconsolidated sediments that were deposited in glacial / glacial fluvial environment. These are 

all overlying a sequence of flat-lying Cambrian/Ordovician sedimentary rock including dolostone, 

sandstone, siltstone and shale. The DNAPL descended through the unconsolidated sediments 

and into the fractured sedimentary rock, and preferentially accumulated approximately 45 to 56 

m below ground surface (bgs) in the Tunnel City Group, a fractured sandstone.  Groundwater 

flowing through fractures in the Tunnel City Group created a laterally extensive dissolved plume, 

approximately 3 km in length (Figure 1). Below the Tunnel City Group is a local aquifer, the 

Wonewoc Formation, a regional aquitard, the Eau Claire Formation, and a regional aquifer, the 

Mount Simon Formation (Figure 2).  

 

Remedial measures applied at the site have included soil vapor extraction, direct DNAPL 

removal by pumping, and a hydraulic barrier system for plume containment. The DNAPL was 

first discovered in 1988. Soil vapor extraction removed 89,440 L of equivalent DNAPL mass 

from the overburden between 1996 and 2000. DNAPL pumping removed 34,000 L DNAPL from 

the upper Tunnel City Group between 1999 and 2002.  Following these measures, it was 

estimated that 72,200 L of DNAPL remained. The primary purpose of the hydraulic barrier 

system is cutting off the downgradient part of the Tunnel City Group plume from the source 

zone. In the process, it has removed 13,140 L of equivalent DNAPL mass from the upper 

Tunnel City Group between 2004 and 2012.  Although remedial and risk management 

measures applied have been successful, by the end of 2012, at least 59,060 L of DNAPL 

remained in the source zone. The large volume remaining makes it an important area for 

advanced characterization. 

 

Since 2003, University researchers have advanced the understanding of the geologic 

framework, flow system, DNAPL source zone, and the dissolved contaminant fate and transport 

at the site. Advanced, novel site characterization methods specific to fractured sedimentary rock 

have been applied (Austin, 2005; Meyer, 2005; Meyer et al., 2008; Miao, 2008; Casado, 2012; 

Lima et al., 2012; Parker et al., 2012; Meyer, 2013; Meyer et al., 2014; Ribeiro, 2016; Harvey, 

2017). Meyer et al. (2016) delineated a 3-D hydrogeologic unit (HGU) framework by integrating 

high resolution hydraulic head and vertical gradient profiles with sequence stratigraphy. At the 

Hydrite site, there are four critical HGUs relevant to the following thesis study (HGU 11, 9, 8 and 
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7). HGU 9, 8 and 7 are in the upper Tunnel City Group where DNAPL was observed during 

source removal. HGU 11 is the shallow rock between the overburden and the Tunnel City 

Group. In addition, Meyer (2013) hypothesized that the contact between HGU 9 and 8 

preferentially accumulated DNAPL in the source zone and acted as an important flow and 

contaminant migration pathway in the plume.  

 

Much of the research between 2003 and 2012 was focused on advanced characterization of the 

flow system and dissolved phase plume using a suite of high resolution methods described by 

Parker et al. (2012). Only one study during this time focused specifically on the DNAPL source 

zone (Austin, 2005). The composition of the DNAPL collected from 9 conventional wells over a 

8,365 m2 area from 1999 to 2002 was found to be spatially consistent. Comparison of the 

DNAPL samples in 1999 and 2004 showed that the composition was also temporally consistent. 

The primary compounds included 1,1,1-TCA, PCE, TCE, Toluene, and Xylenes.  Additionally, in 

a rock core immediately downgradient of the source, porewater concentrations of Methylene 

Chloride (DCM), cis,1-2-Dichlorthene, 1,1-Dichloroethane and Toluene approached or 

exceeded their effective solubilities in the St. Peter Formation and Tunnel City Group. This 

suggested possible residual DNAPL was present in the matrix pores of this core, or in an up 

gradient zone. A key finding of the study was that the St. Peter Formation likely contained 

substantial quantities of residual DNAPL. Lastly, the cessation of DNAPL migration vertically 

was attributed to significant storage space in the horizontal fractures and matrix in the Upper 

Tunnel City Group.   

 

Future site management decisions (e.g., further characterization, remedial activities) will require 

an improved understanding of the contaminant mass and phase distribution in the source zone. 

Previous and existing mass removal efforts have targeted the upper Tunnel Group and the 

unconsolidated deposits. However, Austin (2005) suspected substantial quantities of residual 

DNAPL in the shallow bedrock, specifically the Tonti Member of the St. Peter Formation. 

Previous DNAPL pumping between 1999 and 2002, resulted in a slug of high concentration 

water being released into the downgradient plume. This behaviour was unexpected and 

highlights a need for an improved understanding of the architecture of the DNAPL source zone 

prior to any further remedial measures are applied. Furthermore, there is no information about 

contaminant natural attenuation that may be occurring in the source zone. This type of 

information is necessary to fully evaluate any potential active remedial options. 
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Figure 1: Plan view of the research site  
 
Shown here is the, DNAPL source zone, the most laterally extensive plume (at least 10 ppb 
TVOC measured in 2003) located in HGU 9/8, the research multi-level systems, the 
conventional wells and the hydraulic barrier system wells. The length of the plume is 
approximately 3 km (from DNAPL source zone to plume front). 
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Figure 2: Conceptualization of DNAPL distribution and plume transport pathways  
(Meyer, personal communication, 2017) 
 
DNAPL was released at ground surface on the chemical facility property. It migrated down 
through the overburden and shallow rock, accumulating in HGU 9/8 of the Tunnel City Group. 
The most laterally extensive plume is in HGU 9/8. It is suspected that residual DNAPL still exists 
in the shallow rock, creating a plume in the shallow rock as well. The downgradient hydraulic 
barrier system (installed in 2003) pumps water from the HGU 9/8 to reduce the mass of VOCs 
transported.  
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Figure 3: Location of 5 holes cored and sampled in 2014 immediately downgradient of the 
DNAPL source zone (MP-26S, MP-25S, MP-24S, MP-23S and MP-22S).  
The location of the first research corehole, which was cored and sampled in 2003 (MP-7) is 
shown adjacent to MP-24S.  
 
Groundwater flow direction is between east to south-east. The delineation of the DNAPL source 
zone is based on if DNAPL was recovered during DNAPL pumping in 1999. 
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Figure 4: Conceptual approach  
(Modified from (Guilbeault, 1999)) 
 
Depth-discrete, high frequency rock core samples from 5 core-holes downgradient of the 
DNAPL source zone provide high-resolution VOC mass distribution and composition results. 
The vertical and lateral interpretation of the results provides insight into the current DNAPL 
source zone in the sedimentary rock 
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2.0 Methods 

2.1 Continuous Core Collection 

 

Five coreholes were drilled between July 7, 2014 and July 27, 2014 by Cascade Drilling. The 

resulting transect is located downgradient of the observed DNAPL source zone and roughly 

perpendicular to groundwater flow in the shallow rock and Tunnel City Group (Figure 3). 

 

All five holes were drilled in the same fashion. The overburden was drilled using a mud rotary 

drilling technique with a 10 inch tricone bit. All cuttings and drilling fluids produced during the 

overburden drilling were containerized, screened by TetraTech personnel, and disposed of by 

Hydrite personnel. The resulting holes are approximately 10 inches in diameter and 

permanently cased with a nominal 6 inch diameter steel casing. The bedrock was continuously 

cored from the top of rock to the bottom of HGU8 using a rotary rig and a HQ3 wireline coring 

technique. The reason for limiting the depth of drilling to the bottom of HGU8 was to reduce the 

potential of downward cross connection through the open hole (DNAPL is known to have 

accumulated in HGU8 and HGU9). The coring was done using tap water as the only drilling 

fluid. Any water that circulated back to ground surface was containerized, screened by 

TetraTech personnel, and disposed of by Hydrite personnel. The cores produced were nominal 

2.4 inches in diameter and the boreholes were approximately 3.8 inches in diameter. MP-22S, 

MP-23S and MP-26S were overdrilled to various depths with 4.5 inch HWT casing. Issues with 

sloughing and borehole wall instability necessitated that this be done in order for a temporary 

4.5 inch HWT casing to be installed.  

 

Each step from coring to sample bottling was carefully planned to achieve the data collection 

goals and minimize VOC losses.  

 

Once the drillers finished a run, the inner core barrel, containing the core, was lifted to ground 

surface using a wireline retrieving system. At ground surface, split stainless steel sleeves, which 

lined the barrel were pumped out under water pressure. These sleeves were then carried to the 

sampling station, and the core carefully emptied into an aluminum foil lined core tray. The core 
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was immediately wrapped in aluminum foil to prevent VOC losses. Once ready, the core was 

unwrapped and a sampler identified intervals to be sampled and the geologist logged the core. 

 

The amount of time that the core remained at the bottom of the hole and above ground surface 

was minimized to prevent VOC losses. Good communication between University of Guelph 

personnel and the Cascade drillers was essential. Typically, the drillers would be finishing 

coring and starting to retrieve the run as the sampler, geologist and crusher were tidying up their 

stations after finishing processing the last run. The geologist, sampler and crusher then 

instructed the drillers when to begin coring the next run. 
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Table 1: Summary of core collection and sampling 

 
MP-26S MP-25S MP-24S MP-23S MP-22S 

Coring Method 
HQ3 

Wireline 
HQ3 

Wireline 
HQ3 

Wireline 
HQ3 

Wireline 
HQ3 

Wireline 

Coring Fluid Water Water Water Water Water 

Bottom of Corehole (ft) bgs 204.50 189.80 179.95 179.40 179.80 

Top of Rock (ft) bgs 102.00 95.00 85.00 74.00 50.00 

Cored Length (ft) 95.50 86.8 80.10 100.90 124.80 

Recovery (ft) 78.80 85.25 72.35 93.05 103.75 

Recovery (%) 82.51 98.21 90.32 92.22 83.13 

Number of Rock VOC 
Samples (not including 

duplicates) 
111 114 110 140 151 

Average Number of Samples 
/ Linear Foot of Recovered 

Core 
1.41 1.34 1.52 1.50 1.46 

Number of Trip Blanks 
 

24 18 21 27 27 

Number of Equipment 
Blanks 

13 10 10 12 12 

Number of Purge and Trap 
Methanol Blanks 

8 8 8 10 8 
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2.2 Rock Core VOC Sampling 

2.2.1 Sample Selection, Collection, and Field Processing 

 

Samples were taken immediately adjacent to fractures (above and/or below), at varying 

distances away from fracture planes, in the unfractured matrix, and at sharp lithology changes 

(Figure 5). Additionally, some samples were taken from other areas of interest (e.g. where 

potential DNAPL staining was observed). The samples (approximately 0.2 ft. long) were taken 

from the continuous core using a hammer and chisel. They were immediately wrapped in 

aluminum foil, put into a zip-lock bag, and placed in a cooler filled with ice-packs. This was done 

to minimize the loss of VOCs between the time of sampling and crushing. A unique identifier 

was written on the zip-lock bag containing each sample. A breakdown of the total number of 

samples taken from each borehole can be found in (Table 1).  

 

Once the core was sampled and logged, the core tray and chisel were decontaminated. The 

tray and the chisel were brushed off to remove large particles, then rinsed with soapy water, 

rinsed with distilled water, rinsed with wash grade methanol, and then rinsed with distilled water 

again. Lastly, the core tray and chisel were fully dried with paper towels.  

 

After the rock VOC samples were taken, they were brought to a crushing area. The sample was 

removed from the ziplock bag, unwrapped and placed in a clean, dry trimming box. The outer 

rind of each sample was then trimmed with a hammer and chisel, to minimize the influence of 

the drillings fluids on the sample results.  The remaining sample was further disaggregated, and 

a few chunks (approximately 20 g) were put into a crushing cell. A hydraulic press drove the 

cell’s top plate down towards the base plate, under a pressure of approximately 6,000 psi, 

disaggregating the rock. The crushed sample was funneled into a 40 mL VOA bottle pre-filled 

with 15 mL purge and trap grade methanol. The threads of the vial were cleaned with a kim 

wipe and the lid secured tightly. The sample bottle was then placed in a cooler with ice. The 

start crushing time, end crushing time, unique ID assigned by the sampler, and VOA bottle ID 

were entered directly into database in the field format using a laptop computer.  

 

The crushing equipment was decontaminated each time a sample was processed. This was 

done to minimize any cross contamination. All equipment that was in contact with the sample 
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was decontaminated. The decontamination procedure included 5 steps: washing the equipment 

in soapy water, rinsing with distilled water, rinsing with wash grade methanol, rinsing with 

distilled water, and drying. 

 

To ensure data quality, duplicates, methanol blanks, equipment blanks, trip blanks were taken in 

the field. Duplicates were used to evaluate the repeatability of the results. They were taken by 

splitting a sample along its vertical axis. Each half of the sample was trimmed, crushed and 

bottled. Methanol blanks were collected at the top and bottom of each manufacturer supplied 

bottle of purge and trap grade methanol to evaluate the quality of the purge and trap grade 

methanol. Equipment blanks were taken after the equipment underwent the 4-step 

decontamination process, to ensure that the sample results were not influenced by 

contaminated equipment. They were collected at the beginning of the day, after every 20 

samples, and at the end of the day. Three trip blanks were also included in each cooler of 

samples shipped to the analytical lab to provide an indication of any cross contamination during 

shipping.   

 

Samples were packaged and shipped overnight to Stone Environmental Inc. for analysis each 

afternoon Monday through Thursday. Samples collected on Friday, Saturday, and Sunday were 

fully packaged at the end of each day and held on ice for shipment on Monday afternoon. The 

gap between the lid and bottle of each VOA bottle was wrapped with Teflon tape to minimize 

cross-contamination during shipment and provide a visual indication of any leakage. Then, each 

VOA bottle was wrapped in an individual piece of bubble wrap which was secured with a 

rubberband. The bubble wrapped sample was then placed in a zip top bag to further reduce the 

potential for cross-contamination and contain any fluid if the VOA vial broke during shipment. 

The samples, equipment blanks, and three trip blanks were then packed right side up in a cooler 

lined with an absorbent pad and ice packs. Methanol blanks were shipped in separate coolers 

from the samples and equipment blanks to maintain their integrity as methanol blanks rather 

than trip blanks.  
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Figure 5: Site specific rock core VOC sampling criteria  
(Lima et al., 2012) 
 
Samples were taken immediately adjacent to fractures (above and/or below), at varying 
distances away from fracture planes, in the unfractured matrix, and at sharp lithology changes. 
Additionally, some samples were taken from other areas of interest (e.g. where potential DNAPL 
staining was observed). 
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2.2.2 Laboratory Analysis 

 

Stone Environmental Inc. provided laboratory analysis services of all rock core VOC samples 

and blanks taken at Hydrite between July 7, 2014 and July 27, 2014. All samples and blanks 

were shipped overnight via FedEx to the Stone Laboratory in Barre, Vermont.  

 

To extract the VOCs from the crushed rock to the methanol in the sample vial, the samples 

were sonicated at 40 0C on receipt and shaken on an orbital shaker once per week throughout 

the 15 week extraction period. When the samples were not being shaken they were stored in a 

laboratory freezer with storage blanks. The samples were analyzed at a default dilution factor of 

40 (i.e. 0.5 mL sample methanol was added to water for a total volume of 20 mL). Samples 

were analyzed by EPA SW846 Method 8260C (gas chromatography/mass spectrometry 

(GC/MS)) set in selective ion monitoring (SIM) mode for 35 target volatile organic compounds. 

All sample results were reported in units of ug/L of methanol. A list of the target VOCs along 

with their method detection limit (MDL) and reporting limit (RL) can be found in (Table 2) 

 

Time series samples provided a means of monitoring the extraction process of VOCs from the 

crushed rock to the methanol. For each hole, five rock core VOC samples were selected from a 

range of lithologies and split in half at the sampling station. One half provided a VOC sample, 

the other half provided a time series sample. The time series samples were crushed, bottled 

and packed into coolers following the same procedure as the VOC samples, but with a different 

label system to identify them as time series samples (e.g. HC-MP22S-L-0001). The time series 

samples indicated complete extraction at 1-2 weeks post sampling.  
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Table 2: List of analytical limits (ug/Lmethanol) and (ug/gwetrock) for rock VOC samples  
Limits apply from July 30 to August 6, 2014. Lab method used was EPA SW846 Method 8260C. 

Analyte Name 
CAS 

Number 
Contaminant 

Group 

MDL RL MDL 

µg/Lmethanol (µg/gwetrock) 

1,1,1,2-Tetrachloroethane 630-20-6 
Chlorinated 

Ethane 
0.22-
0.27 

1-2 
0.000103-
0.000439 

1,1,1-Trichloroethane 71-55-6 
Chlorinated 

Ethane 
0.38-
0.54 

1-2 
0.000178-
0.00076 

1,1,2,2-Tetrachloroethane 79-34-5 
Chlorinated 

Ethane 
0.99-
1.05 

1-2 
0.000464-
0.001975 

1,1,2-Trichloroethane 79-00-5 
Chlorinated 

Ethane 
0.78-
1.05 

1-2 
0.0003655-
0.001555 

1,1-Dichloroethane 75-34-3 
Chlorinated 

Ethane 
0.35-
0.44 

1-2 
0.0001665-

0.0007 

1,2-Dichloroethane 107-06-2 
Chlorinated 

Ethane 
0.58-
0.83 

1-2 
0.000389-
0.001655 

Chloroethane 75-00-3 
Chlorinated 

Ethane 
0.42-2 1-2 

0.000197-
0.00084 

1,1-Dichloroethene 75-35-4 
Chlorinated 

Ethene 
0.46-
0.48 

1-2 
0.000225-
0.00096 

cis-1,2-Dichloroethene 156-59-2 
Chlorinated 

Ethene 
0.36-
0.42 

1-2 
0.000197-
0.00084 

Tetrachloroethene 127-18-4 
Chlorinated 

Ethene 
0.76-
0.79 

1-2 
0.000356-
0.001515 

trans-1,2-Dichloroethene 156-60-5 
Chlorinated 

Ethene 
0.34-
0.39 

1-2 
0.0001595-

0.00068 

Trichloroethene 79-01-6 
Chlorinated 

Ethene 
0.28-
0.57 

1-2 
0.000131-
0.00056 

Vinyl Chloride 75-01-4 
Chlorinated 

Ethene 
0.84-1 1-2 

0.00025-
0.00399 

Carbon Tetrachloride 56-23-5 
Chlorinated 

Methane 
0.4-0.53 1-2 

0.0001875-
0.0008 

Chloroform 67-66-3 
Chlorinated 

Methane 
0.7-0.98 1-2 

0.000328-
0.001395 

Chloromethane 74-87-3 
Chlorinated 

Methane 
2-5 2-5 

0.0004855-
0.00399 

Methylene Chloride 75-09-2 
Chlorinated 

Methane 
0.7-0.72 1-2 

0.0003375-
0.001435 

2-Butanone 78-93-3 Ketone 10-12.8 10-20 
0.004755-
0.01995 

2-Hexanone 591-78-6 Ketone 10-16.1 10-20 
0.004685-
0.01995 

4-Methyl-2-pentanone 108-10-1 Ketone 10-15.7 10-20 
0.004685-
0.01995 

Acetone 67-64-1 Ketone 20-50 20-50 0.02345-1.62 

Benzene 71-43-2 BTEX/S 
0.16-
0.29 

1-2 
0.000136-
0.00058 

Ethylbenzene 100-41-4 BTEX/S 
0.43-
0.77 

1-2 
0.0002015-

0.00086 

m,p-Xylenes 
136-777-

612 
BTEX/S 

0.26-
0.51 

1-2 
0.000122-
0.00052 

o-Xylene 95-47-6 BTEX/S 0.26- 1-2 0.000122-
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0.51 0.00052 

Styrene 100-42-5 BTEX/S 
0.12-
0.33 

1-2 
0.000056-
0.0002395 

Toluene 108-88-3 BTEX/S 0.3-0.44 1-2 
0.0001425-

0.00057 

1,2-Dichloropropane 78-87-5 Other 
0.33-
0.55 

1-2 
0.0002575-

0.0011 

Bromodichloromethane 75-27-4 Other 
0.25-
0.62 

1-2 
0.0002905-
0.001235 

Bromoform 75-25-2 Other 
0.62-
0.74 

1-2 
0.0002905-
0.001235 

Carbon Disulfide 75-15-0 Other 
0.37-
0.46 

1-2 
0.0002155-

0.00092 

Chlorobenzene 108-90-7 Other 0.22-0.5 1-2 
0.0002345-

0.001 

cis-1,3-Dichloropropene 
10061-
01-5 

Other 0.44-0.7 1-2 
0.000206-
0.00088 

Dibromochloromethane 124-48-1 Other 
0.57-
0.74 

1-2 
0.000267-
0.00114 

trans-1,3-Dichloropropene 
10061-
02-6 

Other 1-1.01 1-2 
0.0004685-
0.001995 
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2.2.3 Validation and QA/QC 

 

The rock core VOC laboratory results were validated using laboratory and field blanks.  

 

Validation against laboratory blanks was performed by the analysis lab, Stone Environmental 

Inc. Results that did not meet their quality control criteria were flagged with the appropriate 

qualifier. 

 

Field blanks were used to validate the sample results following the EPA guidelines described in 

“USEPA contract laboratory program national functional guidelines for organic data review” 

(EPA, 1999). Field blanks included: purge and trap grade methanol blanks, equipment blanks, 

and trip blanks. Generally, each sample was associated with the 3 trip blanks that were shipped 

in the cooler with the sample, the equipment blank collected prior to crushing the sample and 

the equipment blank collected after crushing the sample, and two purge and trap grade 

methanol blanks. The maximum concentration for an analyte in the associated blanks was 

compared to the concentration of the same analyte in the sample. If the sample concentration 

was less than or equal to 5 times (10 times for Acetone, Methylene Chloride, and 2-Butanone) 

the maximum concentration of the analyte found in the associated blanks, then the sample was 

qualified with a field blank flag.  

 

19 analytes were detected (Table 3) in the rock core samples collected from the 5 transect 

cores in 2014. 

 

The field and lab analytical quality assurance / quality control (QA/QC) data indicates that the 

rock core VOC analytical results are of high quality.  

 

The only contaminant detected in the lab blanks resulting in qualification of sample results was 

Acetone. 37% of the acetone results were qualified due to contamination in the associated lab 

blank (Parker et al., 2014)(Stone, 2014a).   

 

Acetone, Toluene and Carbon Disulfide were detected in field blanks.  

• 253 of 385 Acetone detections were field blank qualified  

• 22 of 264 Toluene detections were field blank qualified 
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• 3 of 3 Carbon Disulfide detections were field blank qualified 

 

The field procedures meant to maintain the purity of the purge and trap grade methanol and 

minimize cross contamination between samples were generally successful.  

 

For the results reported in the spatial analysis, 

 

• All Acetone sample results were excluded due to the large number of field and lab 

blanks that were contaminated 

• All Carbon Disulfide sample results were excluded because all 3 sample detections were 

qualified 

• The 22 Toluene detections that were field blank qualified were excluded 

 

Therefore, of the 19 analytes that were detected (Table 3) in the rock core samples collected 

from the 5 transect cores in 2014, and 17 analytes were used in the spatial analysis.  

 
In the MP-7 rock core, 2-Butanone, Acetone, Methylene Chloride, Tetrachloroethene and 

Toluene were detected in field blanks.  

 

• 176 of 177 2-Butanone detections were field blank qualified 

• 169 of 177 Acetone detections were field blank qualified 

• 30 of 116 Methylene Chloride detections were field blank qualified 

• 16 of 89 Tetrachloroethene detections were field blank qualified 

• 8 of 120 Toluene detections were field blank qualified 

 

For results reported in the temporal analysis, 

 

• All 2-Butanone sample results were excluded since such a large number of detections 

were field blank qualified 

• All Acetone sample results were excluded since such a large number of detections were 

field blank qualified 

• The 30 Methylene Chloride detections that were field blank qualified were excluded 

• The 16 Tetrachloroethene detections that were field blank qualified were excluded 
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• The 8 Toluene detections that were field blank qualified were excluded 

 

Duplicates were used to evaluate the repeatability of the results. They were taken by splitting a 

sample along its vertical axis. Each half of the sample was trimmed, crushed and bottled.  

Results are shown in (Figure 7)(Figure 8)(Figure 9)(Figure 10)(Figure 11)(Figure 12)(Figure 

13).. The legend is shown in (Figure 6). For individual analytes, samples that had at least four 

detections and corresponding duplicate detections were plotted. There was an excellent result 

repeatability (>90% R2) for 1,1-DCA, MBK, MIBK, and m,p xylenes. There was a poor result 

repeatability (<22% R2) for Acetone and VC. Reparability was good (>80% R2) for cis-1,2-DCE.  
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Table 3: List of analytes detected in 2014 transect rock core VOC results 

Chlorinated 
Ethanes 

Chlorinated 
Ethenes 

Chlorinated 
Methanes 

Ketones BTEX Other 

1,1,1-
Trichlorethane 

(1,1,1-TCA) 

Tetrachloroethene 
(PCE) 

Methylene 
Chloride 
(DCM) 

2-
Butanone 

(MEK) 

Ethylbenzene Carbon 
Disulfide 

1,1-
Dichloroethane 

(1,1-DCA) 

Trichloroethene 
(TCE) 

 4-Methyl-
2-

pentanone 
(MIBK) 

Toluene Trans-1,3-
Dichloropropene 

1,2-
Dichlorethane 

(1,2-DCA) 

Cis-1,2-
Dichloroethene 
(cis-1,2-DCE) 

 Acetone M,p-xylenes  

Chloroethane 
(CA) 

1,1-
Dilchloroethene 

(1,1-DCE) 

  o-xylenes  

 Vinyl Chloride 
(VC) 

    

 
The analytes Acetone and Carbon Disulfide were detected, but were excluded from the spatial 
and temporal analysis due to contamination of associated blanks. Therefore, 19 analytes were 
detected but only 17 were used. 
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MP-25S

MP-24S

MP-23S

MP-22S

 
Figure 6: Sample and duplicate mass concentration comparison legend 
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Figure 7: Comparison of 1,1-DCA sample and duplicate mass concentration 
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Figure 8: Comparison of MEK sample and duplicate mass concentration 
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Figure 9: Comparison of MIBK sample and duplicate mass concentrations 

  

y = 0.7742x + 0.2215
R² = 0.99

0

2

4

6

8

10

0 2 4 6 8 10

D
u
p
lic

a
te

  
(µ

g
/g

w
e

tr
o

c
k
)

Sample  (µg/gwetrock)



27 
 
 
 

 
Figure 10: Comparison of Acetone sample and duplicate mass concentrations 
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Figure 11: Comparison of cis-1,2-DCE sample and duplicate mass concentrations 
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Figure 12: Comparison of m,p-Xylenes sample and duplicate mass concentrations 
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Figure 13: Comparison of VC sample and duplicate mass concentrations 
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2.3 Cumulative Mass Calculations 

 

All sample concentration results were converted from units of μganalyte/Lmethanol. to units of 

μganalyte/gwetrock (Equation 1). For each sample, the ratio of the volume of methanol 

[𝑉𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙(𝑚𝐿) ], to the mass of wet rock [𝑚𝑤𝑒𝑡 𝑟𝑜𝑐𝑘(𝑔) ] was determined and used as the 

conversion factor. 

 

The analyte mass associated with each sample could then be determined. To do this, the 

analyte concentration, 
𝑚𝑎𝑛𝑎𝑙𝑦𝑡𝑒(µ𝑔)

𝑚𝑤𝑒𝑡 𝑟𝑜𝑐𝑘(𝑔)
, was applied to a volume of rock (or rock partition) 

surrounding and including the sample. The volume of rock was the length of the rock partition 

multiplied by a 1 m2 cross-sectional area. The applicable length of rock was the half distance 

between the sample midpoint and the midpoint of the above sample added to the half distance 

between the sample midpoint and the midpoint of the below sample (Figure 14). The mass of 

the rock partition is the volume multiplied by an averaged wet bulk density. Mean wet bulk 

densities were determined for each hydrogeologic unit in the Tunnel City Group, and for each 

shallow rock lithostratigraphic unit (Table 4) using wet bulk density values measured by the 

G360 Physical Properties Lab at the University of Guelph.   

 

To calculate the cumulative mass the analyte masses were summed along the length of the 5 

transect cores and MP-7. 
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Equation 1 
 
𝑚𝑎𝑛𝑎𝑙𝑦𝑡𝑒(µ𝑔)

𝑚𝑤𝑒𝑡 𝑟𝑜𝑐𝑘(𝑔)
=

𝑚𝑎𝑛𝑎𝑙𝑦𝑡𝑒(µ𝑔)

𝑉𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙(𝐿)
∗ (

1 (𝐿)

1000 (𝑚𝐿)
) (

𝑉𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙(𝑚𝐿)

𝑚𝑤𝑒𝑡 𝑟𝑜𝑐𝑘(𝑔)
) 

 
 

Equation 2 

𝑚𝑎𝑛𝑎𝑙𝑦𝑡𝑒 =
(µ𝑔)𝑎𝑛𝑎𝑙𝑦𝑡𝑒

(𝑔)𝑤𝑒𝑡𝑟𝑜𝑐𝑘
∗ 𝑚𝑟𝑜𝑐𝑘 𝑝𝑎𝑟𝑡𝑖𝑡𝑖𝑜𝑛 
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Table 4: Averaged wet bulk densities for each lithostratigraphic unit and HGU 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Stratigraphy / HGU Average ρwetbulk (g/cm3) Number of Samples 

Tonti Member 2.347 9 

Readstown Member 2.535 1 

Prairie du Chien Group 2.601 22 

St. Lawrence Formation 2.672 9 

HGU 9 2.374 6 

HGU 8 2.403 9 

HGU 7 2.446 13 

HGU 6 2.345 4 

HGU 5 2.441 11 
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Figure 14: Cumulative mass calculation method 
 



35 
 
 
 

3.0 Results and Discussion 

3.1 Distribution of Lithostratigraphy and HGUs 

 

In each corehole along the transect, unconsolidated sediment overlies shallow sedimentary 

fractured rock, which in turn overlies deep sedimentary fractured rock (Figure 20). For this 

study, shallow sedimentary fractured rock will be referred to as “shallow rock”. The 

lithostratigraphic units are the Tonti Member, Readstown Member, Prairie du Chien Group and 

the St. Lawrence Formation (Meyer, 2013). For the deep sedimentary fractured rock, the only 

lithostratigraphic unit present in this study is the Tunnel City Group. As described in (Meyer, 

2013), the Tunnel City Group has four different HGUs.   

 

The lithostratigraphy of the shallow rock across the transect is highly variable. The thickness 

and presence of these units varies in each hole. At MP-26S, The Readstown Member overlies 

the St. Lawrence Formation, at MP-25S the Prairie du Chien Group overlies the St. Lawrence 

Formation, at MP-24S, MP-23S and MP-22S, the Tonti Member overlies the Readstown 

Member. 

 

There are three regional unconformities at the site (Meyer et al., 2016). One underlying the 

Prairie du Chien Group, one underlying the Readstown Member and one between the bedrock 

and the unconsolidated deposits. 

 

Across the transect, from south to north,  

 

• the ground surface elevation decreases from a high of 277.82 m AMSL, at MP-26S, to a 

low of 270.09 m AMSL at MP-23S. The ground surface elevation at MP-22S is 270.18 m 

AMSL, slightly higher than ground surface elevation at MP-23S. 

 

• the top of rock elevation decreases from 246.73 m AMSL at MP-26S to 244.72 m AMSL 

at MP-25S. From there it rises slightly to 244.87 m AMSL at MP-24S, increasing to 

247.53 m AMSL at MP-23S and 254.94 m AMSL at MP-22S 
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• the top of the Tunnel City Group decreases from 226.20 m AMSL at MP-26S, to 226.06 

m AMSL at MP-25S, to 223.25 m AMSL at MP-24S, to 222.94 m AMSL at MP-23S, to 

220.76 m AMSL at MP-22S. 

 

3.2 Spatial Variability Along 1-D Profiles 

3.2.1 Mass Concentrations 

 

The 17 analytes detected were sorted into 5 contaminant groups– Chlorinated Ethanes, 

Chlorinated Ethenes, Chlorinated Methanes Ketones and BTEX (Benzene, Toluene, 

Ethylbenzene and Xylenes). For each sample, the mass concentrations of the analytes in a 

contaminant group were added together. Also for each sample, all mass concentrations were 

added together, providing a TVOC (Total Volatile Organic Compound) mass concentration. 

 

The contaminant group and total mass concentrations of rock core samples in all five cores are 

shown in profile in (Figure 15)(Figure 16)(Figure 17)(Figure 18)(Figure 19). Adjacent to each 

mass concentration profile are the lithostratigraphic units, hydrogeologic units (HGUs) and 

sample locations. The lithostratigraphic units were delineated by the geologist that logged the 

core. The lithostratigraphic framework is provided in (Meyer, 2016). The HGUs were delineated 

by Dr. Jessica Meyer, and represent differences in vertical hydraulic conductivity (Meyer, 2013). 

The sample locations are represented in the column with black horizontal lines of varying 

thickness. At each sample location, there is a mass concentration result. In the mass 

concentration profile, solid coloured dots are the sum of detectable analyte mass concentrations 

in a contaminant group. Each colour represents a different contaminant group. Black dots 

represent the sum of all the detectable mass concentrations. If there were no analytes detected 

in a sample, then no dot is shown, and the mass is shown as 0 µg/g on the profile. A line 

connects the mass concentrations with depth for each contaminant group and TVOC.  

 

A summary of the results follows, 
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MP-26S (Figure 15) 

 

There are several noticeable peaks along the length of the core profile. Ketones are the 

dominant contaminant group within these peaks. In the Readstown Member, four peaks (one is 

broad, three are sharp) are separated by zones of low to non-detect concentrations. In HGU 9, 

there is a relatively high concentration zone with four sharp peaks, bounded by lower 

concentration zones. In the lower concentration zone below, generally, chlorinated ethanes and 

ethenes are present. Interestingly, there were no ketones detected in these lower concentration 

zones. The TVOC concentration changes from 0.03 µg/g at 225.30 m to 2.97 µg/g at 225.07 m, 

approximately two orders of magnitude over 0.23 m.   

 

MP-25S (Figure 16) 

 

Noticeably, in the Prairie du Chien Group and upper St. Lawrence Formation, the samples were 

mostly non-detect, except for a few relatively low concentrations. There are consistent TVOC 

detections below these units. The concentrations are consistently high in most of the St. 

Lawrence Formation. In HGU 9, there are several sharp peaks and dips. The concentration 

varies by an order of magnitude over short distances. For example, the concentration changes 

from 0.78 µg/g at 225.39 m to 12.01 µg/g at 224.85 m. There is a broad peak in HGU 8 that has 

a maximum concentration of 23.10 µg/g (highest in the profile) at 218.21 m. Just above, there is 

a noticeable trough in HGU 8 that has a local minimum of 0.12 µg/g at 220.11 m. The 

concentration varies by over two orders of magnitude over the 1.90 m distance between these 

low and high concentrations. Like MP-26S, ketones are not present in zones of relatively low 

TVOC concentrations. In HGU 7, the concentrations are relatively low. 

 

MP-24S (Figure 17) 

 

TVOC detections are present from the top sample to the bottom except for a 1 m zone of non-

detect near the middle of the profile. Generally, ketones are the dominant group in the higher 

concentration zones, and absent in lower concentration zones. There are two zones in the Tonti 

Member, In the upper zone, TVOC detections are less than 2 µg/g and can vary by an order of 

magnitude over short distances. For example, 1.25 µg/g at 235.52 m to non-detect at 235.30 m. 

In the lower zone, TVOC concentrations are generally higher and on the same order of 
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magnitude. Also, chlorinated methanes and ethenes were detected. In the upper half of the 

Readstown Member, there is a zone of non-detect, and a sharp peak. In the lower half, TVOC 

concentrations generally increase leading to a high of 5.53 µg/g at the Readstown, HGU 9 

contact. In the Tunnel City Group, there are three major sharp peaks. One is near the HGU 9, 

HGU 8 contact, one just below, and one in the lower part of HGU 8 (with a maximum 

concentration of 21.34 µg/g at 217.18 m). Above this peak is a distinct sharp trough with 

minimum concentration of 0.01 µg/g. 

 

MP-23S (Figure 18) 

 

There are four distinct zones of detection in the core, separated by zones of no detections. In 

the shallow rock, the two zones of detection have a similar pattern. The upper part of the two 

zones is generally a mixture of predominately chlorinated ethenes, followed by BTEX and 

chlorinated ethanes. Over several discrete intervals, TVOC detections vary by an order of 

magnitude. The lower part of the zones only consists of low concentrations of chlorinated 

ethenes over a span of a few metres (approximately 3.50 to 4.50 m). In the very top zone, the 

top and lower portion are separated by the St. Lawrence Formation, Readstown Formation 

contact. There were no ketones detected in the shallow rock. In the Tunnel City Group, 

generally the two zones are a mixture of all the contaminant groups. There is a broad peak 

spanning from the middle of HGU 9 to the middle of HGU 8. The peak has a maximum value of 

13.31 µg/g at 221.64 m (highest in the profile). On the top side of the peak, the concentrations 

change relatively rapidly, (3 orders of magnitude over a span of approximately 1.30 m). On the 

bottom side of the peak, the concentrations change relatively slowly (3 orders of magnitude over 

a span of approximately 2.80 m. The last zone of detection is in lower HGU 8. At the top of the 

zone, concentrations change relatively rapidly (3 orders of magnitude over a span of 

approximately 0.60 m). The maximum concentration is 12.09 µg/g at 217.31 m. Concentrations 

are relatively high in this zone. 

 

MP-22S (Figure 19) 

 

There were no detections in the Tonti, Readstown Member or HGU 7. There were five 0.01 µg/g 

BTEX detections in HGU 8. 
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3.2.2 Contaminant Mass Distribution 

3.2.2.1 Total Contaminant Mass 

 

For each sample, the contaminant mass concentrations (µg of contaminant/g of wet rock) were 

converted to contaminant masses (g) (Figure 14)(Equation 2). Along the sampled length of each 

core, the contaminant group masses and total contaminant mass were summed. A summary of 

these results is shown in (Table 5) The total contaminant masses are – 33.10 g at MP-26S; 

157.83 g at MP-25S, 167.88 g at MP-24S, 74.56 g at MP-23S and 0.04 g at MP-22S. 

 

3.2.2.2 Cumulative Mass with Depth 

 
Cumulative mass profiles indicate where contaminant mass accumulates with depth. For each 

core on the transect, the cumulative mass profiles of the contaminant groups and TVOC are 

shown in (Figure 15)(Figure 16)(Figure 17)(Figure 18)(Figure 19). At any given sample, the 

cumulative mass percentage is the sum of mass between that sample and the top sample, 

divided by the total mass in the core. For each core, the lithostratigraphic units, HGUs and 

sample locations, and concentration profiles are displayed adjacent to the cumulative mass 

profiles. The contaminant groups are represented by different coloured lines. Lastly, the vertical 

scale is exaggerated.  
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MP-26S (Figure 15) 

 

There are two major accumulation zones. First, approximately 40% of the TVOC mass 

accumulated in the upper 5 metres of the Readstown Member. Second, approximately 45% of 

the TVOC mass accumulated over 2 metres in HGU 9. There is very little TVOC mass 

accumulation in HGU 8, and none in HGU 7. There are a couple relatively small bumps in the 

TVOC profile in the Readstown Member, St. Lawrence Formation and upper HGU 9 that 

account for approximately 15% of the TVOC accumulation. Ketones, BTEX and to a lesser 

extent chlorinated ethanes have a similar accumulation pattern. 100% of the chlorinated 

ethenes accumulate over approximately 6 metres in HGU 9 and in the upper HGU 8. 100% of 

chlorinated methanes accumulate in HGU 9. In summary, more mass accumulated in the 

shallow rock than in the Tunnel City Group. 46.03% of TVOC accumulated in the Tunnel City 

Group (HGU9, HGU 8 and HGU 7). 53.97% of TVOC accumulated in the Shallow Rock 

(Readstown Member and St. Lawrence Formation). 

 

MP-25S (Figure 16) 

 

Again, there are two major accumulation zones. In the first zone, approximately 67% of the 

TVOC mass accumulated over 10 metres in the St. Lawrence Formation, HGU 9 and into upper 

HGU 8. The TVOC line in the St. Lawrence Formation is relatively smooth, whereas the TVOC 

line in HGU 9 is more jagged. In the second zone, approximately 33% of the TVOC mass 

accumulated over 2 metres in lower HGU 8. Generally, all contaminant groups accumulate in 

these zones. The accumulation pattern of chlorinated ethanes, ethenes and ketones are very 

similar. BTEX tends to mostly accumulate (90%) in the first zone. There is a sharp accumulation 

of chlorinated methanes across the HGU 9, HGU 8 contact. 79% of TVOC accumulated in the 

Tunnel City Group (HGU 9, HGU 8 and HGU 7). In summary, 21% of TVOC accumulated in the 

Shallow Rock (Prairie Du Chien Group and St. Lawrence Formation). 

 

MP-24S (Figure 17) 

 

There are four major accumulation zones. In the first zone, approximately 25% of the TVOC 

mass accumulated in the Tonti Member. Generally, the accumulation rate increases with depth. 

In the second zone, approximately 15% of the TVOC mass accumulated over 6 metres in the 
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Readstown Member and HGU 9. Again, generally, the accumulation rate increases with depth. 

In the third zone, approximately 40% of TVOC accumulated over 2 metres in upper HGU 8. The 

TVOC line in this zone can be described as one large bump, and a smaller bump below. Lastly, 

in the fourth zone, approximately 20% of the TVOC mass accumulated over 1 metre in lower 

HGU 8. A zone of very little to no accumulation separates these two major accumulation zones. 

The accumulation pattern of chlorinated ethanes, ethenes and ketones are similar. The percent 

of accumulated of BTEX mass is higher than the other contaminant groups in the upper section 

of the profile. In summary, 68% of TVOC mass accumulated in the Tunnel City Group (HGU 9 

and HGU 8), and 32% of TVOC mass accumulated in the shallow rock (Tonti Member and 

Readstown Member) 

 

MP-23S (Figure 18) 

 

There are two major and one minor zones of accumulation. The minor zone is in the Tonti 

Member, where approximately 8% of TVOC mass accumulated. Very little TVOC accumulated 

in the Readstown Member to the middle of HGU 9. One major zone is in upper HGU 8, where 

about 62% of TVOC accumulated. The TVOC line is noticeably jagged. The other major zone is 

in lower HGU 8, where about 38% of TVOC mass accumulated over 2 metres. A zone of very 

little accumulation separates these two major zones. All contaminant groups have a similar 

accumulation pattern. Chlorinated ethanes and ethenes have a very similar pattern. In 

summary, 90% of TVOC accumulated in the Tunnel City Group (HGU 9, HGU 8, and HGU 7). 

10 % of TVOC accumulated in the Shallow Rock (Tonti Member and Readstown Member) 

 

MP-22S (Figure 19) 

 

There are two zones of very minor accumulation. One in upper HGU 8, the other in lower HGU 

8. There is a noticeable zone of no accumulation separating these two accumulation zones. 

There is no accumulation in the Tonti Member, Readstown Member or HGU 7.  
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3.2.3 1-D Spatial Variability Discussion 

 

At MP-26S (Figure 15), ketones are the dominant contaminant group concentration for most of 

the profile. In the Readstown Member, over approximately 17 m, there are several isolated high 

concentration peaks separated by zones of non-detect. In contrast, further down in the St. 

Lawrence Formation and Tunnel City Group, most of the detections are contained to a relatively 

shorter interval of approximately 6 m, with the highest concentration sharp peaks occurring over 

approximately 2 m of HGU 9. Another noticeable contrast between the different parts of the 

profile is that ethanes are only detected across the 6 m interval in the St. Lawrence Formation 

and Tunnel City Group. 

 

At MP-25S (Figure 16), ketones are the dominant contaminant group for most of the profile. In 

the Prairie du Chien Group into the upper St. Lawrence Formation, there are non-detect to low 

concentrations over an approximately 11 m. In contrast, there are consistent detections of all 

contaminant groups below in much of the St. Lawrence Member and Tunnel City Group over 

approximately 15 m. There are two zones in HUG 8 where no ketones are detected, and 

methane concentration are low to non-detect that correspond to TVOC concentration troughs. 

 

At MP-24S (Figure 17), ketones are the dominant contaminant group for most of the profile. In 

the Tonti Member there are consistent detection overs approximately 12 m, with chlorinated 

ethane and methane detections in the bottom 3 m. The only broad interval of non-detect is over 

approximately 2 m in the upper Readstown Member. Below this, there are consistent detections 

(with the exception of 1 sample) in the rest of the Readstown Member, and the Tunnel City 

Group over approximately 11 m. Similar to MP-24S, there are two zones in the HGU 8 where no 

ketones are detected, and methane concentrations are low to non-detect that correspond to 

TVOC concentration troughs. 

 

At MP-23S (Figure 18), ketones are the dominant contaminant group in the Tunnel City Group 

but not in the Tonti Member or Readstown Formation. In the Tonti Member and Readstown 

Member, the two zones of detection have a similar concentration and composition pattern not 

present elsewhere in this profile or others. Each zone has a mix of chlorinated ethanes, ethenes 

and BTEX in the upper portion but only ethenes in the lower portion.  There were broad zones 

of non-detect in the Readstown Member, a pattern also observed in the Readstown at MP-26S. 
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Another commonality between the two cores is elevated detections in the Readstown Member 

over short intervals.  

 

There are several cases where the concentrations vary several (2 to 3) orders of magnitude 

over small distances (~60 cm). This is likely a result of up gradient DNAPL that can have 

differential rates of dissolution in closely spaced fractures. In fractures where DNAPL has 

dissolved, downgradient fractures would be flushed with lower concentration water, and mass in 

the surrounding matrix would decrease as well. Where DNAPL persists, dissolved contaminants 

continue to be transported downgradient and concentrations in the surrounding rock matrix 

remain high.  

 

At MP-25S, there is a noticeable lack of concentrations in the Prairie du Chien Group, 

accounting for less than 0.1% of the total contaminant mass in the core (Figure 16). This may 

be in part due to a laboratory issue. For each rock core sample, regardless of the lithology 20 g 

of rock was placed into a sample vial containing 15 ml of methanol. However, the matrix 

porosity of the Prairie du Chien Group dolostone is much lower than for sandstones. The 

volume of matrix porewater analyzed is much less for the Prairie du Chien Group. This leads to 

a larger dilution factor for the Prairie du Chien sample, elevating the detection limit.  

 

MP-22S rock core which was mostly non-detect, is not receiving water from a zone with 

significant groundwater concentrations (Figure 19). It is roughly downgradient of the tank farm 

area (if there is an easterly flow direction) and cross-gradient to the source zone (Figure 3). 

DNAPL likely entered the subsurface in the tank farm area. Distribution of DNAPL in the shallow 

rock and Tunnel City Group is not known beneath this area. The source zone delineation was 

based on where DNAPL was recovered during remedial activities between 1999 and 2002. 

During this time, recovery wells were not placed on Hydrite property, including in the tank farm 

area. The MP-22S results indicate that upgradient, there is likely not a source of DNAPL in the 

shallow rock or Tunnel City Group.  

 

A deliberate effort was made to stop drilling slightly above the HGU 8, 7 contact. Drilling well 

below the contact might allow the DNAPL to migrate downwards. DNAPL has been observed in 

HGU 9 and 8 during source removal and Austin (2005) showed that in rock core immediately 

downgradient there were high concentrations in HGU 8 that sharply decreased below. It is 
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difficult to know the exact position of the contact during drilling. The elevation of this contact was 

estimated based on the elevation of the bottom of the upper maximum flooding interval in the 

Tunnel City Group delineated using continuous cores and geophysical logs at other locations 

across the site. 
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3.2.4 Relationship between Spatial Variability and Geologic/Geophysical Profiles 

 
MP-26S (Figure 15) 
 

The highest rock core concentration in the profile, located in HGU 9, at approximately 224.0 m, 

closely corresponds to a very large spike in the fluid electrical conductivity profile in the open 

borehole, a noticeable fracture in the ATV and a relatively high rate of cooling in the FLUTe 

lined ALS. Also, the high concentration occurs within an interval of noticeable change in rate of 

the FLUTe flow rate / dH. This is strong evidence that the fracture is transporting high 

concentration water likely at a rapid rate from the upgradient source. 

 

The zone of continuous detections in the St. Lawrence Formation, HGU 9 and upper HGU 8, 

between approximately 227.0 m and 221.0 m, roughly corresponds with elevated rate of cooling 

from the FLUTe lined ALS indicating the zone is hydraulically active, and groundwater flow has 

transported mass from upgradient. Another observation in this zone is in HGU 9, at 

approximately 225.0 m, an increase in concentration with depth by several orders of magnitude, 

corresponds well with a cessation of high-angled fractures. Above the change in fracture 

orientation, the concentration increases with depth. Upgradient, contaminant mass may have 

accumulated here. 

 

In the zone of continuous detections in the upper Readstown, between approximately 243.0 and 

241.7, there is a very discrete interval near 241.7 m where the core was brown (indication of 

silt/clay), granule, and well cemented. This feature is not seen anywhere else in the profile. The 

highest concentration in the Readstown Member is just above this feature in brown (indication of 

silt/clay) fine sand. Above this, high concentrations correspond well with where clay was 

observed. The high concentration above the brown fine sand feature correspond well with 

noticeable spikes in the FLUTe lined ALS. Throughout the interval of continuous detection, 

above the brown, granular well-cemented feature, there are elevated gamma values indicating 

the presence of clay. Upgradient, contaminant mass appears to have accumulated in a clayey 

interval above the silty/clay well-cemented, granule feature. Mass was then transported 

downgradient to this hole by groundwater flow. The ATV log is not clear in this zone so 

fracture(s) cannot be identified. 
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The concentration spike in the Readstown Member, at approximately 233.5 m, is at the top of 

an approximately 1 m thick clayey sandstone interval. The concentration spike corresponds to a 

noticeable spike in the FLUTe lined ALS, and a sharp change in the open hole temperature. In 

the ATV, there is a low contrast at this elevation, making it difficult to identify fractures, but there 

does appear to be one. There is a very sharp spike in the deep electrical conductivity log at this 

elevation, but that can occur at the top of a electrical conductivity profile, therefore it may not 

indicate flow. Upgradient, mass appears to have accumulated at the top of the 1 m thick clayey 

sandstone interval, before being transported downgradient. 

 

MP-25S (Figure 16) 

 

Relationships between the concentration distribution and the physical/geophysical logs are not 

evident. However, there are relationships between the geophysical logs and 

lithostratigraphy/HGUs. At the St. Lawrence Formation, Tunnel City Group contact, there is a 

major spike in the FLUTe lined ALS cooling rate. In the Prairie du Chien Group, the ATV log 

shows that there are two highly fractured zones, at about 237.0 and 234.0 m, that correspond 

well with spikes in groundwater electrical conductivity and FLUTe lined ALS profile indicating 

flow. Approximately 1.0 m above the HGU 9, 8 contact there is a spike in the conductivity log 

and FLUTe lined ALS. These logs likely indicate active flow at these elevations. There are two 

zones in HGU 8 where no ketones are detected, and methane concentration are low to non-

detect that correspond to TVOC concentration troughs. The bottom of the geophysical logs are 

in HGU 8 and do not suggest flow as a contributing factor. 

 

MP-24S (Figure 17) 

 

Below the high concentration zone in the Tonti Member, concentrations decrease sharply to 

non-detect in the upper Readstown Member. There are fractures angled steeper than 45 

degrees to the horizontal in much of the Tonti Member, but not in the Readstown Member. 

Upgradient, a reduction in the number of higher angled vertical fractures may partially restrict 

the downward migration of DNAPL, leading to accumulation of mass above the Tonti, 

Readstown contact.  The mass may be transported downgradient, resulting in the high 

concentration zone in the Tonti Member. The difference in fracture orientation between the two 

members is not present in MP-23S or MP-22S. 
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In the Readstown Member and Tunnel City Group, there are three apparent relationship 

between concentrations and physical/geophysical logs.  

 

There is a noticeable concentration peak near the Readstown Member, Tunnel City Group 

contact at approximately 223.2 m, corresponding to a discrete interval of poorly consolidated 

clay with a high gamma value. This was the only interval of recovered clay in the profile, and the 

highest gamma peak in the profile (indicating high clay content). In addition, a noticeable 

fracture in the ATV is at this depth. Therefore, a discrete interval of poorly consolidated 

fractured clay at the Readstown Member, Tunnel City Group contact, appears to be a transport 

pathway from the source to this location.  

 

Above the peak at the Readstown Member, Tunnel City contact consistent high concentrations 

were detected from 225.0 to 223.5 m. These detections correspond well with a zone of an 

elevated rate of cooling in the FLUTe lined ALS and roughly correspond with a major peak in 

conductivity. The high rock core concentrations appear to be attributed to a high concentration 

active flow zone. 

 

Another observation is that there is a major concentration spike at the HGU 9, 8 contact that 

corresponds with a spike in the conductivity, indicating flow. This contact has been suspected to 

be a major transport pathway. 

 

MP-23S (Figure 18) 

 

There is a zone of consistent, noticeable detections throughout the Tonti Member, bounded at 

the bottom by the Tonti, Readstown Member contact. In contrast, concentrations are low to non-

detect in the upper Readstown Member. At the Tonti, Readstown Member contact there is a 

discrete interval of well-consolidated clay. The interval corresponds well with the bottom 

detection. Above the interval of clay, the Tonti Member is medium to fine grained sandstone. 

Upgradient, DNAPL downward movement may have been inhibited by the clay interval, 

accumulating above. In the Tonti Member, the FLUTe lined ALS profile shows noticeable 

cooling rate peaks, indicating possible flow. Up gradient, contaminant mass appears to have 

accumulated in the Tonti Member and then transported to this location. 
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There is another concentration distribution similar to the previous case. In the Readstown 

Member between approximately 231.7 to 226.7 m, the upper zone has mostly elevated 

detections, with low to non-detects in the zone below. The detection at the very bottom of upper 

zone corresponds well with a discrete interval of clayey sandstone. Below, clayey and silty 

sandstone was recovered for about 1.0 m. Medium to fine grained sandstone was recovered in 

the upper zone. In this zone, the FLUTe lined ALS profile shows two small cooling rate peaks, 

possibly indicating flow. Upgradient, contaminant mass may have accumulated at and above 

the discrete interval of clayey sandstone and then were transported to this location. 

 

At the HGU 9, 8 contact there is the highest concentration in the profile. Contaminant mass 

sharply accumulates near this contact. The high concentration result corresponds well with a 

large fracture in the ATV and a sharp decline in the FLUTe flow rate / dH. The fracture appears 

to be transporting high concentrations from the source along this contact. However, the FLUTe 

Lined ALS does not provide evidence that there is flow at this depth. The open hole profile ends 

near this depth and the signature is not clear. 

 

 

MP-22S (Figure 19) 

 

A very small amount of contaminant mass accumulates in upper HGU 8, and corresponds well 

with an increase in fluid electrical conductivity, an indication of flow. The remaining small 

amount of contaminant mass accumulates in lower HGU 8, and no correlations with other logs 

are evident. 
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Figure 15 MP-26S – 1-D Relationship between rock core contaminant distribution (concentration and mass) and 
geologic/geophysical profiles 
 
  



50 
 
 
 

 
 

 
Figure 16 MP-25S 1-D Relationship between rock core contaminant distribution (concentration and mass) and geologic/geophysical 
profiles 
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Figure 17 MP-24S 1-D Relationship between rock core contaminant distribution (concentration and mass) and geologic/geophysical 
profiles 
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Figure 18 MP-23S 1-D Relationship between rock core contaminant distribution (concentration and mass) and geologic/geophysical 
profiles 
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Figure 19 MP-22S 1-D Relationship between rock core contaminant distribution (concentration and mass) and geologic/geophysical 
profiles 
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3.3 Spatial Variability Along a 2-D Transverse Section 

3.3.1 Contaminant Concentration and Mass Distribution 

 

The contaminant group and total mass concentrations of rock core samples in all five cores are 

shown in profile in (Figure 21). On the left side of the figure are the lithostratigraphic units, 

hydrogeologic units (HGUs) and sample locations. The core results are shown in sequential 

order across the transect, from MP-26S in the south to MP-22S in the north. All data are aligned 

by elevation. Lastly, the vertical scale is exaggerated. 

 

The cumulative mass profiles of the contaminant groups and TVOC for each core on the 

transect, are shown in (Figure 22). Similar to the layout of (Figure 21), on the left side of the 

figure are the lithostratigraphic units, hydrogeologic units (HGUs) and sample locations. The 

core results are shown in sequential order across the transect, from MP-26S in the south to MP-

22S in the north. All data are aligned by elevation. TVOC profiles from all cores are 

superimposed in the column on the far right of the figure. Lastly, the vertical scale is 

exaggerated. 

 

The highest TVOC mass for an entire sampled core was 167.88 g at MP-24S (Table 5)(Figure 

22). From there, the TVOC mass decreased sequentially in the cores to the north, 74.56 g at 

MP-23S and 0.04 g at MP-22S and in the cores to the south, 157.83 g at MP-25S and 33.10 g 

at MP-26S. The plume emanating from the source appears to bounded by MP-22S in the north 

and is nearly bounded by MP-26S in the south.  

 

MP-25S and MP-24S both have relatively high TVOC mass (Table 5)(Figure 22). Based on their 

position relative to the known source zone (Figure 3), and an east to south-easterly groundwater 

flow direction they are very likely recipients of high concentration water from the bulk of the 

source. MP-26S and MP-23S have relatively lower TVOC mass. They may be receiving lower 

concentration groundwater from the fringes of the source. MP-22S has the lowest TVOC mass. 

It appears that there is not a significant source up-gradient.   
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Ketones are the dominant contaminant group at MP-26S (28.15 g or 85% of total VOC mass), 

MP-25S (89.82 g or 57% total VOC mass) and MP-24S (108.44 g or 64% of total VOC mass) 

(Figure 21). 

 

At MP-25S, MP-24S, MP-23S the majority (greater than 65%) of the TVOC mass in the profile 

was in the Tunnel City Group (Figure 22). However, at MP-26S, 54% of TVOC accumulated in 

the shallow rock, and 46% accumulated in the Tunnel City Group. DNAPL has only been 

observed in the Tunnel City Group. Residual DNAPL is suspected to be located in the shallow 

rock of the source zone (Austin, 2005) and there is a downgradient plume in the shallow rock 

(Casado, 2012).  

 

There are several cases where the TVOC accumulation pattern appear to be related to 

lithostratigraphic or HGU changes in (Figure 22). At MP-26S the accumulation rate sharply 

increases in HGU 9 and then decreases near the HGU 9, 8 contact. At MP-25S, TVOC 

continuously increases through much of the St. Lawrence Formation and HGU 9 until the HGU 

9, 8 contact. At MP-24S, the TVOC accumulation rate generally increases with depth through 

the Tonti Member towards Tonti, Readstown Member contact and through the Readstown 

Member and HGU 9, towards the HGU 9 and 8 contact. At MP-23S, TVOC accumulates above 

the Tonti, Readstown Member contact. Up-gradient, in the source zone mass may have 

accumulated above these contacts.  

 

In contrast, there are cases where the TVOC accumulation pattern is not related to the 

lithostratigraphic or HGU changes (Figure 22).. At MP-26S, the TVOC accumulation rate sharply 

changes in the upper Readstown Member where there is no contact.  At MP-25S and MP-24S 

at the bottom of HGU 8, there is a sharp increase then decrease in accumulation. The HGU 8, 7 

contact is about a metre below this accumulation zone. It does not appear to be the barrier that 

the mass up-gradient might be resting on. At MP-24S and MP-23S, in upper HGU 8, the TVOC 

accumulation rate sharply increases then decreases. There is no contact at the bottom of this 

accumulation zone.  

 

There were similarities in the accumulation patterns of contaminant groups across the transect 

(Figure 22). Chlorinated ethanes, ethenes and ketones have a similar accumulation pattern at 

MP-25S, MP-24S and MP-23S. This is an indication that these contaminant groups accumulate 



56 
 
 
 

at a similar rate and in the same depth intervals. BTEX tends accumulate at a faster rate than 

other groups in the shallow rock. Chlorinated ethanes, ketones and BTEX had a similar 

accumulation pattern at MP-26S. Chlorinated methanes generally accumulate over short 

intervals (less than 3 m) in the Tunnel City Group. 

 

3.3.2 Contaminant Mass in Lithostratigraphic and HGUs 

 
For each lithostratigraphic unit and HGU, the TVOC mass and its composition by contaminant 

group were determined (Figure 23). The size of the circles corresponds to the amount of TVOC 

mass in a unit. The circles are in contact with the length of sampled core they represent. If no 

TVOC mass was determined, 0.00 g is shown beside the length of sampled core. In each circle, 

the colours represent the contaminant groups, by percentage.  

 

For each core, a column shows the sample locations superimposed on the lithostratigraphic 

units and HGUs. Across the transect, the units and sample locations are aligned by elevation. At 

the top of each column is the core name.  

 

The lithostratigraphic units and HGUs between each core were interpolated (adapted from 

(Parker et al., 2014)). There is approximately 238 lateral metres between MP-26S and MP-22S. 

The vertical scale is exaggerated. There are three unconformities that are described in (Meyer, 

2016). One underlying the Prairie du Chien Group, another underlying the Readstown Member 

and one between the unconsolidated deposits and the bedrock. 

 

MP-26S 

 

The TVOC mass and composition are very similar in the Readstown Member (17.66 g) and 

HGU 9 (14.37 g). In both units, ketones are the dominant group, BTEX and chlorinated ethanes 

are also present. In the St. Lawrence Formation and HGU 8 there is very little TVOC mass, and 

in HGU 7 there is 0.00. No ketones are present in the St. Lawrence Formation.  
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MP-25S 

 

Most of the TVOC mass is in the St. Lawrence Formation (33.49 g), HGU 9 (64.25 g) and HGU 

8 (59.82 g). The TVOC composition in the St. Lawrence Formation, HGU 9 and HGU 8 are 

similar but in HGU 8 there is a higher percentage of ketones and noticeably lower percentage of 

BTEX. The Prairie du Chien Group was the longest sampled unit in the core but had very low 

TVOC mass (0.15 g). Only a few samples were taken in HGU 7, and it had a very low TVOC 

mass (0.12 g). In these two units, the composition was mostly chlorinated ethanes and ethenes, 

while no ketones were found.  

 

MP-24S 

 

HGU 8 has the highest TVOC mass (102.48 g) of any unit in the transect. At least 10 g of TVOC 

mass is in each unit. The TVOC composition in the Tonti Member and Readstown Member is 

similar. The TVOC composition in HGU 9 and 8 is similar, but there is a slightly higher 

percentage of ketones in HGU 8. The percentage of BTEX decreases in each unit with depth. 

The percentage of methanes are higher in the HGU 9 and 8 than in the Tonti Member and 

Readstown Member.  

 

MP-23S 

 

HGU 8 has the highest TVOC mass (62.70 g) of any unit in the transect. There are low TVOC 

masses in the Tonti Member (4.67 g), Readstown Member (2.67 g), HGU 9 (1.71 g) and HGU 7 

(2.82 g). The composition in the Tonti Member and Readstown Member are similar. There are 

no ketones or methanes in these units. The composition in HGU 9, HGU 8 and HGU 7 are 

similar. HGU 9 has slightly higher percentage of ketones. In the Tunnel City Group, the 

percentage of ethenes increase with depth from HGU 9 (22%), to HGU 8 (30 %) to HGU 7 

(36%). In the shallow rock, the percentage of ethenes increases with depth from the Tonti 

Member (34%) to the Readstown Member (64%). 
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MP-22S 

 

No TVOC mass was found in the Tonti Member, Readstown Member, HGU 9 or HGU 7. A very 

small amount of BTEX (0.04 g) was found in HGU 8. 

 

 
Similar contaminant compositions in different lithostratigraphic and HGU units were observed.  

 

First, composition is similar in several units at MP-25S (St. Lawrence Formation, HGU 9, 8), 

MP-24S (Tonti, Readstown Member, HGU 9 and 8) and MP-23S (HGU 8). These units may be 

receiving mass from source areas that are in a similar state. Ketones are the majority (>50%). 

The remaining mass is BTEX, chlorinated ethanes, ethenes and variable amount of methanes.     

 

Second, composition is similar at MP-26S in the Readstown and HGU 9. Ketones are dominant 

(>84%), and there are similar small percentages of BTEX and chlorinated ethanes. The rock 

core composition may be an indication of the state of the southern part of the source zone, 

since it is likely a recipient of its groundwater.  

 

Lastly, at MP-23S, contaminant composition is very similar in the Tonti and Readstown Member 

Chlorinated ethenes are the majority group (>50%), and the remaining mass is BTEX and 

chlorinated ethanes.  Composition is similar in HGU 8 and 7, the majority (>50%) of the mass is 

chlorinated compounds, followed by ketones and some BTEX. The composition in these units 

may be an indication of the state of the northern part of the source zone, since it is likely a 

recipient of its groundwater.  
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3.3.3 2-D Spatial Variability Discussion 

 

Austin (2005) stated that DNAPL composition was uniform in space and time when recovered 

from the Tunnel City Group. Downgradient, across the transect there are similarities and 

differences in the contaminant composition in the Group (Figure 23). This likely indicates that 

the source composition is now spatially variable within in the Group. 

 

Ketones are dominant in most of the profiles. Ketones were not present in the DNAPL analyzed 

by Austin (2005). They were found in DNAPL contact water and in rock core/gw samples at MP-

7. Ketones have a relatively high solubility (Mackay et al., 2006). If they were once present in 

DNAPL they would have dissolved into groundwater at a faster rate. Since ketones appear to be 

the dominant for many of the profiles, upgradient in the source zone, there must be a zone with 

concentrations higher than other compounds, either in the rock matrix or fractures, upgradient of 

MP-26S, MP-25S, MP-24S and MP-23S. 

 

Across the transect, methylene chloride (DCM) is mostly detected in the Tunnel City Group. 

This likely indicates that in the Tunnel City Group of the source zone, DCM is still present. The 

lack of detections in the shallow rock may be explained by preferential dissolution of residual 

DCM DNAPL in the shallow rock of the source zone. DCM has a very high solubility relative to 

other DNAPL compounds (Pankow and Cherry, 1996). 

 

Rock core VOC contaminant compositions that are similar in multiple lithostratigraphic and 

HGUs may be receiving fracture water originating from different areas of an up gradient source 

with a homogeneous composition. There were three groups identified in the observations that 

have a similar composition. The first is at MP-26S in the Readstown Member and HGU 9. 

Ketones are dominant, with a small percentage of other compounds, indicating that upgradient, 

the DNAPL mass is not the primary source. The second group is at MP-23S in the Tonti 

Member and Readstown Formation. No ketones were detected and the total contaminant mass 

is relatively low compared to in other units across the transect. Upgradient, there does not 

appear to be a ketone source, and the DNAPL mass appears to not be significant relative to in 

other units. The third group is at MP-25S in HGU 9, and 8, MP-24S in HGU 9 and 8 and MP-

23S in HGU 8. The approximate distance between MP-25S and MP-24S is 57 m, and between 

MP-24S and MP-23S, it is 55 m. Ketones form the majority of the composition but there are 
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significant sources of the other contaminant groups. The total mass in each unit is relatively high 

compared to other units across the transect. These holes separated by 55 to 57 m, are 

receiving mass from an upgradient source in upper Tunnel City that has a large amount of mass 

in each unit with a similar composition.  

 

Free phase DNAPL is expected in HGU 9 and 8 of the Tunnel City Group and residual DNAPL 

in the shallow rock. The composition of the DNAPL was determined by Austin (2005) but the 

composition of the residual DNAPL has not yet been tested. The rock core results show the 

composition is similar in the shallow rock and Tunnel City Group at MP-26S, MP-25S and MP-

24S. The composition is similar at MP-26S, in the Readstown Member and HGU 9; at MP-25S 

in the St. Lawrence Formation and HGU 9, 8; at MP-24S in the Tonti, Readstown Member, HGU 

9 and 8. A similar contaminant composition in the shallow rock and Tunnel City Group may 

indicate the composition of the up gradient, in these two parts of the rock, contaminant mass 

composition is similar and the rate of preferential dissolution of contaminant groups was similar 

(over greater than 40 years). In contrast, the composition is not similar at MP-23S in the Tonti, 

Readstown Member and HGU 9, 8 and 7. No ketones were observed in the Tonti and 

Readstown Member. Upgradient, in the shallow rock and Tunnel City Group, the contaminant 

mass composition may be different and/or the rate of preferential dissolution of contaminant 

groups different. 

 

The transect rock core VOC results (Figure 21) support the hypothesis by Meyer (2013) that 

fractures associated with the HGU 9 / HGU 8 contact preferentially accumulated DNAPL and 

serve as primary flow and contaminant migration pathways in the plume. At MP-25S, MP-24S 

and MP-23S there is a high concentration peak close to the HGU 9/ HGU 8 contact. The 

concentrations are the highest in the profile at MP-24S and MP-23S, and the second highest at 

MP-25S. In the cores, the maximum distance between the maximum concentration and the 

HGU 9, HGU 8 contact is 45 cm. These high concentration rock core samples are likely 

associated with high concentration fracture water originating from up gradient DNAPL at the 

HGU 9, HGU 8 contact. 

 

Austin (2005) found that the Tonti and Readstown Members were not a strong control on where 

DNAPL accumulated, stating that they appear readily penetrable by DNAPL. This was 

determined by comparing the topography of each member to the amount of DNAPL pumped 
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from the recovery wells. The theory examined was that if the pore entry pressures of these 

members were sufficiently high, the DNAPL would flow along the topographic surface 

accumulating in surface depressions. Eventually, DNAPL would penetrate the fracture and 

migrate downwards to the Tunnel City Group. However, the depressions were not associated 

with the highest amount of DNAPL recovery. 

 

In the rock core results, there are two cases a change in lithostratigraphic units may have 

influenced mass accumulation.  

 

At MP-24S, high angled fractures (greater than 45 degrees) were present in the Tonti Member, 

and absent in the Readstown Member. The shift is apparent at the Tonti, Readstown Member 

contact. Upgradient, the ability of DNAPL to move downward may have been hindered by the 

change in fracture orientation. Less vertical fracture pathways, likely caused accumulation. The 

high concentration, and accumulation zone in the rock core above the contact supports this. The 

change in fracture orientation between the two members is not obvious in MP-23S and MP-22S, 

so this hypothesis cannot yet be extended to other locations. However, there is another similar 

case at MP-26S, where the fracture orientation changes less than a metre below the shallow 

rock and the Tunnel City Group contact. An increase in contaminant concentration with depth 

above the shift in orientation may suggest some pooling of up gradient contaminant mass.  

 

At MP-23S, a discrete well-consolidated clay unit at the very top of the Readstown Member, 

likely led to contaminant mass accumulation above. Above the unit, concentrations are higher 

than just below. 

 

Previous source zone investigations have not considered the DNAPL distribution in sedimentary 

rock under the tank farm, where it believed DNAPL was released. MP-23S which is 

downgradient of the tank farm area, 90% of the contaminant mass accumulated in the Tunnel 

City Group. The accumulation in the Tunnel City Group suggests that upgradient the source in 

the Tunnel City Group may extend farther to the north than originally thought. Unlike in most 

parts of the transect, chlorinated methanes and ketones are not present in the shallow rock. 

These compounds were likely able to be flushed through the shallow rock, since only a small 

mass of other compounds were present. 
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Table 5: TVOC and contaminant group mass in each core 
 Core 

Contaminant 
Group 

MP-26S MP-25S MP-24S MP-23S MP-22S 

Total 
Chlorinated 
Ethanes (g) 

1.68 14.49 8.93 11.13 0.00 

Total 
Chlorinated 
Ethenes (g) 

0.87 31.21 22.98 24.04 0.00 

Total 
Chlorinated 

Methanes (g) 
0.06 6.07 13.69 8.58 0.00 

Total Ketones 
(g) 

28.15 89.82 108.44 24.29 0.00 

Total BTEX (g) 2.34 16.17 13.84 6.52 0.04 

Total Other 
Compounds(g) 

0.00 0.07 0.00 0.00 0.00 

Total VOC (g) 33.10 157.83 167.88 74.56 0.04 
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Figure 20: Interpretation of the lithostratigraphy and HGU across the transect.  
The black horizontal lines in each core indicate where samples were taken. The 
lithostratigraphic boundaries are based on the core geologic logs. The HGU boundaries were 
based on MLS hydraulic head gradients and sequence stratigraphy (Meyer, 2013). The 
distribution of the shallow rock sedimentary units are highly variable. 
 
(Modified from Parker et al. (2014)) 
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Figure 21: Rock core VOC concentrations in each transect core  
Shown by TVOC and contaminant group (µgcontaminantgroup/gwetrock)  

The lithostratigraphy, location of rock core VOC sample and the HGU are shown for each core. A log scale is used. 
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Figure 22: Cumulative mass distribution in each transect core  
(as percentage of total mass of VOC and contaminant group 
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Figure 23: TVOC mass and composition in each lithostratigraphic unit and HGU across the transect    
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3.4 Temporal Variability 

3.4.1 Total Contaminant Mass 

 

The TVOC and contaminant group mass determined at MP-24S (in 2014) and MP-7 (in 2003) 

are compared in (Figure 24). For this comparison, the top and bottom elevation boundary in 

each core for sampling was approximately the same. The vertical axis is the contaminant mass, 

in grams. Each colour in the stacked bars represents a different contaminant group. The mass 

for each contaminant group is placed beside its coloured bar. The TVOC mass is shown at the 

top of each stacked column. 

 

TVOC mass was 745.31 g in 2003 and 111.52 g in 2014, an 85 % decrease (Figure 24). The 

mass of every contaminant group decreased by at least 65%. Chlorinated methanes had the 

largest mass decrease from 338.88 g in 2003 to 13.69 g in 2014, a 96% decrease. Ketone mass 

decreased from 176.58 g in 2003 to 52.09 g in 2014, a 71% decrease. BTEX mass decreased 

from 39.49 g in 2003 to 13.84 g in 2014, a 65 % decrease. Chlorinated Ethanes decreased from 

46.80 g in 2003 to 8.93 g in 2014, a 81% decrease. Chlorinated Ethenes decreased from 

143.57 g in 2003 to 22.98 g in 2014, a 84% decrease. 

 

3.4.2 Contaminant Mass Distribution 

 

Cumulative mass profiles of TVOC and the contaminant groups from MP-24S (2014) and MP-7 

(2003) are compared in (Figure 25). In the profiles, each colour represents a contaminant group 

or TVOC. The thicker lines represent results in 2003, the thinner lines represent results in 2014. 

The lithostratigraphic units and HGUs for MP-7 and MP-24S are shown on the left side of the 

figure. The vertical scale is elevation in metres above mean sea level (AMSL). The vertical scale 

is exaggerated. 

 

The same lithostratigraphic units were delineated in both cores - the Tonti Member, Readstown 

Member and Tunnel City Group. The elevation of the contacts between these units are different 

in each core. The Readstown Member, Tunnel City Group contact is approximately 1.0 m higher 

at MP-24S than at MP-7. The Tonti Member, Readstown Member contact is approximately 5.5 
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m higher at MP-24S than at MP-7. The Readstown Member thickness is approximately 5.5 m at 

MP-24S and 1 m at MP-7.  

 

The HGUs were also delineated in both cores. One major difference is HGU 9 was found at MP-

24S but not MP-7.  HGU 11 and HGU 8 were delineated in both cores. The top of HGU 8 is 

approximately 0.30 m higher at MP-7 than at MP-24S.  

 

In 2003, generally, TVOC mass distribution was more uniform than in 2014. In 2003, the 

accumulation rate was relatively constant in much of the Tonti Member and HGU 8. The 

exception was a low accumulation zone over a 3 m interval in the lower Tonti and Readstown 

Member (from 225.0 to 222.0 m). Approximately 70% (521.50 g) of TVOC mass accumulated in 

the shallow rock, and 30% (223.50 g) in the Tunnel City Group. 

 

In 2014, the TVOC mass accumulation pattern was more variable. There are 4 noticeable 

accumulation zones. Very little or no TVOC mass is in the upper Tonti and Readstown Members 

and in the middle of HGU 8.. Persistent zones exist above the Tonti, Readstown Member 

contact, above the HGU 9, 8 contact, in the upper HGU 8 and lower HGU 8. Approximately 30% 

(33.46 g) of TVOC mass accumulated in the shallow rock and 70% (78.06 g) in the Tunnel City 

Group. TVOC mass decreased by 94% in the shallow rock and 35% in the Tunnel City Group. 

 

In 2003, the mass distribution of each contaminant group was very similar – generally 

continuous accumulation in much of the Tonti Member, little to no accumulation in the lower 

Tonti and Readstown Member, and generally continuous accumulation in HGU 8. 

 

In 2014, there are differences in the mass distribution for each contaminant group. Chlorinated 

ethanes, ethenes and ketones follow a similar pattern. Chlorinated methanes mostly (about 

92%) accumulate in HGU 9 and upper HGU 8. BTEX mostly (about 75%) accumulate above the 

HGU 9, HGU 8 contact. All five contaminant groups do not accumulate in a 1.00 m zone in the 

upper Readstown Member and very little accumulate (less than 0.04 %) in a 0.39 m zone in 

HGU 8. No chlorinated ethenes, methanes, ketones and little (3.52%) chlorinated ethanes 

accumulate over a 7.80 m zone in the upper Tonti Member. The only contaminant group that 

had a similar distribution in 2003 and 2014 were BTEX. 
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Certain chlorinated solvents have the potential to be transformed to other compounds by 

reductive dechlorination. Reductive dechlorination is a reaction in which a chlorinated solvent 

acts as an electron acceptor and a chlorine atom on the molecule is replaced with a hydrogen 

atom. This results in the reduction in the valence state of a carbon atom of the chlorinated 

solvent (Wiedemeier et al., 1999). Chlorinated ethanes, ethenes and methanes have the 

potential to undergo this process (Wiedemeier et al., 1999). Lima et al. (2012) showed that 

micro-organisms capable of reductive dechlorination and/or co-metabolic degradation are 

present in the matrix pores at the site. Redox conditions and isotope signatures have confirmed 

transformation and some degradation is occurring in the Tunnel City Group (Miao, 2008) and 

the shallow rock (Casado, 2012). 

 

Chlorinated ethanes and ethenes mass concentration profiles from MP-7 and MP-24S are 

arranged in the sequence of their reductive dechlorination pathways in (Figure 26). Chlorinated 

ethanes shown are 1,1,1-TCA, 1,1-DCA and chloroethane. Chlorinated ethenes shown are 

PCE, TCE, cis-1,2-DCE and VC. 2003 results from MP-7 are shown in black. 2014 results from 

MP-24S are shown in blue. In the profiles, solid dots represent quantifiable values, lightly 

shaded dots represent estimated values (i.e., values between the quantification and method 

detection limits), open circles represent field blank flagged values and cross hairs represent 

non-detects. All results are aligned by elevation. The vertical scale is elevation in metres AMSL. 

The lithostratigraphic units and HGUs for each core are aligned by elevation and displayed on 

the left side of the figure. 

 

Generally, in both contaminant series, the compounds, 1,1,1-TCA, 1,1-DCA, PCE, TCE, cis-1,2-

DCE decreased in concentration, and the compounds CA and VC increased in concentration. 

 

Chlorinated Ethanes 

 

1,1,1-TCA, was detected in most samples in 2003. In 2014, it is non-detect in shallow rock and 

values decreased in most of the Tunnel City Group, except for a few detections in HGU 8, which 

form several sharp peaks. 

 

1,1-DCA was detected in most samples in 2003. In 2014, it is non-detect in two broad intervals 

in the shallow rock and one discrete intervals in the Tunnel City Group. There are detection 
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zones in the middle and lower shallow rock and the upper and lower Tunnel City Group. 

Concentrations were similar over 10.5 years in these zones. The detections form dominant 

peaks in the lower shallow rock and Tunnel City Group. The values of detections are relatively 

consistent at the two time periods in the middle of the shallow rock  

 

CA was not detected in 2003. In 2014, it is detected across much of the shallow rock, near the 

shallow rock, Tunnel City Group contact and sporadically in the Tunnel City Group.  In the upper 

shallow rock, sporadic low detections form small peaks, in the middle shallow rock there are 

consistently low detections. Near the shallow rock, Tunnel City Group contact, high 

concentrations form a dominant peak. In the Tunnel City Group, sporadic low detections form 

several peaks. A broad portion of the lower shallow rock is non-detect, except for a few small 

peaks.  
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Chlorinated Ethenes 

 

PCE was detected in most 2003 samples. In 2014, it was non-detect in most samples except for 

a few detections that form a peak in the Tunnel City Group.  

 

TCE was detected in most 2003 samples. In 2014, it is non-detect in the shallow rock and there 

are detections that form several peaks in the Tunnel City Group. One dominant peak has values 

higher than TCE in 2003. Several of the samples separating the peaks are non-detect.  Near the 

bottom of the core, detection values increase with depth.  

 

Cis-1,2-DCE was detected in most 2003 samples. In 2014, it is non-detect in two broad intervals 

in the shallow rock and two discrete intervals in the Tunnel City Group. There are detection 

zones in the middle and lower shallow rock and the upper and lower Tunnel City Group. In 

these zones, concentrations were less the shallow rock and similar in the Tunnel City Group 

over 10.5 years. The detections form dominant peaks in the lower shallow rock and the Tunnel 

City Group. The values of detections are relatively consistent in the middle of the shallow rock. 

 

VC was sporadically detected in 2003 in the lower half of the shallow rock and in the Tunnel City 

Group. It was non-detect in the upper half of the shallow rock. In 2014, detection zones of low 

concentrations are in the middle and lower shallow rock. Concentrations in these zones are 

higher than in 2003. Sporadic low concentration detections form several small peaks in the 

Tunnel City Group. One noticeable concentration peak is near the bottom of the profile.  

 

Chlorinated Methane 

 

The only chlorinated methane detected in 2003 and 2014 was DCM. DCM has the potential to 

degrade to Chloromethane (Wiedemeier et al., 1999) but this has not been observed. 
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3.4.3 Temporal Variability Discussion 

 

From 2003 to 2014, TVOC in rock core decreased from 745.31 g to 111.52 g. Chlorinated 

methanes decreased by 96%, ethenes by 84%, ethanes by 81%, ketones by 71% and BTEX by 

65% (Figure 24).  

 

In 2003, chlorinated methanes (i.e. DCM) were approximately 45% of rock core VOC 

contaminant mass. Austin (2005) suspected the presence of DCM in DNAPL form near MP-7 

due to DCM porewater and groundwater concentrations approaching or exceeding effective 

solubility across much of the profile. The DCM mass in rock core was distributed fairly uniformly 

with depth (Figure 25), with the exception of a 3 m zone in the bottom of shallow rock. From 

2003 to 2014, DCM mass decreased by 96%. In 2014, 90% of remaining DCM mass 

accumulated over a 4 m interval in the upper Tunnel City Group (Figure 25). If DCM was 

present as DNAPL in 2003 near MP-7, its very high solubility (literature values range from 

13,000 to 19,020 mg/L at 25 ⁰C, with one reported value at 34,480 mg/L (Mackay et al., 2006)) 

may have caused it to dissolve faster than other DNAPL compounds. In 2014, the remaining 

DCM mass in rock core mostly in the upper Tunnel City Group in HGU 9 and 8, may result from 

persistent free-phase DCM upgradient that has not had sufficient contact with flowing water. 

 

Most of the 84% decrease in chlorinated ethene mass was due to the reduction of cis-1,2-DCE 

from 129.73 g to 17.80 g (Table 6). In 2003 rock core, the composition of the chlorinated 

ethenes was 2% PCE; 3% TCE; 90% cis-1,2-DCE; 4% 1,1-DCE and less than 1% VC (Table 6). 

This despite the composition of DNAPL being about 15% PCE; 25% TCE; less than 1% cis-1,2-

DCE; less than 1% 1,1-DCE and 0% VC.  

 

Austin (2005) found cis-1,2-DCE porewater and groundwater concentrations approached or 

exceeded effective solubility across much of the 2003 profile. It was suggested this indicated the 

presence of cis-1,2-DCE as DNAPL near MP-7, augmented by PCE and TCE degradation. If 

cis-1,2-DCE as DNAPL was present in 2003, its high solubility relative to other DNAPL 

compounds (Mackay et al., 2006) may have led to preferential dissolution and then transport 

downgradient of MP-24S/MP-7. If PCE and TCE degradation was significantly contributing to 

high cis-1,2-DCE in MP-7 rock core, the rate of degradation to cis-1,2-DCE likely decreased. In 

rock core between 2003 and 2014, PCE reduced by 93% to 0.27 g, and TCE reduced by 41% to 
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2.51 g (Table 6). Over most of the length of rock compared, PCE and TCE became non-detect 

(Figure 26). PCE and TCE do not appear to be a significant source for cis-1,2-DCE near MP-

24S/MP-7. PCE and TCE may still be degrading to cis-1,2-DCE over the 85 m between the 

DNAPL source and MP-24S/MP-7 but likely not to the same extent as prior to 2003 sampling. 

 
Where high concentrations of cis-1,2-DCE remained in the lower Tonti Member, lower 

Readstown Member and lower Tunnel City Group, there were increases in VC. VC was not 

detected in DNAPL samples (Austin, 2005). Transformation from cis-1,2-DCE to VC appears to 

be occurring (Figure 26) in these zones. However, despite the noticeable increases in 

concentrations, they accounted for only a small increase in the mass of VC from 0.70 g in 2003 

to 1.20 g in 2014 (Table 6).  In comparison to the decrease of cis-1,2-DCE, this increase is 

noticeably small. It may be that VC has quickly transforms to ethene, however Wiedemeier et al. 

(1999) states this transformation rate is a relatively slow process.  

 

In 2003, ketones (i.e. MIBK) comprised 24% of the rock core contaminant mass. Concentrations 

of MIBK in MP-7 rock core and groundwater were nearly 2 orders of magnitude less than it’s 

effective aqueous solubility concentration, indicating MIBK free phase DNAPL was likely not 

present near MP-7. No ketones were found in free-phase DNAPL samples taken from 1988 to 

2004. However, MIBK was detected in DNAPL contact water at RW-111 in 2004, and was 5% of 

contaminant mass. MIBK has a very high solubility relative to the other contaminants detected 

Solubility values range from 17,000 to 19,100 mg/L at 25 ⁰C  (Mackay et al., 2006). Austin 

(2005) suspected ketones were originally present in the free-phase DNAPL, and were 

completely dissolved. One explanation for the 71% mass decline might be that as free-phase 

DNAPL dissolves, there has been an increase in flow pathways and MIBK have been able to be 

flushed out of the source zone.  

 

BTEX compounds had the lowest percentage decrease between 2003 and 2014 of any 

contaminant group at 65%. The BTEX contaminants have very low solubilities relative to the 

other contaminants detected. Toluene has a reported solubility of between 347 and 660 mg/L at 

25 ⁰C, Ethylbenzene between 131 and 203 mg/L 25 ⁰C, and xylenes between 134 to 221 mg/L 

at 25 ⁰C (Mackay et al., 2006). In rock core from 2003 to 2014, Toluene decreased from 32.51 

to 10.62 g, Ethylbenzene from 1.69 to 0.62 g and Xylene from 5.29 to 2.60 g (Table 6). The 

upgradient source of these contaminants has likely been depleted by dissolution, at a slower 

rate than other contaminant groups, resulting in a decrease of rock core concentrations at MP-
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24S/MP-7. It appears that the dissolution is uniform with depth. This conclusion is based on the 

observation that despite the decrease in BTEX, the mass distribution of BTEX was very similar 

in 2003 and 2014 (Figure 25) with mass accumulating at a fairly constant rate with depth. All 

other contaminant groups had noticeable changes in mass accumulation rates indicating 

different rates of upgradient source depletion with depth.  

 

The chlorinated ethane, 1,1,1-TCA comprised 29-40% of DNAPL samples from 1999 to 2002 

and 2004. All other chlorinated ethanes were less than 1%. In 2003 rock core, the total 

contaminant mass was comprised of just 4% 1,1,1-TCA. Austin (2005) suggested that the large 

difference in 1,1,1-TCA percentage indicated significant degradation of the compound between 

source and MP-7. Concentrations of 1,1-DCA above solubility in the rock core and groundwater 

samples, suggested further evidence of significant degradation and/or 1,1-DCA in DNAPL form 

near MP-7.  

 

In rock core from 2003 to 2014, 1,1,1-TCA decreased from 28.43 to 1.91 g, 1,1-DCA decreased 

from 18.06 to 5.33 g, CA increased from 0.00 to 1.64 g and 1,2-DCA decreased from 0.31 to 

0.05 g (Table 6). In the shallow rock, 1,1,1-TCA was consistently detected In most samples in 

2003 and became completely non-detect in 2014 (Figure 26). In the Tunnel City Group, 

consistent detections of 1,1,1-TCA became non-detect in two intervals. Upgradient, 1,1,1-TCA 

source in the shallow rock and two intervals in the Tunnel City Group appears to have 

significantly depleted. Where concentrations remained high in Tunnel City Group, the 

upgradient 1,1,1-TCA source likely persists. The decrease in 1,1-DCA likely indicates the rate of 

degradation from 1,1,1-TCA has decreased and/or 1,1-DCA DNAPL mass has decreased. In 

the shallow rock, 1,1-DCA was consistently detected in most samples, and became non-detect 

in the upper Tonti and Readstown Members. In the Tunnel City Group, 1,1-DCA was 

consistently detected and became non-detect in two intervals. Where 1,1-DCA became non-

detect, its likely its source has depleted. In 2003, CA was not detected, while in 2014 there 

several detect zones, mostly in the same elevations that 1,1-DCA persists. There was only a 

small increase in CA mass in the core. Due to this, degradation to CA appears not to be 

significant in the attenuation of 1,1-DCA but it is possible that CA produced near MP-24S/MP7 

is quickly carried downgradient. 
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From 2003 to 2014, there was a 94% decrease in TVOC mass in the shallow rock and a 35% 

decrease in TVOC mass in the Tunnel City Group (Figure 25). It appears there has been 

preferential loss of TVOC mass in the shallow rock relative to in the Tunnel City Group. In 2003, 

in the shallow rock, TVOC mass accumulated at a relatively constant rate with depth. By 2014, 

there was little to no accumulation of TVOC mass in the upper Tonti and Readstown Members, 

while some remained above the Tonti, Readstown Member contact and in the lower Readstown 

Member. Despite no previous DNAPL recovery in the shallow rock, in 2003, Austin (2005) 

suspected residual DNAPL compounds of cis-1,2-DCE, 1,1-DCA and DCM due to 

concentrations exceeding relative solubilities. The parent compounds of cis-1,2-DCE (i.e., PCE, 

TCE) and 1,1-DCA (i.e., 1,1,1-TCA) have changed from consistent detections in the shallow 

rock to completely non-detect. Therefore, degradation from these parent compounds has likely 

significantly diminished.  From 2003 to 2014, degradation of cis-1,2-DCE to VC and 1,1-TCA to 

CA (Figure 26) is likely occurring but not significantly since only a relatively small amount, of the 

daughter compounds have been produced (Table 6). Based on observations a hypothesis for 

the decrease of mass in shallow rock can be proposed. Upgradient, in the shallow rock, the 

source of cis-1,2-DCE (i.e., PCE, TCE or cis-1,2-DCE as DNAPL), 1,1-DCA (i.e., 1,1,1-TCA, 

1,1-DCA as DNAPL) and DCM (i.e., DCM as DNAPL) has been diminished between 2003 to 

2014. After the upgradient residual DNAPL mass had been depleted, the number of open 

transport pathways for dissolved contaminants increased and it became easier for dissolved 

chlorinated ethanes, ethenes, methanes, BTEX and ketones to flow downgradient. 

 

Approximately 576 m downgradient of MP-24S/MP-7, there is a hydraulic containment well P-

164. The well has pumped water from HGU 9 and HGU 8 since January 2004. The site 

consultant, samples the water every quarter and records the amount of water pumped. Based 

on these measurements, for each quarter, the mass of each contaminant group removed and 

the total contaminant mass removed was calculated. The results are plotted using a stacked bar 

chart from the third quarter of 2004 to the second quarter of 2015 (Figure 27). Over 10.5 years, 

the changes in the contaminant mass removed and its composition at P-164 can then be 

compared to the contaminant mass and composition changes at MP-24/MP-7. Similarities are 

further evidence of the changes occurring in the source zone. 

 

A very rough estimate for the time of travel from MP-24S/MP-7 to P-164 is 1.5 years. This is 

based on the observed 1 m/d contaminant transport rate of a high concentration slug that 
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migrated downgradient during DNAPL pumping. However, a time of travel for this comparison is 

roughly 1 year because the last quarterly results available for P-164 are only about 1 year after 

the coring of MP-24S. Also, the time of travel may be less than 1.5 years anyways because the 

hydraulic barrier system would likely increase the hydraulic gradients. For consistency, the 

fourth quarter of 2004 was also chosen for comparison because it is about 1 year after the 

coring of MP-7.  

 
The total contaminant mass removed quarterly has substantially reduced over the 10.5 years. In 

the fourth quarter of 2004, approximately 925,000 g of contaminant mass was removed. By the 

second quarter of 2015, approximately 125,000 g of contaminant mass was removed, an 86% 

decrease. This decrease in mass is larger than the decrease of contaminant mass in rock core 

in HGU 9 / 8 by 67% at MP-24S/MP-7 from December 2003 to July 2014. The significant 

decrease in the amount of mass removed over 10.5 years is further evidence that the 

upgradient source likely lost a significant mass. 

 

From the third quarter of 2004 to the second quarter of 2015, there was a significant decrease in 

mass of each contaminant group removed. Chlorinated ethanes decreased by 86%, chlorinated 

ethenes decreased by 80%, chlorinated methanes decreased by 99%, ketones decreased by 

97%, and BTEX decreased by 78%. This is further proof that the sources of these contaminant 

groups have likely been depleted upgradient in HGU 9/8. In comparison, in MP-24S/MP-7 rock 

core, in HGU 9 and HGU 8, chlorinated ethanes mass decreased by 65%, chlorinated ethene 

mass by 65%, chlorinated methanes by 87%, ketones by 34% and BTEX by 67 %. 
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Table 6: Individual contaminant masses in 2003 and 2014 

 

Dechlorination Pathways  

Chlorinated Ethanes Chlorinated Ethenes 
Chlorinated 

Methane 
Ketone BTEX 

Other 
Ethane 

Core 
TVOC 

1,1,1-
TCA 

1,1-
DCA 

CA PCE TCE 
Cis-
1,2-
DCE 

1,1-
DCE 

(minor) 
VC DCM MIBK Toluene Ethylbenzene Xylene 1,2-DCA 

(g) 

2003 
(MP-7) 

745.31 28.43 18.06 0.00 3.41 4.24 129.73 5.49 0.70 338.88 176.58 32.51 1.69 5.29 0.31 

2014 
(MP-24S) 

111.52 1.91 5.33 1.64 0.27 2.51 17.80 1.20 1.20 13.69 52.09 10.62 0.62 2.60 0.05 
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Figure 24: TVOC and contaminant group mass in MP-7 (2003) and MP-24S (2014)  
(shown  as stacked bar charts) 
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Figure 25: Cumulative mass distribution in MP-7 (2003) and MP-24S (2014)  
(as percentage of total mass of VOC and contaminant group) 
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Figure 26: Concentration of chlorinated ethanes and ethenes that have potential for reductive dechlorination 
MP-24S results (2014) are overlain on MP-7 (2003) results. 
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Figure 27: Contaminant group mass removed from P-164 from the third quarter of 2004 to the second quarter of 2015. An asterisk 
next to a date indicates concentration data was not available. 
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4.0 Conclusions and Recommendations for Future Work 

 
Spatial Variability Along 1-D Profiles 
 

Contaminant mass distribution in shallow rock is likely related to geologic features in several 

cases. This is based on comparison of geologic logs with concentration and cumulative mass 

logs.  Contaminant mass accumulated above discrete clayey intervals at MP-26S and MP-23S. 

Also, contaminant mass accumulated above a sharp transition in fracture orientation at MP-24S. 

Up gradient, the source likely accumulated above these features. 

 

Contaminant concentrations varied significantly (up to 3 orders of magnitude) over vertical 

distances as small as 60 cm. Upgradient, fractures separated by such short distances, likely 

have a significant difference in source mass.  

 

Spatial Variability Along a 2-D Transverse Section 

 

Across the transect, there is highly variable elevations of shallow lithostratigraphic units and 

highly variable contaminant mass distribution. Detections occur over discrete interval or broad 

zones. Upgradient, the source mass likely has highly variable distribution patterns.  

 

Across the transect, the majority of contaminant mass is dominated by the highly soluble MIBK. 

MIBK has not been detected in DNAPL. It has been detected in groundwater in contact with 

DNAPL and MP-7 groundwater and rock core samples. MIBK has the highest solubility of the 

contaminants detected, and likely preferentially dissolved before any other compounds. MIBK is 

likely still a major compound in the source zone. 

 

In the coreholes, MP-25S, MP-24S and MP-23S, the majority of contaminant mass is in the 

Tunnel City Group’s HGU 9 and 8. At MP-26S, roughly half of contaminant mass resided in the 

shallow rock and half in the Tunnel City Group. DNAPL has only been observed in the Tunnel 

City Group, but Austin (2005) suspected residual DNAPL in the shallow rock. Upgradient of MP-

25S, MP-24S and MP-23S, in 2014, the majority of source mass is likely in the Tunnel City 
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Group. Upgradient of MP-26S, in 2014, the source mass is likely evenly distributed between the 

shallow rock and Tunnel City Group. 

 

Temporal Variability 

 

Between 2003 and 2014, contaminant mass has significantly reduced in rock core at MP-

24S/MP-7. In addition, during this time, the contaminant mass removed each quarter by a 

pumping well, 576 m downgradient, has significantly reduced as well. Both changes are likely 

due to a reduction in source mass during this time. It is not clear what caused the reduction, but 

it is conceivable that there were increased dissolution rates, leading to an increase in flow 

pathways through the source. Dissolved contaminants (e.g., MIBK and DCM) have been able to 

be transported downgradient at an increased rate. If this is true, then it is expected the source 

mass will continue to deplete. It is also expected the high concentrations of MIBK remaining in 

the source zone will continue to be transported downgradient at a similar or higher rate. The 

lower solubility compounds such as BTEX, may be the most persistent over time. 

 

Implications and Recommendations for Future Work 

 

A better understanding of the 2-D source architecture and how it is changing can now be used 

to better inform site management decisions. Previously, spatial mass distribution in the shallow 

rock of the source zone was only understood based on the 1-D profile at MP-7 and conventional 

wells in the plume. Also, there was no information about natural attenuation that may be 

occurring in the source zone. Now, future monitoring and/or potential remedial options can be 

implemented with more certainty and effectiveness, especially if combined with hydraulic 

characterization data collected from these holes (beyond the current study scope).   

 

In the future, sampling of groundwater from MLSs across the transect will provide more 2-D 

information on how the source is changing. Hydraulic barrier wells, will provide further 

information on the resulting downgradient mass transport in the upper Tunnel City Group.  

 

The transect approach for this thesis study was based on work by Guilbeault et al. (2005). 

Estimates of flux can be used to assess potential impacts downgradient. To calculate the 

contaminant mass flux through the transect similar to Guilbeault et al. (2005), the following 
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parameters are required - groundwater concentration, hydraulic conductivity, hydraulic gradient, 

and cross-sectional area. 

 

Groundwater samples from the Westbay Multilevel Systems will provide the concentration of 

contaminants flowing through fractures. Packer tests, FLUTe K profile and lab tests can provide 

hydraulic conductivity estimates. The hydraulic gradient can be estimated from hydraulic head 

values in conventional wells in and around the source area that are screened in different layers. 

Also, hydraulic head values from regional MLS specific to different HGUs could be used. 

 

The transect area will need to be divided into sub-areas. Associated with each sample, there is 

a sub-area that will have a concentration, hydraulic conductivity and hydraulic gradient. The 

sub-area height is the half distance between each groundwater sample. The sub-area width is 

the half distance between core holes.  

 

There are several challenges and uncertainties that will need to be considered. This thesis has 

shown the magnitude of mass and composition to be variable spatially, especially in the shallow 

rock. For each sample, the concentration, hydraulic conductivity and hydraulic gradient would 

need to be applied to a large sub-area width, based on the half-distance between holes. The 

distance between holes varies between 53 to 73 m. It is very unlikely that the large sub-area 

associated with each sample would have similar parameters, resulting in some uncertainty, 

especially in the shallow rock. However, the most laterally extensive plume is in the Tunnel City 

Group. The mass transport rate in this Group will likely be a major focus. The surfaces of the 

HGUs do not vary significantly across the transect (Figure 20). 
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