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ABSTRACT 
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UNIT DELINEATION IN FRACTURED SEDIMENTARY ROCKS 

 

 

 

Jessica Rae Meyer Advisors: 
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Prediction of contaminant transport and fate relies on robust delineation of hydrogeologic 

units (HGUs), which serve as the framework for all conceptual and numerical models. In layered 

sedimentary rock systems, contrasts in bulk vertical hydraulic conductivity (Kv) are expected to 

refract groundwater flow lines and be indicative of distinct HGUs. However, HGU delineation 

typically relies on data indirectly related to hydraulic properties or hydraulic data insensitive to 

contrasts in Kv. Flow system theory shows that the distribution of hydraulic head reflects 

contrasts in Kv. Therefore, depth-discrete and detailed (i.e. high resolution) hydraulic head 

profiles should identify contrasts in Kv in layered systems. This research develops, applies, and 

tests a high resolution head/vertical gradient profile approach to HGU delineation for 

sedimentary rock groundwater systems. First, the repeatability and characteristics of head 

profiles in sedimentary rocks were evaluated by collecting data from three contaminated field 

sites with contrasting geologic and flow system conditions. The shapes of the head profiles were 

reproducible in time and geometric in nature. The head profiles displayed thick zones with no or 

minimal vertical gradient separated by thinner zones with large vertical gradient indicating 

contrasts in Kv that did not coincide with lithostratigraphic units. Next, the method was applied 

at the plume scale to a site in Wisconsin with seven vertical gradient profiles collected along two 

cross-sections. The vertical gradient cross-sections revealed nine laterally extensive zones with 

contrasting Kv. The contrasts in Kv were closely associated with key sequence stratigraphic units 

and integration of the two data sets resulted in delineation of eight HGUs for the site. Last, 

comparison of these HGUs to the site contaminant mass and phase distributions, including 

detailed rock core contaminant profiles, provided additional verification for the HGU delineation 

and added insight regarding important flow and contaminant migration pathways. Application of 



 

 

the high resolution head/vertical gradient profile method at the Wisconsin site resulted in 

hydraulic measurement based, geologically integrated, and more accurately delineated HGUs. 

The revised hydrogeologic unit conceptual model will improve predictions of contaminant 

transport and fate and evaluation of remediation system designs. 
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Chapter 1  
Introduction 

1.1 Importance and Relevance of Hydrogeologic Investigations in 

Fractured Sedimentary Rocks 

Although groundwater and aquifers are commonly associated with relatively shallow 

unconsolidated sediments, much of the fresh water resource in the subsurface is present in 

fractured, porous (i.e., sedimentary) rocks. These sedimentary rock aquifer systems provide large 

porosity for water storage and are fractured, allowing for rapid conveyance of water to wells. 

Examples of important sedimentary rock aquifer systems are found throughout the world. The 

sedimentary rocks of the Great Artesian Basin in Australia form one of the world’s largest 

groundwater systems and are a critical water resource in the arid and semi-arid inland areas of 

the continent (Smerdon et al., 2012). In the United States, the Cambrian-Ordovician sandstone 

(Young and Siegel, 1992), the Floridian carbonate (Miller, 1990), and the Edwards-Trinity 

mixed carbonate-sandstone (Ryder, 1996) are important for public water supply and irrigation 

(Maupin and Barber, 2005). The Chalk and Permo-Triassic sandstone are the two most important 

water supply aquifer systems in the United Kingdom, accounting for more than 75% of all 

groundwater abstractions (Monkhouse and Richards, 1982).  

Many of the heavily used sedimentary rock aquifer systems are located in densely 

populated or intensively farmed areas making them vulnerable to contamination. For example, 

there are 10,000-12,000 groundwater sites classified as ‘complex’ and unlikely to be cleaned up 

to acceptable levels in the next 100 years in the United States alone (National Research Council, 

2012). These sites are categorized as ‘complex’ due to a number of attributes, one of the most 

important being the presence of contamination in fractured media. In addition, sedimentary rocks 

are of interest for hazardous waste disposal, radioactive waste isolation, resource extraction, and 

carbon sequestration (Berkowitz, 2002). Consequently, a quantitative understanding of flow and 

contaminant transport behavior in sedimentary rock aquifer systems is required to effectively 

manage these resources now and into the future.  

Much of our current understanding of plume migration in fractured rocks is derived from 

hypothetical numerical modeling studies rather than field focused studies (Parker et al., 2012). 
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Numerical models capable of simulating flow and contaminant transport processes in discrete 

fracture networks have been available since the mid-1980s (e.g., Schwartz et al., 1983; Smith 

and Schwartz, 1984; Sudicky and McLaren, 1992; Therrien and Sudicky, 1996). These models 

(applied to real field scenarios) require information regarding the three-dimensional geometry, 

variability, hydraulic attributes, and connectivity of fracture networks, properties of the rock 

matrix, and data to inform the processes in the fracture networks and rock matrix that control 

groundwater flow and contaminant transport and fate. The lack of field data of this nature is due 

to a number of factors, but two of the most important issues are the cost of investigations in 

fractured rock and the difficulty of performing field experiments at the plume scale (typically 10 

km
2
) in these systems. Therefore, simulations and predictions made using these models, and by 

extension our conceptualizations of plume behavior in fractured rock, are not adequately field 

verified (i.e., ground truthed).  

The paucity of field derived data and information regarding contaminant transport and fate in 

fractured rock contrasts strongly to the state of the science of contaminant behavior in granular 

media. There is a significant body of literature and numerous field studies concerning the 

behavior of a wide range of contaminants in porous media. Some of the most valuable insights 

regarding the processes and scales important to contaminant behavior in porous media were 

gained through a series of detailed, plume scale, natural gradient field tracer experiments 

conducted in the late 1980s and early 1990s (e.g., Mackay et al., 1986; LeBlanc et al., 1991; 

Boggs et al., 1992). These field studies resulted in numerous publications and significant 

advancement of our understanding of the processes controlling plume behavior in porous media 

and of techniques for characterizing the groundwater flow and contaminant distribution in these 

systems (Garabedian and LeBlanc, 1991; Cherry et al., 1996; Stauffer et al., 1997; Sudicky and 

Illman, 2011). For example, these studies demonstrated that quantifying the processes (i.e., 

advection, dispersion, diffusion, sorption, biotic and abiotic reactions) controlling contaminant 

behavior under natural flow conditions was critical to effective representation and prediction of 

contaminant plumes using process based numerical models. The detailed and depth-discrete 

sampling employed by the field scale tracer studies also showed the heterogeneity of natural 

systems and highlighted the biased and potentially misleading nature of data collected from long 

screened monitoring wells rather than depth discrete piezometers.  
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Extension of the principles learned from the field tracer tests in porous media to flow system 

characterization of contaminated, fractured sedimentary rocks is the theme of a large Natural 

Sciences and Engineering Research Council (NSERC) Industrial Research Chair (IRC) field 

based research program designed and directed by Dr. Beth Parker (Parker, 2007; Parker, 2012). 

However, natural gradient tracer experiments are extremely difficult to carry out in fractured 

rock. Therefore, a key component of the design of the NSERC IRC research program is 

utilization of existing contaminant plumes at four primary field sites as ‘tracers’ of the physical 

flow system. The research presented here is a component of the broader research program 

focused on developing a hydraulic measurement based approach to three-dimensional 

hydrogeologic unit and flow system characterization, application of that approach to one of the 

four primary field sites, and utilization of the contaminant distribution at that site as an 

independent tracer of the physical flow system.     

1.2 Flow System Characterization Background 

In 1963, Tóth introduced the theory of topography-driven, hierarchical flow systems to 

the scientific community. This theory now serves as the underlying conceptual model for nearly 

all hydrogeological investigations. Tóth  (1995; 2009) reviews the development of flow system 

theory and indicates the influence of early contributions to the literature (Hubbert, 1940; Hantush 

and Jacob, 1955; Tóth, 1962; Meyboom, 1962; 1963; Freeze and Witherspoon, 1966; 1967; 

1968; Neuman and Witherspoon, 1972). In this theory, the distribution of hydraulic head is a 

result of the configuration of the water table (shown to mimic topography) and the position, 

geometry, and relative hydraulic conductivity of hydrogeologic (or hydrostratigraphic) units in 

the subsurface. The three-dimensional distribution of hydraulic head produces ordered flow 

systems that tend toward a dynamic equilibrium or steady state condition (Tóth, 1963; 1995). 

A critical component of flow system analysis is delineation of hydrogeologic units 

(HGUs). The term hydrogeologic unit is used to represent partitions of the groundwater flow 

domain that are hydraulically consistent at a specified spatial scale (Meyer et al., 2008). HGUs 

form the framework for all conceptual and numerical models of groundwater flow and 

contaminant transport and fate. The conceptualization of HGUs and the flow system also guides 

the design and installation of piezometers and monitoring wells typically used to collect 

hydraulic conductivity and head data needed to parameterize and calibrate the numerical models. 
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Therefore, if the conceptual model is inadequate and/or strongly biased, the numerical modeling 

results will be unfounded and potentially misleading, as pointed out by many numerical 

modeling experts (Konikow and Bredehoeft, 1992; Bredehoeft, 2005; Poeter and Anderson, 

2005). 

Historically, delineation of HGUs has relied heavily on the existing lithostratigraphic 

characterization for the area of interest. This approach assumes the hydraulic contrasts associated 

with distinct HGUs conform to the lithostratigraphic framework. Maxey (1964), argued that 

HGUs (referred to as hydrostratigraphic units by Maxey) need not conform to other mappable 

rock units (Fig. 1-1). This is particularly true in fractured rock systems where the hydraulic 

characteristics of fracture networks control flow. Consequently, HGU delineation in fractured 

sedimentary rock seeks to identify contrasts in hydraulic conductivity resulting from the unique 

characteristics (i.e., orientations, lengths, apertures, connectivity) of fracture networks of distinct 

HGUs. In many sedimentary depositional systems, changes in material properties are expected to 

occur more rapidly perpendicular to bedding than parallel to bedding. Therefore, in layered 

sedimentary aquifer systems, identification of contrasts in bulk vertical hydraulic conductivity 

(Kv) with depth is likely critical to HGU identification Fig. 1-1. However, characterization of 

HGUs in fractured sedimentary rocks typically relies on data sets that provide indirect 

information regarding hydraulic properties (geologic, geophysical) or on hydraulic data 

insensitive to contrasts in Kv (i.e., horizontal hydraulic conductivities, open borehole flow 

metering, hydraulic head data collected from sparse long screened monitoring wells). Therefore, 

a new approach that is independent of lithostratigraphy and capable of identifying contrasts in Kv 

in a clear and repeatable way is required.  

Methods for quantifying Kv began when interest in ‘leaky’ aquifer systems developed in 

the 1950s and 1960s. Many of the early hydraulic test analysis methods assume the water 

flowing into a well is derived entirely from the aquifer being tested due to horizontal or radial 

flow. Perfectly confined, or hydraulically isolated, aquifers are rare in nature; therefore, methods 

were developed to analyze pumping test data where ‘leakage’ from units above and below the 

unit of interest could be incorporated into the analysis. Quantifying leakage requires a measured 

or estimated Kv for the aquitard. Several methods were developed for determining the Kv of an 

aquitard based on testing and observation within the aquifer alone (Hantush and Jacob, 1955; 

Hantush, 1956; Hantush, 1960; Walton, 1962) and testing within the aquifer while observing 
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both the aquifer and aquitard (Neuman and Witherspoon, 1972). These analysis methods rely on 

wells being fully or partially penetrating with respect to previously defined HGUs (aquifers and 

aquitards). Therefore, they are not ideal for characterizing changes in Kv indicative of different 

HGUs. Given the well tested concept that the distribution of hydraulic head is a reflection of 

contrasting hydraulic conductivities, it follows that hydraulic head patterns will offer insights on 

where contrasts in Kv occur.  Since hydraulic head defines the potential (gradient) for 

groundwater flow and is variable throughout the system, hydraulic head measurements must be 

collected in a depth discrete or ‘point’ fashion. In addition, in order to accurately resolve the 

position and thickness of thin intervals of contrasting Kv, hydraulic head needs to be collected at 

as many points as is possible/practical along vertical profiles. However, measurement of 

hydraulic head in this fashion is rare. 

In standard practice, relatively long screened wells are common instruments used to 

collect hydraulic head measurements. The primary purpose of these long screened wells is not 

typically for accurate measurements of hydraulic head but rather extraction of groundwater for 

water supply or collection of groundwater samples for water quality analysis. By definition, 

hydraulic head, which approximates hydraulic potential, is a property measured at a discrete 

point in the subsurface (Hubbert, 1940). Historically, piezometers were used to collect depth 

discrete measurements of hydraulic head. In contrast, long screened wells average or blend 

hydraulic head (and hydrochemical) values thereby reducing the accuracy of hydraulic head 

measurements and the sensitivity of these data to changes in Kv.  

In hydrogeological investigations, geological, geophysical, flow meter, and horizontal 

hydraulic conductivity data are often collected in open boreholes and then presented in depth 

profiles. However, detailed and depth discrete hydraulic head profiles, referred to here as high 

resolution head profiles, are rare in the peer reviewed literature, particularly those associated 

with hydrogeological investigations of fractured rocks at relatively shallow (<300 m) depths. 

Most published examples of head profiles are from shallow, unconsolidated deposits and were 

obtained to assess the integrity of clay aquitards in the context of waste isolation and protection 

of underlying aquifers (e.g., Goodall and Quigley, 1977; Desaulniers et al., 1981; Desaulniers 

and Cherry, 1989; Keller et al., 1989; Ruland et al., 1991; O'Shaughnessy and Garga, 1994; 

Husain et al., 1998; Parker et al., 2004). Some examples associated with fractured rocks include 

investigations focused on petroleum exploration and basin scale fluid movement (e.g., Hitchon, 
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1969; Belitz and Bredehoeft, 1988; Raven et al., 1992; Chen et al., 2010), studies associated with 

deep nuclear waste disposal (e.g., Sterling and Raven, 2011), and a limited number of studies 

associated with environmental investigations (e.g., Novakowski and Lapcevic, 1988; Raven et 

al., 1990; Eaton and Bradbury, 2003; Taylor et al., 2003; Meyer et al., 2008; Fisher and Twining, 

2011). The focus of this dissertation is the evaluation of high resolution hydraulic head and 

vertical gradient profiles for improved HGU delineation in fractured sedimentary rock aquifer 

systems. 

1.3 Hypothesis and Objectives 

The overall objective of this research was development of a high resolution and hydraulic 

measurement-based approach for improved delineation of the position, thickness, and lateral 

extent of hydrogeologic units in layered sedimentary rocks. More specifically, the research 

evaluates the utility of depth discrete and spatially detailed (i.e., high resolution) head/vertical 

gradient profiles for delineating hydrogeologic units in fractured sedimentary rock aquifer 

systems. Emphasis was placed on developing a robust analysis method tested at multiple field 

sites that would quantitatively inform/improve site conceptual models. The hypotheses being 

addressed are stated below and presented schematically in Fig. 1-2.  

 

High resolution hydraulic head profiles will identify the position and thickness of contrasting 

bulk vertical hydraulic conductivities.  

 

Intervals of distinct bulk vertical hydraulic conductivity will be laterally correlatable at a plume 

scale (typically 10 km
2
) in layered fractured sedimentary rocks (i.e., distinct hydrogeologic 

units).  

   

The conceptualization presented in Fig. 1-2 includes two key assumptions. First, the 

conceptualization assumes the fracture networks of each hydrogeologic unit are sufficiently 

dense to behave like an equivalent porous media (EPM) governed by Darcy’s Law with respect 

to groundwater flow (Fig. 1-2a). As a result, a representative elementary volume is much larger 

than a single fracture, including a volume of aquifer with length dimensions at least slightly 

larger than the fracture spacing for a given hydrogeologic unit. Second, if steady state conditions 
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are assumed, each hydrogeologic unit defined by a contrast in Kv would have a uniform vertical 

gradient across its thickness at a given location in the flow system. Therefore, contrasts in the 

vertical gradients along a depth profile would indicate the boundaries between HGUs (Fig. 1-2b 

and c). Larger vertical gradients are associated with the lower Kv units (HGUB and HGUD) at all 

three locations in the flow system but the exact magnitude and direction of the vertical gradients 

varies depending on the location in the flow system (Fig. 1-2c). 

Although hydraulic head data is fundamental to any hydrogeology investigation, use of high 

resolution hydraulic head profiles for hydrogeologic unit delineation and flow system 

characterization is rare. Therefore, these hypotheses are addressed through a series of objectives:  

1. Development of a robust and field tested method for collection and evaluation of high 

resolution hydraulic head profiles to support hydrogeologic unit identification in 

fractured sedimentary rocks.  

2. Application of high resolution head profiling at the plume scale to identify laterally 

extensive intervals with distinct vertical hydraulic conductivity.  

3. Comparison of intervals with distinct bulk vertical hydraulic conductivity and 

detailed lithologic and fracture data sets to examine the possible geologic basis for the 

contrasts in bulk vertical hydraulic conductivity. 

4. Integration of intervals of distinct bulk vertical hydraulic conductivity and the 

sequence stratigraphic framework to delineate three-dimensional hydrogeologic units 

at the plume scale.    

5. Testing the hydraulic head based hydrogeologic unit conceptual model by using depth 

discrete contaminant distribution data as independent tracers of groundwater flow 

pathways.    

1.4 Research Approach 

The general research approach included collecting numerous spatially and temporally 

resolved complementary data sets from continuous cores and boreholes to support 

characterization of the flow system and contaminant distribution in the fractures and rock matrix 

at real contaminated, fractured sedimentary rock sites. Three such sites, one in Wisconsin, 

California, and Ontario, were selected for this study. These are a subset of sites included in a 

field-based research program established in 1996. The research program is focused on 
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investigation of plumes in sedimentary rock with exceptionally detailed data, similar in style to 

the Canadian Forces Base Borden site studies of contaminant transport in porous media (Parker 

et al., 2012). The Wisconsin, California, and Ontario sites were selected for the larger research 

program because they have contrasting but complementary geologic and flow system conditions 

(Table 1-1). The range of geologic and flow system conditions and substantial amount of diverse 

yet inter-related high resolution data sets makes them ideal for testing the applicability and 

transferability of the high resolution head profiling method.  

The Ontario site is located near Guelph, Ontario, and includes a TCE plume migrating 

through a flat lying sequence of Silurian dolostones used as a local water supply aquifer (Quinn 

et al., 2011a). The dolostones overlie a massive shale aquitard, are approximately 100 m thick, 

and are covered by 3 to 6 m of Quaternary materials associated with a drumlinized till plain and 

glaciofluvial outwash system in the area (Quinn et al., 2011a). The maximum topographic relief 

in the area is about 80 m, and the water table is typically between 3-5 m bgs (Parker et al., 2012). 

The California site is a former rocket engine testing facility located on a topographically high 

ridge 300 m above the surrounding valley floor in the Simi Hills, north of Los Angeles, 

California. The site includes TCE contaminated Cretaceous turbidite deposits of sandstone and 

shale, which dip approximately 30 degrees to the northwest. They are overlain by 0-5 m of 

discontinuous Quaternary deposits (Sterling et al., 2005) and the water table occurs between less 

than 15 m and 100 m bgs (Parker et al., 2012). The Wisconsin site, located near Madison, 

Wisconsin, includes a mixed-organic solvent dense non-aqueous phase liquid (DNAPL) source 

zone and associated plume migrating through a flat lying sequence of Cambrian-Ordovician 

sandstone and dolostone used as a regional water supply aquifer. The sedimentary rocks are 

approximately 200 m thick and covered by 2-40 m of unconsolidated Pleistocene deposits. The 

topography in the area includes flat areas separated by drumlins or hummocky terrain with a 

maximum relief of about 150 m and the water table typically occurs between 0 and 25 m bgs.   

Although data were utilized from all three sites to characterize the general nature of high 

resolution head profiles in fractured sedimentary rocks, the Wisconsin site served as the primary 

research site associated with this thesis. The Wisconsin site was chosen as the focus because 

DNAPLs still exist in the source area, which is uncommon (Parker et al., 1994; Parker et al., 

1997), and the dissolved phase plume at the site was well mapped. Both the remaining DNAPL 

and dissolved phase plume contaminant mass distributions were used as tracers of the physical 
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flow system. In addition to being representative of many similar sedimentary rock systems 

around the world, the sedimentary rocks at the Wisconsin site are part of the Cambrian-

Ordovician aquifer system (Young and Siegel, 1992) that extends across much of southern 

Wisconsin, south-eastern Minnesota, Iowa, northern Missouri, and Illinois. The Cambrian-

Ordovician aquifer system is one of 35 principal sedimentary rock aquifer systems in the U.S. 

(Maupin and Barber, 2005) and is relied on heavily for municipal, industrial, and agricultural 

water supplies. In fact, in 2000, 45% of all water withdrawn from sandstone aquifers in the U.S. 

was derived from the Cambrian-Ordovician aquifer system (Maupin and Barber, 2005). More 

recently, the lowermost formation, the Mt. Simon Formation sandstone, is being evaluated as a 

reservoir for carbon sequestration in the Illinois Basin (Leetaru and McBride, 2009; Zhou et al., 

2010). Therefore, the insights derived from the Wisconsin site have potential relevance to a 

much broader and important hydrogeological system.    

1.5 Dissertation Organization 

The research presented in this thesis relies on a wide variety of field data sets collected 

primarily from a field research site in Wisconsin, but also from sites in California and Ontario. 

These sedimentary rock research sites are part of a larger research program concerned with 

groundwater contamination in fractured media involving many researchers and collaborators 

(Parker, 2007; Parker, 2012). Chapters 2, 3, and 4 of this thesis have been prepared for 

submission to peer reviewed journals. This chapter, Chapter 1, introduces the general topic and 

relevance of the thesis, summarizes the objectives of the research, describes the general research 

approach, and outlines the organization of the thesis. Chapter 2 describes the development of a 

method for collection and analysis of high resolution hydraulic head profiles in fractured 

sedimentary rock and comparison of the characteristics of head profiles collected using the 

method from three field sites in North America. Chapter 3 presents the application of the head 

profiling method for delineation of hydrogeologic units at the plume scale (typically 10 km
2
 

area) to a contaminated sedimentary rock field site in Wisconsin. Chapter 4 demonstrates how 

high resolution contaminant distributions can be used to test and refine hydrogeologic unit 

conceptual models. Chapter 5 highlights the principle findings, summarizes the original 

contributions, and provides recommendations for future research.   
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1.6 Tables and Figures 
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Table 1-1.  General geologic and flow system characteristics of the WI, CA and ON contaminated sedimentary rock field research 

sites.  

 

Site 

Primary 

Rock 

Types 

Age 
Depositional 

Environment 

Rock 

Dip 

Topography; 

maximum 

relief (m) 

Overburden 

Thickness 

(m); type 

Depth 

to 

Water 

Table 

(m) 

Major Parent 

Contaminants 

Degradation 

Products 

Units Used 

as Water 

Supply 

Aquifers
1
 

Wisconsin 
Sandstone 

Dolostone 

Cambrian-

Ordovician 
Marine ramp 

Flat 

lying 

Flat areas 

separated by 

drumlins / 

hummocky 

terrain; 

150 m 

2-40; 

glacial till 
0-25 

PCE, TCE, 

TCA, 

ketones, 

BTEX 

cis-DCE, 

1,1-DCA, 

1,1-DCE, 

VC 

Yes 

California 
Sandstone 

Shale 
Cretaceous 

Marine 

turbidite 

30 

degrees 

Ridge above 

surrounding 

valley;  

300 m 

0-5; 

alluvium 

< 15 to 

100 

TCE, minor 

TCA 

cis-DCE, 

1,1-DCE, 

trans-DCE, 

VC 

No 

Ontario 
Dolostone 

Shale 
Silurian 

Low energy 

marine 

platform 

Flat 

lying 

Drumlinized 

till plain and 

glaciofluvial 

outwash 

topography;  

80 m 

3-6;  

glacial till 
3-5 

TCE, minor 

PCE 

cis-DCE, 

VC 
Yes 

This table is modified from Table 1 presented by Parker et al. (2012) and provides a brief description of the geologic and flow system 

conditions for each of the three field research sites utilized in this study. 

 

1
 This column indicates if the geologic units encountered at the field site are used in the region as water supply aquifer units.   
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Fig. 1-1. Schematic of a layered, fractured sedimentary rock system and associated 

contrasts in bulk vertical hydraulic conductivity.  

The schematic above illustrates the potential lack of correlation between lithology and fracture 

network characteristics (i.e., spacing, length, orientation, and aperture). The contrasts in fracture 

network characteristics are conceptually associated with contrasts in hydraulic conductivity. 

Contrasts in bulk vertical hydraulic conductivity (Kv) are highlighted here because in layered, 

fractured, sedimentary rock aquifer systems Kv may provide the clearest indication of the 

hydraulic contrasts associated with hydrogeologic units. While there are only three lithologic 

units (sandstone, dolostone, sandstone) there are actually 5 distinct hydrogeologic units based on 

contrasts in hydraulic conductivity associated with changes in the fracture network 

characteristics.  
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Fig. 1-2. Conceptual hydraulic head and vertical gradient profiles at three positions in a 

flow system with five hydrogeologic units of contrasting hydraulic conductivity.  

a) Shows the steady state flow net (i.e., flow lines and equipotential lines) associated with five 

confined hydrogeologic units (HGUs) with contrasting isotropic hydraulic conductivities. 

Contrasts in bulk vertical hydraulic conductivity (Kv) are highlighted in the schematic because in 

layered, fractured, sedimentary rock aquifer systems Kv may provide the clearest indication of 

the hydraulic contrasts associated with HGUs. The conceptualization assumes the fracture 

networks of individual units are dense enough that groundwater flow in the fractured units can be 

represented by an equivalent porous media model. b) Shows schematic head profiles for the 

recharge, transition, and discharge portions of the flow system. The head profiles inflect across 

contrasts in Kv. (c) shows vertical component of the hydraulic gradient in profile for the 

recharge, transition, and discharge areas. If steady state conditions are assumed, each HGU 

defined by a contrast in Kv has a uniform vertical gradient across its thickness at a given location 

in the flow system. Therefore, contrasts in vertical gradients indicate the boundaries between 

HGUs with contrasting Kv. Larger vertical gradients are associated with the lower Kv units 

(HGUB and HGUD) at all three locations in the flow system but the exact magnitude and 

direction of the vertical gradients varies depending on the location in the flow system.  
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Fig. 1-2.  Title and caption provided on previous page.  
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Chapter 2  
Characteristics of High Resolution Hydraulic Head Profiles and Vertical 

Gradients in Fractured Sedimentary Rock 

2.1 Abstract 

Hydraulic head profiles measured using high resolution multilevel systems (MLSs) installed 

in fractured sedimentary rock boreholes at three field sites show distinct changes in head over 

short depth intervals with simple shapes that are reproducible in time. The field sites, located in 

Wisconsin, California, and Ontario, include sandstone, shale, siltstone, and dolostone deposited 

in a variety of environments. Fifteen cored holes were comprehensively characterized to design 

high resolution Westbay® MLSs specific to borehole conditions. These MLSs were installed to 

maximum depths between 90 and 260 m and include an average of 3.3 monitoring zones per 10 

m. Many hydraulic head profiles were measured from the MLSs throughout different seasons 

over multiyear periods. The hydraulic head data were plotted versus depth for each MLS and 

used to calculate the vertical component of hydraulic gradient (i.e., vertical gradient) between 

each pair of adjacent monitoring zones. The temporal consistency of each vertical gradient was 

rigorously evaluated to provide confidence in the vertical gradients and their use in interpretation 

of contrasts in bulk vertical hydraulic conductivity (Kv) and flow system conditions. The shapes 

of the head profiles from all three sites are reproducible in time and are geometric rather than 

erratic in nature, displaying sections of non-detect vertical gradient separated by short depth 

intervals with large vertical gradient (up to ~ -50 m/m). The segments with non-detect vertical 

gradient suggest a relative increase in Kv due to a hydraulically well-connected fracture network 

whereas the thin zones with large vertical gradient indicate a relative decrease in Kv and 

increased resistance to vertical flow. The vertical positions of these resistive zones do not 

coincide with readily observable lithostratigraphic contacts. This study shows that the most 

important features of the hydraulic head profiles would not be evident if the density of 

monitoring zones in the MLSs had been that of conventional profiles. Furthermore, such detailed 

profiles can be strongly diagnostic of hydrogeologic unit boundaries or layers important to 

improved understanding and simulation of flow systems and plume migration. 
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2.2 Introduction 

Characterization of groundwater flow systems forms the basis for many types of 

groundwater studies including water resources, contaminant transport, or isolation of hazardous 

wastes. Tóth  (1995; 2009) reviews the development of flow system theory and indicates the 

influence of early contributions to the literature (Hubbert, 1940; Hantush and Jacob, 1955; Tóth, 

1962; Meyboom, 1962; 1963; Freeze and Witherspoon, 1966; 1967; 1968; Neuman and 

Witherspoon, 1972). In this theory, the distribution of hydraulic head is a result of the 

configuration of the water table (i.e., topography) and the position, geometry, and relative 

hydraulic conductivity of hydrogeologic (or hydrostratigraphic) units in the subsurface. This 

distribution of hydraulic head produces ordered flow systems that tend toward a dynamic 

equilibrium or steady state condition (Tóth, 1963; 1995). Therefore, plots of hydraulic head 

versus depth, referred to as head profiles, should provide repeatable, quantitative data supportive 

of improved characterization of hydraulic conductivity contrasts associated with different 

hydrogeologic units and robust calibration of numerical models of groundwater flow.  

Although hydraulic head is an important parameter in all groundwater systems, examples of 

measured head profiles in the literature are few. Most published examples of head profiles are 

from shallow, unconsolidated deposits and were obtained to assess the integrity of clay aquitards 

in the context of waste isolation and protection of underlying aquifers (e.g., Goodall and 

Quigley, 1977; Desaulniers et al., 1981; Desaulniers and Cherry, 1989; Keller et al., 1989; 

Ruland et al., 1991; O'Shaughnessy and Garga, 1994; Husain et al., 1998; Parker et al., 2004). 

These studies were most concerned with vertical transport of contaminants and relied heavily on 

vertical profiles of a wide variety of field-derived data sets such as stable and radioactive 

isotopes, natural solutes, fracture observations, and hydraulic head. In general, these studies used 

the head profiles to calculate the vertical gradients needed to simulate advective-diffusive 

transport of various contaminants or chemical tracers. Several studies also used head profiles as 

evidence for the depth of hydraulically active fractures (e.g., Keller et al., 1989; O'Shaughnessy 

and Garga, 1994).  

Head profiles measured in fractured rock environments are rare in the peer reviewed 

literature, particularly those associated with hydrogeological investigations at relatively shallow 

(<300 m) depths. Investigations focused on petroleum exploration and basin scale fluid 

movement (e.g., Hitchon, 1969; Belitz and Bredehoeft, 1988; Raven et al., 1992; Chen et al., 
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2010) and studies associated with deep nuclear waste disposal (e.g., Sterling and Raven, 2011) 

routinely collect and utilize profiles of formation fluid pressure with depth. These pressures are 

often collected during drill stem tests of exploratory wells and used to identify under- or over-

pressured zones with respect to a theoretical hydrostatic pressure condition. These results are 

typically presented as pressure rather than total head profiles because the pressure changes are of 

most interest (and expected to be large) and conversion to total head adds uncertainty due to the 

variability in fluid densities and temperatures with depth.   

Although not common in the literature, a number of hydrogeological investigations of 

fractured rocks at relatively shallow depths have utilized head profiles for a variety of purposes. 

For example, several studies collected and analyzed head profiles to improve understanding of 

contaminant transport and fate in a variety of fractured rock environments (e.g., Novakowski and 

Lapcevic, 1988; Taylor et al., 2003; Perrin et al., 2011; Fisher and Twining, 2011). Similarly, 

Raven et al. (1990) combined a number of data sets, including head profiles, to investigate 

potential surface impacts from the injection of industrial waste into Devonian carbonates in 

southern Ontario. In a groundwater surface water interaction study, Praamsma et al. (2009) 

combined head profiles and stable isotopes to determine if a river was receiving discharge from 

the underlying gneissic bedrock. Head profiles have also been used in studies focused on 

hydraulics. For example, head profiles were used in southeast Wisconsin to identify non-

equilibrium conditions in a shale aquitard and characterize the impact of the aquitard on the flow 

system (Eaton and Bradbury, 2003; Eaton et al., 2007). Zhurina (2003) collected head profiles 

under pumping and non-pumping conditions and then used numerical models to characterize the 

permeability of a fault in a sandstone/mudstone system in central Texas that serves as a natural 

analog for deeper petroleum reservoirs. The head profiles presented in these studies included an 

average of about 1.4 head measurements for every 10 m of open borehole.  

Head profiles, as they are typically collected in rock, are not capable of identifying distinct 

intervals of head change or vertical gradient due to limited resolution, both in terms of depth-

discreteness and the density of monitoring zones. Highly resolved head profiles should identify 

distinct changes in head indicative of changes in bulk vertical hydraulic conductivity (Kv) 

associated with different hydrogeologic units (HGUs) in layered systems. Delineation of these 

units is critical because they form the basis for conceptual and numerical models of groundwater 

flow and contaminant transport. There are a number of ways to collect head profiles in rock 
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boreholes including piezometers installed at different depths in the same (nested) or nearby 

(clustered) boreholes (Taylor et al., 2003), small interval straddle packer measurements at 

different depths within in a single borehole (Brassington and Walthall, 1985; Gellasch et al., 

2012), multiple transducers buried at different depths within a single borehole (Eaton and 

Bradbury, 2003; Bradbury et al., 2006), and multilevel systems (Einarson, 2006). However, not 

all methods are equally suited to collection of highly resolved and accurate head profiles over 

time. Installation of nested/clustered piezometers at many depths is often impractical and may be 

cost prohibitive, especially for deeper investigations. Straddle packer measurements are a quick 

means to collect head profiles in an open borehole. However, the heads may be influenced by 

cross-connection from the open hole into the packer interval and are impractical for measuring 

head profiles over time. Multiple transducers buried at different depths within a borehole are an 

effective way to collect head profiles over time with minimal blending but the transducers cannot 

be repaired or calibrated after installation.   

Multilevel systems (MLSs) are well suited to collecting highly resolved head profiles over 

time. A MLS is a monitoring system installed in a single borehole for the purpose of measuring 

hydraulic head and/or collecting groundwater samples from multiple zones at different depths in 

the hole. Each monitoring zone must be isolated from the zone above and below by a tight seal. 

The seal must prevent hydraulic communication via the borehole between monitoring zones. Fig. 

2-1 shows generic MLSs with the typical components of monitoring zones, seals, ports, and 

unmonitored zones. There are four commercially available MLSs found in the literature: the 

Westbay MP® system (Black et al., 1986), the Solinst CMT™ system (Einarson and Cherry, 

2002), the Solinst Waterloo™ system (Cherry and Johnson, 1982; Parker et al., 2006), and the 

Water FLUTe™ system (Cherry et al., 2007). At most rock field sites, MLSs provide the largest 

number of monitoring intervals from which hydraulic head measurements can be made at many 

points in time. However, in practice, MLSs are often not designed in a high resolution manner. 

Rather, when MLS are used, they commonly take the place of 3-4 wells in a traditional cluster or 

nest with the purpose of targeted monitoring, not characterization. Conceptual examples of high 

and low resolution MLSs are provided in Fig. 2-1. The low resolution system includes long 

monitoring zones that blend hydraulic heads of different HGUs and long sections of un-

monitored and unsealed portions of the borehole. High resolution designs maximize the number 

of monitoring zones and minimize blending of hydraulic heads from potentially different HGUs 
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by using short monitoring zones specifically positioned based on borehole geologic and 

hydrologic conditions.    

The first field example of a high resolution head profile used to delineate HGUs in fractured 

sedimentary rocks was presented by Meyer et al. (2008) from a site in Wisconsin (WI). The MLS 

used to measure the head profile included 36 monitoring zones over 121 m of open borehole 

(i.e., 3 monitoring zones per 10 m), and sealed 27% of the open borehole length. The high 

resolution head profile described by Meyer et al. (2008) displayed thick vertical sections of 

nearly uniform hydraulic head separated by nine prominent inflections where large head changes 

occur over much thinner layers. The inflections were interpreted as an increase in the resistance 

to vertical flow (i.e., relative decreases in Kv). Conventionally, these inflections might be 

associated with low Kv beds comprised of clay or shale. However, based on comparison to the 

geologic and geophysical data, seven of the nine inflections did not appear to be related to a bed 

or layer with any appreciable thickness. Meyer et al. (2008) proposed these inflections were 

related to reduced vertical connectivity between adjacent fracture networks and tested this 

concept using a discrete fracture network model. As part of that study, vertical gradients were 

calculated for the nine prominent inflections and then combined with additional hydraulic, 

geological, and geophysical data sets collected from the same borehole to interpret the position 

and thickness of HGUs at that location. The sections of nearly uniform head were not rigorously 

evaluated.  

Meyer et al’s. (2008) study only included one high resolution head profile, so other data 

sets, including lower resolution head profiles, were used to create a conceptual site cross-section 

of the HGUs and groundwater flow over a few kilometers scale. This conceptual model assumed 

conditions were repeatable in this horizontally bedded system. In order to test the conceptual 

model, additional high resolution head profiles were required at the WI site, both in time and 

space. Furthermore, determining whether the thin nature of the head loss zones was a 

consequence of the specific geology at the WI site or if it was a general characteristic of 

sedimentary rock flow systems was unresolved. 

This paper addresses three key objectives: 1) the development of a formal method for 

quantitatively and qualitatively evaluating all vertical gradients throughout high resolution head 

profiles, 2) evaluation of high resolution head and vertical gradient profiles to determine if they 

reliably indicate contrasts in Kv, and 3) the evaluation of high resolution head and vertical 
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gradient profiles in various sedimentary rocks and flow system conditions to determine if they 

share common characteristics. We expand the Meyer et al. (2008) study to include nine years of 

repeat head profile measurements at the original MLS, and repeat head profile measurements in 

six additional high resolution MLSs installed at the WI site. For each of the head profiles, 

vertical gradients are calculated between each pair of adjacent monitoring intervals allowing for 

evaluation of the repeatability of vertical gradients in time. The framework developed for 

analyzing these data sets is applied to high resolution head profiles collected from two additional 

field sites with contrasting sedimentary rock types and depositional environments, a flat lying 

dolostone aquifer in southern Ontario (ON) and a dipping turbidite sandstone/shale sequence in 

an upland area in southern California (CA). Comparison of the high resolution head and vertical 

gradient profiles between the three field sites reveals several important shared characteristics. 

These shared characteristics would not be evident if the density of monitoring zones in the MLSs 

had been that of conventional profiles. High resolution head and vertical gradient profiles are 

essential to accurate calculations of hydraulic gradient, identification of contrasts in Kv, 

delineation of HGUs, and characterization of flow system features, all of which are needed for 

robust simulation of groundwater flow and contaminant transport and fate. 

2.3 Methods 

2.3.1 Description of Field Sites 

The majority of the presented data were collected at a field study site located at a chemical 

manufacturing, recycling, and distribution facility in Cottage Grove, Wisconsin. Geologically, 

the study area is underlain by a thick (>150 m) sequence of nearly flat-lying Cambrian and 

Ordovician dolostone, sandstone and siltstone draped by 2-40 m of unconsolidated Pleistocene 

glacial deposits (Meyer et al., 2008). The lithostratigraphic nomenclature adopted at the site is 

described by Ostrom (1968) and later revised by the Wisconsin Geological and Natural History 

Survey (2006). Since the early 1980’s, investigations at the site have focused on a mixed 

organics solvent plume emanating from a Dense Non-Aqueous Phase (DNAPL) source zone in 

the upper Tunnel City Group (Lone Rock Formation) fractured sandstone, present between 45 

and 56 m bgs. Research investigations at the field site began in 2003 and since then, nine 

detailed Westbay MLSs with numerous monitoring zones and packers to provide depth-discrete 

hydraulic head and water chemistry data have been installed. Summary data from all nine MLS 
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is provided and the resultant high resolution head and vertical gradient profiles are presented for 

two MLS (MP-6 and MP-18) both located outside the plume and approximately 4 km apart.  

High resolution head profile data from two additional sites with distinct and contrasting 

sedimentary rock types and flow system properties are also presented. One site, located near 

Guelph, Ontario, includes a TCE plume migrating through a flat lying sequence of Silurian 

dolostones used as a local water supply aquifer (Quinn et al., 2011a). The dolostones are covered 

by 3 to 6 m of Quaternary deposits, are approximately 100 m thick, and overlie a massive shale 

aquitard (Quinn et al., 2011a). The proposed bedrock lithostratigraphic nomenclature for the site 

is described by Brunton (2008). The other site is located north of Los Angeles, California, on a 

topographically high ridge in the Simi Hills at a former rocket engine testing facility. The site 

includes TCE contaminated Cretaceous turbidite deposits of sandstone and shale, which dip 

approximately 30 degrees to the northwest. They are overlain by 0-5 m of discontinuous 

Quaternary deposits (Sterling et al., 2005). The site lithostratigraphy is described in MWH 

(2009). Two high resolution Westbay MLS were installed outside of the contaminant plume at 

the ON site in 2006 (Kennel, 2008; Belan, 2010) and four were installed at the CA site between 

2007 and 2008 (MWH, 2009; Cherry et al., 2009). Summary data from the six MLSs at the ON 

and CA sites are provided and one high resolution head and vertical gradient profile is presented 

for both sites.   

2.3.2 Rock Core and Borehole Data Collection 

Parker et al. (2012) describe an approach for high resolution site characterization in 

sedimentary rock that includes the collection of many data sets subsequently used to 

describe/understand heterogeneity and design high resolution MLSs. The approach focuses on 

spatially detailed data collection from continuous cores, the open corehole, FLUTe™ lined 

coreholes, and high resolution MLSs. The approach was applied at the WI, ON, and CA sites as 

part of a field-based research program to study plume behavior in sedimentary rocks. The data 

collection methods applied at all three sites are explained in more detail below.  

The data presented in this study are derived from boreholes drilled using a rotary rig and a 

HQ wireline coring technique, which produces nominal 6.1 cm (2.4 in) diameter cores and 9.6 

cm (3.8 in) diameter boreholes. The exception is the MP-15 borehole at the WI site, which was 

drilled using a rotary rig and an air hammer technique to produce a nominal 10.2 cm (4 in) 

diameter borehole. The continuous cores were logged in detail for fractures and a variety of 
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lithologic parameters (e.g., Munsell color, grain size, carbonate crystallinity, sorting, rounding, 

bioturbation, cementation, sedimentary structures, and vugginess). As part of the source zone and 

plume studies, the continuous rock cores were also sampled in detail for analysis of volatile 

organic compounds within the rock matrix (Sterling et al., 2005; Lima et al., 2012). Cross-

contamination of contaminants and/or natural geochemistry in the completed open boreholes was 

a concern; therefore, when coring was complete, a blank FLUTe™ liner (Cherry et al., 2007), 

was installed to minimize open borehole cross-connection. In ten of the boreholes, continuous 

transmissivity profiles were collected during the blank FLUTe™ liner installation (Keller et al., 

2013). The FLUTe™ liner was later removed to perform a variety of open borehole geophysical 

logging (e.g., natural gamma, spectral gamma, formation resistivity, electromagnetic induction 

formation conductivity, acoustic or optical televiewer, flow metering, fluid temperature and 

resistivity, gamma-gamma, neutron, and full wave form sonic). In addition to open borehole 

logging, active line source (ALS) temperature logging (Pehme et al., 2007; Pehme et al., 2010) 

was performed in nine of the holes while sealed with blank FLUTe™ liners. Packer testing of 

selected intervals was also performed in some of the boreholes. Once the testing was complete, 

these complementary data sets were used to custom design the monitoring zones and seals with 

the purpose of quantifying hydraulic head, calculating the vertical component of hydraulic 

gradient, and collecting groundwater samples for contaminant and natural geochemistry 

analyses.  

2.3.3 Designing High Resolution MLSs 

The primary purpose for the MLSs installed at these sites was measurement of high 

resolution head and groundwater chemistry profiles. The Westbay MP® system was the most 

appropriate system for this study because it accommodates the largest number (i.e., 57) of 

monitoring zones capable of accomplishing these tasks within the typical borehole dimensions at 

all three study areas. A typical borehole associated with this study has a diameter of 9.6 cm and a 

monitorable length of 122 m. The maximum number of zones in a CMT™ system is 7, and given 

the typical borehole dimensions, the standard configurations of the Water FLUTe™ and 

Waterloo™ systems can include a maximum of 6 and 8 monitoring zones, respectively. The 

number of monitoring zones in the standard configurations of the Waterloo™ and FLUTe™ 

systems is limited by the number of tubes that can fit inside a 4.8 cm inner diameter casing or the 

borehole diameter, respectively. In contrast the Westbay MP® system utilizes valved ports, 
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eliminating the need for a tube or tubes running from each monitoring zone to surface (Black et 

al., 1986). Rather, a wireline tool equipped with a pressure transducer and operated using a 

control box at the surface is used to access each valved port to measure formation fluid pressures 

and collect groundwater samples. Meyer et al. (2008) provides a general description of the 

Westbay installation procedures used at these sites.  

Monitoring zones in the Westbay systems used for this study are isolated using water 

inflated packers to seal against the borehole wall although backfilling techniques can also be 

used. A robust set of quality assurance and control steps were taken in the field to verify the 

hydraulic integrity of the Westbay casing and packer seals. The Westbay systems associated with 

this study were installed inside the drill rods to prevent materials from sloughing onto the 

packers and/or between the packers and the borehole wall prior to packer inflation. Every joint 

and port in the Westbay system casing was pressure tested to 150 psi for one minute just prior to 

lowering down the borehole to confirm hydraulic seals. Once the casing was fully assembled in 

the borehole, the water level inside the Westbay casing was raised or lowered to be appreciably 

different from the open borehole blended water level and monitored for at least 30 minutes to 

ensure the hydraulic integrity of the fully assembled casing. The drill rods were then pulled up 

incrementally to expose one or more packers based on information regarding the stability of the 

borehole wall from geophysical and core logs. Injection pressures and pumped water volumes 

are monitored throughout packer inflation to confirm proper inflation of each packer component.      

Patton and Smith stated (1988) “quality assurance begins with design.” The objective of 

the high resolution MLSs used here was to collect minimally blended hydraulic head data from 

many depth discrete intervals in order to characterize changes in head potentially occurring over 

short vertical distances. This objective was achieved by (1) custom designing the placement of 

monitoring intervals and packer seals for each MLS using the DFN data sets collected from the 

core/corehole to identify potential HGU boundaries and important flow and migration pathways, 

(2) minimizing the length of the monitoring intervals to minimize potential blending, (3) 

maximizing the number of monitoring intervals included in the design, (4) ideally including at 

least three monitoring zones within each suspected HGU and zones on either side of suspected 

boundaries, and (5) sealing any un-monitored portions of the borehole. MLSs designed in this 

way minimize blending and allow for more accurate delineation and quantification of hydraulic 
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conductivity contrasts associated with HGUs, the thicknesses of these units, and the head and 

vertical gradients within and between each unit.  

Fig. 2-1 provides examples of some of the geologic features targeted during design of these 

high resolution MLSs and the conceptual data sets derived from both high and low resolution 

MLS. Prominent lithologic or stratigraphic contacts where fracture network characteristics and 

hydraulic conductivity are likely to change are boundaries of interest. These boundaries are 

either isolated with the shortest monitoring zone possible or are sealed with a packer with short 

monitoring zones directly above and below the contact. Zones or boundaries where cementation 

changes are observed are also targeted in the high resolution MLS design. The design focuses on 

subtle lithology changes recorded in the geologic logs as well, such as a shift from an 

interbedded sandstone and shale to a thicker bed of shale. In addition, changes in fossil content 

and degree of vugginess are targeted in carbonate intervals. All monitoring zones at the three 

field sites were designed in this fashion and a summary of the construction for each of the MLSs 

is provided in Table 2-1.  

2.3.4 Data Collection and Calculation of Hydraulic Heads and Vertical Gradients 

Absolute shut-in (i.e., isolated from the atmosphere) formation fluid pressures were 

collected from all monitoring zones in each MLS throughout a range of seasons during the multi-

year monitoring periods. The pressures were collected using the Westbay MOSDAX downhole 

tool equipped with a pressure transducer (Black et al., 1986). Formation fluid pressure readings 

were not recorded until equilibrium was reached, which typically occurred in less than a minute. 

Pressure equilibrium was reached rapidly for most zones because the zones are shut in, 

transmissivities for most zones are moderate to high, and the pressure disturbance caused by 

accessing the monitoring zone with the transducer is very minimal. In a small number of low 

transmissivity monitoring zones, equilibration of formation fluid pressures took up to 10 

minutes. Measurement of formation fluid pressures from all monitoring zones in a single MLS 

typically took between 30 and 90 minutes depending on the number of monitoring zones and 

total depth of the MLS. Table 2-2 provides a summary of the monitoring frequency for each 

MLS.  

The absolute formation fluid pressure is converted to an equivalent piezometric depth to 

water using Equation 2-1 where Z [m] is the measurement port depth below a surveyed reference 

point, pf [kg/ms
2
] is the measured absolute formation fluid pressure, patm [kg/ms

2
] is the 



 

25 

 

atmospheric pressure measured at ground surface, g [m/s
2
] is the gravitational acceleration 

constant, and  [kg/m
3
] is the density of water.  

                              (
       

  
) Equation 2-1 

 

The same value for atmospheric pressure, typically the average of the atmospheric pressure at the 

start and end of data collection at each MLS, is subtracted from all formation fluid pressures for 

a given measurement event. A density of 1,000 kg/m
3
, the density of pure water at 4

0
C, is used 

for all calculations. The calculated equivalent piezometric depth to water is then subtracted from 

the elevation of the surveyed reference point to yield a water level elevation, referred to as 

hydraulic head. Hydraulic heads collected using the Westbay system have a relative accuracy of 

± 0.01 m for closely spaced monitoring zones in the same MLS as previously discussed by 

Meyer et al. (2008). This accuracy assumes a pressure transducer with a total range of 250 psi, 

which is the case for all measurements made at the WI and ON field sites. However, both a 250 

and 500 psi transducer were used at the CA site; therefore, the relative accuracy for the larger 

range transducer, ± 0.02 m, is applied to all of the measurements at the CA site.   

Vertical gradients were calculated between each pair of adjacent monitoring zones in 

every MLS using Equation 2-2 where h1 is the hydraulic head in the upper port, h2 is the 

hydraulic head in the deeper port, and L is the length over which the change in hydraulic head 

occurs. Written using this convention, a negative value indicates a downward vertical gradient.   

 
             

     
 

 Equation 2-2 

 

Based on the MLS construction, there are several values for L that can be used to calculate 

the vertical gradient between adjacent monitoring zones. Given the scale of features targeted for 

observation and the high resolution design approach taken in this study, L equal to the length of 

the seal between adjacent monitoring zones was chosen. Calculating the vertical gradient across 

the length of the seal provides the maximum vertical gradient based on the well construction, 

which likely best represents the actual vertical gradient provided significant blending of 

hydraulic heads is minimized (or absent).  However, the actual magnitude of the vertical gradient 

will be larger than the value calculated using the seal length if the feature associated with the 

vertical gradient is thinner than the length of the seal. In addition, because these MLS were 
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constructed using single packers between monitoring zones the nominal length of the seal 

between each zone is a consistent 0.9 m (3 ft). Using this consistent seal length improves the 

comparison of vertical gradients within each MLS and between MLSs. The relative accuracy of 

± 0.01 m for closely spaced monitoring zones means hydraulic head differences less than or 

equal to 0.02 m cannot be resolved. Therefore, when calculated across the packer seal, vertical 

gradients with absolute values ≤ 0.02 m/m (≤ 0.04 m/m at the CA site) are not measurable and 

referred to as non-detect using these methods. 

2.4 Results: Measured Vertical Gradient Characteristics 

2.4.1 Wisconsin Site Cambrian/Ordovician Sandstone/Siltstone/Dolostone 

The MP-6 head profile has a characteristic geometric shape produced by thick sections of 

the same or similar hydraulic head interrupted by inflections, or large changes in head over 

thinner intervals (Fig. 2-2). Comparison of the MP-6 head profiles collected in December 2003, 

June 2009, and August 2011 shows exceptional repeatability in the position of inflections and 

sections with no or minimal change in head (Fig. 2-2). However, small changes in head between 

adjacent monitoring intervals are difficult to see in the head profiles when plotted at full scale.  

The vertical gradient profile provides additional insight into hydrogeological features. 

Vertical gradients were calculated between every pair of adjacent monitoring intervals for each 

head profile using the method described in section 2.3.4. The geometry of the August 2011 MP-6 

head profile (green head profile - Fig. 2-2) is reflected in the corresponding vertical gradient 

profile by consecutive zones of non-detect vertical gradient (no bar shown) separated by thinner 

sections of large vertical gradient. All but one of the vertical gradients at the MP-6 location in 

August 2011 are downward and the largest gradient, near the contact between the St. Lawrence 

Formation and Tunnel City Group (47.3 m bgs), has a value of -1.89 m/m. This maximum 

vertical gradient represents 37% of the total head differential (4.72 m) for the MLS in August 

2011. Vertical gradients with absolute values greater than 1 are expected in topographically 

driven flow systems with strong hydraulic conductivity contrasts with depth (Hart et al., 2008).  

All measurable vertical gradients are not necessarily indicative of laterally extensive 

contrasts in Kv useful for HGU delineation. Some measurable vertical gradients are expected to 

be the result of transience in hydraulic head due to changes in the position of the water table or 

pumping rates. Therefore, a way to qualify the vertical gradients based on their appropriateness 
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for interpretation of Kv contrasts is required. One method is to arbitrarily set a minimum vertical 

gradient for consideration. For example, Meyer et al. (2008) arbitrarily set a minimum vertical 

gradient of 0.07 m/m in their interpretation of HGUs because there were insufficient data to 

provide confidence in values less than 0.07 m/m. The gradients used in the interpretation of 

HGUs by Meyer et al. (2008) are highlighted by a black bar in the far right column of Fig. 2-2.  

Examination of the vertical gradients in time provides another way to qualify the vertical 

gradients prior to use for interpretation of Kv contrasts indicative of different HGUs and flow 

system features. An example of this approach for the MP-6 data set is provided in Fig. 2-3. Each 

time series plot is identified by the top depth of the packer seal and includes the vertical gradient 

data (filled black circles) and a field measurement time line noting each measurement event with 

a dash plotted at a vertical gradient value of 0. If there are no vertical gradient data on the plot 

(filled black circles), then a vertical gradient was never measurable (absolute value always ≤ 0.02 

m/m for WI and ON and ≤ 0.04 m/m for CA) during the monitoring period. These vertical 

gradients are classified as non-detect and shaded grey. If there is a filled black circle for each 

dashed line on the field measurement time line then a vertical gradient was always measurable 

during the monitoring period. These vertical gradients are classified as consistent and shaded 

green. If the vertical gradient was measurable during some events and not during others, the 

vertical gradient is classified as inconsistent and shaded yellow. In some instances, a vertical 

gradient was only missing from one measurement date or was only measurable for one 

measurement date. In these cases, the vertical gradient was classified as consistent and non-

detect, respectively. Use of the term inconsistent to classify vertical gradients simply refers to the 

fact that during some measurement rounds they were measurable and during others they were 

not. The inconsistent classification does not represent an inconsistency in the conceptual model 

or approach. Rather, vertical gradients classified as inconsistent most likely represent transience 

in the flow system due to changes in the water table or pumping conditions and as such provide 

valuable insight into flow system conditions.  

Of the 35 vertical gradients in MP-6, 43% are consistent, 23% are inconsistent, and 34% 

are non-detect (Table 2-2). Instances of likely measurement error (i.e., mis-transcription of 

formation fluid pressures) are noted by circling the data point in question. Because vertical 

gradients are calculated for each pair of adjacent monitoring zones, a measurement error in one 

interval produces an error in two vertical gradients. The consistent vertical gradients in MP-6 



 

28 

 

maintain the same downward direction throughout the measurement period (Fig. 2-3). The 

downward direction is due to the proximity of MP-6 to municipal pumping wells screened in the 

deeper bedrock units, the nearest of which is 883 m to the north, and the position of MP-6 along 

the flow path relative to recharge areas. The consistent vertical gradients in MP-6 also maintain a 

fairly consistent magnitude with minimum, maximum, and average relative standard deviations 

of 9%, 29%, and 18%, respectively, for the measurement period. Similarly, the non-detect 

vertical gradients in MP-6 occur in every profile for over eight years (Fig. 2-3). In contrast, even 

with the points of suspected measurement error removed, the inconsistent vertical gradients in 

MP-6 do not always maintain the same direction throughout the measurement period (Fig. 2-3). 

The inconsistent vertical gradients also show more variability in magnitude resulting in 

minimum, maximum, and average relative standard deviations of 0%, 1,216%, and 216%, 

respectively.  

The time series classification for MP-6 is also represented by consistent (green), 

inconsistent (yellow), and non-detect (grey) bars alongside the vertical gradient profiles (Fig. 

2-2). The combination of the vertical gradient profile and vertical gradient classification plot 

provides the most comprehensive representation of the information contained in all of the head 

profiles collected for each MLS. The consistent vertical gradients indicate a relative decrease in 

Kv, the non-detect vertical gradients indicate a relative increase in Kv, and the inconsistent 

vertical gradients likely indicate transience in the flow system. Comparison of the black bars, 

from Meyer et al. (2008), to the green bars in Fig. 2-2 demonstrates that temporal qualification 

also retains a number of smaller, but consistent, vertical gradients indicative of a relative 

decrease in Kv that are lost if an arbitrary minimum vertical gradient is used to qualify the data.  

Existing lithostratigraphic units often form the basis delineating hydrogeologic (or 

hydrostratigraphic units) in groundwater studies. This is based on the assumption that hydraulic 

conductivity contrasts will be correlated with lithology contrasts. Comparison of the vertical 

gradients and the lithostratigraphy for MP-6 shows that several lithostratigraphic units include 

vertical gradients from several classification groups and of wide ranging magnitude (Fig. 2-2). 

For example, the Wonewoc Formation includes 1 consistent, 1 inconsistent, and 5 non-detect 

vertical gradients. Two thick (~ 14 m and 11 m) sections composed of the non-detect and 

inconsistent vertical gradients are separated by the single consistent downward vertical gradient 

with a magnitude of -0.13. The Tunnel City Group also includes vertical gradients from all three 
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classifications and has consistent vertical gradients with a range in magnitudes between -0.057 

and -1.89 for August 2011. The Eau Claire Formation, although relatively thin, includes non-

detect vertical gradients and consistent vertical gradients that range in magnitude between -0.063 

and -0.42 for August 2011.  

To further examine the characteristics of head and vertical gradients profiles at the WI site, 

the same methodology was applied to the head profiles collected from MP-18, which is located 

approximately 4 km downgradient from MP-6. As at MP-6, the MP-18 head profiles are 

geometric in nature and show repeatability in the position of the inflections and sections of no or 

minimal change in head for December 2008, June 2009, and August 2011(Fig. 2-4). This 

repeatability is further demonstrated by the vertical gradient classifications, which show that 

88% of the vertical gradients are either consistent or non-detect whereas only 13% are 

inconsistent (Table 2-2).  

The consistent vertical gradients in MP-18 maintain the same direction throughout the 

measurement period and have minimum, maximum, and average relative standard deviations of 

5%, 44%, and 23% respectively. There are fewer inconsistent vertical gradients in MP-18 

compared to MP-6 (Table 2-2). The inconsistent vertical gradients in MP-18 are also less erratic 

than those in MP-6, maintaining the same direction throughout the measurement period 

(minimum, maximum, and average relative standard deviations of 16%, 41%, and 27% 

respectively). Comparison of the MP-18 vertical gradients to the lithostratigraphy shows similar 

patterns to those observed for MP-6. The Wonewoc Formation includes thick sections of non-

detect vertical gradients separated by one consistent vertical gradient and the Tunnel City Group 

and Eau Claire Formation include non-detect vertical gradients and consistent vertical gradients 

ranging in magnitude from 0.057 to 0.16 and -0.057 to -0.24 for August 2011 respectively (Fig. 

2-4). At the MP-18 location, the Mt. Simon Formation, St. Lawrence Formation, and Prairie du 

Chien Group are generally characterized by non-detect vertical gradients. Furthermore, 

comparison of the MP-6 and MP-18 vertical gradient profiles (Fig. 2-2 and Fig. 2-4) shows 

consistent vertical gradients in similar stratigraphic positions (e.g., lower Eau Claire Formation, 

middle Wonewoc Formation, and near the contact between the Tunnel City Group and St. 

Lawrence Formation contact) suggesting lateral continuity of the geologic features associated 

with these vertical gradients.   
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Although the MP-6 and MP-18 head and vertical gradient profiles share similar 

characteristics, they are also different in several ways. First, the maximum head differential for 

MP-18 in August 2011 is only 0.42 m in comparison to 4.72 m for MP-6 (Fig. 2-2 and Fig. 2-4 

respectively). Second, 67% of the vertical gradients are non-detect in MP-18 compared to 34% in 

MP-6. Third, the largest vertical gradient observed in MP-18 for August 2011 is -0.24, which 

represents 52% of the total head differential for the MLS compared to -1.89 and 37%, 

respectively, at MP-6. Finally, 50% of the consistent vertical gradients are upward in MP-18 

whereas there are no consistent upward vertical gradients at MP-6. The differences in the 

characteristics of the vertical gradients at MP-6 and MP-18 are due to different positions within 

the flow system and zones of influence of municipal pumping wells. MP-6 is located very close 

to municipal pumping wells whereas MP-18 is nearly outside the influence of these wells and 

likely at a relatively more distal position along a flow path. The position of MP-18 accounts for 

the relatively small total head differential and large proportion of upward vertical gradients. The 

small total head differential effectively reduces the ability to resolve relatively small changes in 

head at the MP-18 location, which accounts for the large percentage of non-detect vertical 

gradients.  

The vertical gradient profiles from both MP-6 and MP-18 show vertical gradients 

indicative of relatively low Kv and relatively high Kv within lithostratigraphic units. This pattern 

was also observed by Meyer et al. (2008) and formed the basis for using the vertical gradient 

profile to delineate HGUs rather than using the existing lithostratigraphic delineation, which is 

common practice in the profession. A closer examination of the vertical gradients in these 

profiles provides additional information about the relationship between geologic features 

observed in the cores and geophysical data sets, vertical gradients, and contrasts in Kv.  

The Wonewoc Formation at MP-18 (between 76 and 108 m bgs) includes 10 non-detect 

vertical gradients and 1 consistent vertical gradient (Fig. 2-5). The natural gamma (higher values 

indicate greater very fine-grained feldspathic sand and/or shale content) and formation 

conductivity logs (higher values indicate greater porosity) are quite variable in the upper 

Wonewoc Formation and less so in the lower Wonewoc Formation (Fig. 2-5). The grain size in 

the upper Wonewoc Formation is relatively variable, ranging from very-fine grained to medium 

grained sandstone with subordinate very thin beds of siltstone and shale. The cementation in the 

Upper Wonewoc Formation ranges between poorly and moderately cemented with some 
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moderately to well cemented intervals. In contrast the lower Wonewoc Formation is dominated 

by moderately well cemented, medium grained sandstone. The heterogeneity in the upper 

Wonewoc Formation is also visually apparent in the core photographs (Fig. 2-5). The broad 

change in characteristics in the Wonewoc Formation is due to a change in depositional 

environments. The study site is located in an area where most of the lower Wonewoc Formation 

was deposited in non-marine, fluvial and eolian, environments, and an associated wave-

dominated shoreface, whereas the upper Wonewoc Formation was deposited in a nearshore, 

tidally influenced, marine environment (Runkel et al., 1998; Runkel et al., 2007).  

Based on the MP-18 lithologic and geophysical data alone, it appears there are several 

possible intervals where the Kv may decrease (finer grained, better cemented), and thus vertical 

gradient, may increase. The fine grained, moderately to well cemented, low conductivity 

sandstone interval between 82.7-83.5 m bgs is one example (Fig. 2-5). However, the high 

resolution vertical gradient profile only indicates one consistent vertical gradient and it is 

coincident with the broad change in characteristics in the Wonewoc Formation (Meyer et al., 

2008). A consistent vertical gradient occurs in the same stratigraphic position at MP-6 (Fig. 2-2). 

It’s likely that the other intervals of the upper Wonewoc that appear to be good candidates to 

create a change in the vertical gradient are not very laterally extensive and/or have closely 

spaced vertical fractures not visible in the core or borehole vertically connecting these layers. In 

this instance, the geophysical and detailed lithologic information from the core is not predictive 

of the contrasts in Kv indicated by the vertical gradients in the upper Wonewoc Formation.  

However, the lithologic, geophysical, and stratigraphic data are necessary to understand the 

geologic feature or change responsible for the vertical gradient and predict the lateral continuity 

of the unit. 

Table 2-2 provides a summary of the results for the other seven high resolution MLS (MP-

16, MP-17, MP-15, MP-19S, MP-19D, MP-21S, and MP-21D) at the WI site. The total head 

differential across the other seven MLS ranged between 0.82 and 9.12 m in August 2011 

(APPENDIX A). Two of the MLS included vertical gradients with absolute values greater than 

1. The head and vertical gradient profiles from these MLS are also repeatable with the majority 

of vertical gradients either being consistent or non-detect (APPENDIX A and APPENDIX B). 

Similar to MP-6 and MP-18, vertical gradients associated with both relatively high and low Kv 

are included within individual lithostratigraphic units defined for each MLS location 
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(APPENDIX A). The rigorous assessment of all the head profiles at the WI site has shown 

similarity in the general characteristics of the vertical gradients at the site. In addition, 

comparison of the vertical gradient profiles for MP-6 and MP-18, located 4 km apart and in 

different parts of the flow system, show consistent vertical gradients at similar 

stratigraphic/lithologic positions that are not predictable based on indirect data sets alone. The 

apparent correlation of the vertical gradients in space and the association with geologic features 

is worthy of much further inspection and is beyond the scope of this paper.    

2.4.2 Ontario Site Silurian Dolostone and Shale 

The approach to collection and analysis of high resolution head and vertical gradient profiles 

applied to the WI site and described in section 2.4.1 is extended to field sites in ON and CA to 

determine if these data sets share any common characteristics. Two high resolution MLSs (MW-

24 and MW-367-6) were installed at the sedimentary rock research site in ON. The WI and ON 

sites share some similar characteristics including generally flat lying sedimentary rock units, 

topography with minimal relief, and aquifers actively being pumped for municipal water supply. 

However, in contrast to the WI site, the sedimentary rocks underlying the ON site is primarily 

Silurian dolostone with some shale units. The maximum head differential across MW-24 was 

3.83 m in April of 2011 and the maximum vertical gradient for the same measurement period 

was 2.73, which accounts for 65% of the total head differential for the MLS (Fig. 2-6). The head 

profiles are very repeatable in time over multiple years, which is further confirmed by the 

consistency of the vertical gradients where 21% are consistent, 3% are inconsistent, and 77% are 

non-detect (Table 2-2). The consistent vertical gradients generally maintain the same direction 

throughout the 53 month measurement period but vary in magnitude with minimum, maximum, 

and average relative standard deviations of 3%, 131%, and 50%, respectively. Only one vertical 

gradient was classified as inconsistent, with a relative standard deviation of 275%.  

The MW-24 vertical gradient profile includes five consistent vertical gradients, ranging in 

magnitude from -1.82 to -0.16 in the Guelph Formation, a small (-0.2) consistent vertical 

gradient between the Merriton (dolostone) and Cabot Head (shale) formations, and a large 

consistent vertical gradient occurring within the upper 2.8 m of the Cabot Head Formation. 

However, the 69 m thick section of non-detect vertical gradients indicative of relatively high Kv 

dominates the MW-24 vertical gradient profile, incorporating six lithostratigraphic units and 

numerous lithologic changes (Fig. 2-6). 
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The lithology log for the non-detect portion of the MW-24 data set (i.e., between 20 and 90 

m bgs) exhibits two dolostone lithofacies in the Guelph Formation, one dolostone lithofacies in 

the Eramosa Formation, and five dolostone lithofacies in the Gasport Formation (Fig. 2-7). Each 

lithofacies being defined by variations in crystallinity, fossil type and abundance, porosity, and 

pore cements (Dekeyser, 2006). The ATV fracture log (Kennel, 2008) shows changes in fracture 

abundance as well as orientation throughout the section of non-detect vertical gradients (Fig. 

2-7). The geologic and geophysical data sets suggest several potential areas where the vertical 

gradient may change due to contrasts in Kv. For example, gamma logs often indicate sections of 

shaley or low hydraulic conductivity materials and the gamma log at MW-24 shows several 

peaks between 35 and 50 m bgs (Fig. 2-7). However, the vertical gradients in this section of the 

hole were all non-detect. There is also a notable decrease in the fracture abundance from about 

65 to 72 m bgs, which may indicate a low hydraulic conductivity material, yet, the vertical 

gradients measured throughout this section were also non-detect (Fig. 2-7). Therefore, based on 

the geologic and geophysical data alone, it is difficult to predict the pattern of vertical gradients.  

Summary information for the other high resolution MLS, MW-367-6, at the ON site is 

provided in Table 2-2. The MW-367-6 head and vertical gradient profiles are also repeatable 

with only 2% of the vertical gradients classified as inconsistent (APPENDIX A and APPENDIX 

B). Similar to MW-24, the MW-367-6 vertical gradient profile includes a thick (~ 75 m) section 

of non-detect vertical gradients extending from the lower part of the Guelph Formation through 

the Eramosa, Gasport, Rockway, and Irondequoit formations and into the upper part of the Cabot 

Head Formation shale (APPENDIX A). In addition, MW-367-6 also includes both non-detect 

and consistent vertical gradients ranging between -0.31 and -0.03 in the upper part of the Guelph 

Formation (October, 2009) (APPENDIX A).  

2.4.3 California Site Cretaceous Sandstone and Shale 

Four high resolution MLS (RD-31, RD-35C, C-16, C-17) have been installed and monitored 

multiple times over several years at the CA site.  The CA site is underlain by Cretaceous age, 

turbidite-derived sandstone and shale that, although clastic, represent a very different 

sedimentary rock type from the sandstone encountered at the WI site. Furthermore, unlike the 

relatively low topographic relief and flat lying geologic units at the WI and ON sites, the CA site 

is located on top of a ridge approximately 300 m above the surrounding valley floor and the 

geologic units dip between 20 and 40 degrees to the northwest (Sterling et al., 2005).  
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The head profiles collected from the RD-31 MLS in October 2008, January 2010, and April 

2012 are repeatable as was observed for the head profiles at the WI and ON sites (Fig. 2-8). The 

maximum head difference across the entire RD-31 MLS in April 2012 is 26.83 m due to the 

topographically high position of RD-31 and the site in general. There are four prominent and 

consistent vertical gradients shown in the RD-31 vertical gradient profile for April 2012 (Fig. 

2-8). From the top of the MLS and working down, these vertical gradients have values of -15.8 

(54%), -8.9 (30%), -3.5 (12%), and -1.2 (4%) where the number in parenthesis is the percentage 

of the total head differential for the MLS associated with each vertical gradient. The RD-31 

vertical gradient profile also shows three thick sections with comparatively small consistent and 

inconsistent vertical gradients (Fig. 2-8). When compared to the vertical gradient profiles from 

the WI and ON sites, the RD-31 data set includes a relatively large percentage (52%) of 

inconsistent vertical gradients and a small percentage, 18%, of non-detect vertical gradients 

(Table 2-2).  

Comparisons with the lithostratigraphy defined for the RD-31 location show seven consistent 

vertical gradients in the Happy Valley Member (Fig. 2-8). These vertical gradients range in 

magnitude from 0.1 to -15.8. The Happy Valley member also includes seven inconsistent vertical 

gradients and one non-detect vertical gradient (Fig. 2-8). The Bowl Member includes both 

upward and downward consistent vertical gradients ranging in magnitude from -1.2 to 0.3 (Fig. 

2-8). The Canyon Member includes five non-detect vertical gradients and five small (absolute 

value <0.1) inconsistent vertical gradients (Fig. 2-8).  

Closer inspection of the RD-31 vertical gradients and lithologic log from the Happy Valley 

Member provides additional insight (Fig. 2-9). Two major lithology types were logged in the 

Happy Valley Member at the RD-31 location: 1) sandstone and 2) thinly interbedded sandstone, 

siltstone, and shale. Six intervals of interbedded sandstone, siltstone, and shale were logged. 

These finer grained units are thought of as less hydraulically conductive and seem like 

reasonable targets for hydraulic head monitoring. The interbedded unit between 103 and 107 m 

bgs seems to be associated with the largest vertical gradient, -15.8, measured at the RD-31 

location in August 2012 (Fig. 2-9). This interbedded unit has a hydraulic head very similar to the 

sandstone above it but very different from the sandstone below it, resulting in the large vertical 

gradient. Whereas the interbedded unit between 103 and 107 m bgs is associated with a very 

large vertical gradient, the thicker interbedded unit between 110 and 120 m bgs is associated 
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with inconsistent and non-detect vertical gradients and a relatively small consistent vertical 

gradient (Fig. 2-9). The upper part of the interbedded unit from 139-151 m bgs is associated with 

two large (-8.9 and -3.5) consistent vertical gradients but the lower part of the unit is associated 

with several smaller consistent and inconsistent vertical gradients. The information in Fig. 2-9 

demonstrates the difficulty in predicting the contrasts in Kv associated with the vertical gradients 

from lithologic information alone.  

The other three other high resolution MLSs at the CA site are C-16, C-17, and RD-35C. 

The shape of the head and vertical gradient profiles from these MLSs are repeatable 

(APPENDIX A). However, as was observed at RD-31, the percentage of inconsistent vertical 

gradients is much higher and the percentage of non-detect vertical gradients is lower compared to 

the WI and ON sites (Table 2-2 and APPENDIX B).  The C-16, C-17, and RD-35C vertical 

gradient profiles show thick sections of small inconsistent vertical gradients separated by much 

thinner sections of very large, consistent vertical gradient (APPENDIX A). The largest consistent 

gradient, -49.6 is observed at the C-16/C-17 location (C-16 monitors the shallow part of the 

system and C-17 the deep part of the system). This gradient represents 45.1 m of head lost across 

a 0.91 m long packer seal or 66% of the total head differential (68.7 m) for the MLS 

(APPENDIX A). In addition, the lithostratigraphic units present at both the RD-35C and C-16/17 

locations include vertical gradient indicative of both relatively high and low Kv and flow system 

transience (APPENDIX A).    

2.5 Discussion and Implications 

A total of 68 head profiles collected from 9 MLSs at the WI site between 2003 and 2012, 

11 head profiles collected from 2 MLSs at the ON site collected between 2006 and 2011, and 30 

head profiles collected from 4 MLSs at the CA site between 2007 and 2012 were used to 

calculate and assess high resolution vertical gradient profiles in fractured sedimentary rocks. The 

three fractured sedimentary rock sites share some similar characteristics, but also represent three 

contrasting geologic and flow system environments allowing general conclusions about the 

utility of high resolution head and vertical gradient profiles for identifying contrasts in Kv in 

sedimentary rock to be made. The head and vertical gradient profiles share several important 

characteristics including temporal repeatability, simple geometries, and variability within and 
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between lithostratigraphic units. These common characteristics provide insights into the nature of 

vertical gradients, contrasts in Kv, fracture networks, and HGUs in fractured sedimentary rocks. 

2.5.1 Temporal Repeatability 

The head profiles from each of the MLSs at all three sites are very repeatable (i.e., the shape 

of the profile is maintained over time while the absolute values of head change) as shown by the 

three head profiles presented for each MLS in Fig. 2-2, Fig. 2-4, Fig. 2-6, and Fig. 2-8. Other 

studies in sedimentary (Novakowski and Lapcevic, 1988; Taylor et al., 2003; Meyer et al., 2008) 

and non-sedimentary (Fisher and Twining, 2011) rocks have observed similar repeatability in 

head profiles over time. Fisher and Twining (2011) examined this temporal repeatability 

statistically by calculating Pearson correlation coefficients for head profiles measured in a basalt 

aquifer and found most values were 0.9 or greater. As applied in Fisher and Twining (2011), the 

Pearson correlation coefficient is a measure of the correlation between two head profiles 

collected at different times from the same MLS. A strong correlation (value close to 1 or -1) 

indicates the general shape of the profile changed very little over time. Pearson correlation 

coefficients were calculated for the head profiles presented in this study and most were also 0.9 

or greater.  

The Pearson correlation coefficient is a useful general measure of the repeatability of the 

head profiles. However, the shape of the head profiles is determined by the relationship of 

hydraulic head values between adjacent monitoring zones, or the vertical gradient. Therefore, 

detailed examination of the vertical gradients over multiyear measurement periods, as described 

in this study, provides additional insight into hydraulic characteristics. The vertical gradient time 

series data analyzed for the WI and ON sites were dominated by consistent and non-detect 

vertical gradients with a much smaller percentage of inconsistent vertical gradients. The 

temporal consistency of the vertical gradients indicates that the head profiles are reliable 

indicators of contrasts in Kv, representative of site conditions, and the utility of the data sets are 

not diminished by multiple hydraulic influences on the flow systems such as recharge and 

municipal well pumping. The majority of the vertical gradients at the CA site were generally 

either consistent or non-detect but the percentage of inconsistent vertical gradients was higher 

and the percentage of non-detect vertical gradients was much lower than for the WI and ON 

sites. This result is likely due to a number of factors such as: increased ability to resolve small 

head changes due to the large total head differentials across the MLSs and larger spatial/temporal 
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variability in recharge due to exposure of the bedrock units at the surface, a thick vadose zone, 

and/or the steeply dipping beds.  

2.5.2 Simple Geometries 

The head profiles collected from all three sites have simple geometries characterized by large 

changes in head over thin sections of rock separated by no to minimal change in head over 

thicker sections. However, the scale of the head profiles accentuates the prominent changes in 

head and makes identifying small changes in head difficult. Plotting vertical gradient profiles 

allows for visualization of the large vertical gradients while providing better resolution of the 

small changes in head. Presentation of vertical gradients also helps quantify and accentuate the 

intervals of non-detect vertical gradients. The simple geometries observed in the head profiles 

are reflected in the vertical gradient profiles by consistent and often large vertical gradients 

across thin sections separated by non-detect or small inconsistent vertical gradients across much 

thicker sections. The consistent vertical gradients indicate relatively low Kv while the non-detect 

vertical gradients indicate relatively high Kv. The inconsistent vertical gradients are likely due to 

flow system transience. The geometric nature of the MP-6 head profile was first observed and 

reported on by Meyer et al. (2008) and the additional profiles from the WI site and the other two 

sedimentary rock sites suggests this is a common characteristic of layered sedimentary rock 

systems rather than a unique feature of the MP-6 location or the WI site. 

The simple geometries of these profiles would not be evident using lower resolution MLSs, 

as shown conceptually in Fig. 2-10. Consequently, although other studies in sedimentary rocks 

have utilized head profiles, few are sufficiently resolved to observe similar geometries. One 

example of head profiles with resolution comparable to those presented here is provided by 

Taylor et al. (2003) who used bundled piezometers installed in Permo-Triassic sedimentary rocks 

in the United Kingdom. These head profiles were relatively shallow, between 50 and 90 m bgs, 

and showed sharp changes in head occurring over thin intervals. Although detailed vertical 

gradient profiles were not presented, the authors concluded that the head profiles and selected 

vertical gradients supported the hypothesis that the hydrostratigraphy, based primarily on 

geophysical logs and packer test hydraulic conductivity data, strongly controlled vertical 

groundwater flow in these rocks.     

The simple and repeatable geometries of the high resolution head and vertical gradient 

profiles also provide insight into the nature of the fracture networks in these sedimentary rocks. 
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The thick sections of non-detect vertical gradients reflect minimal change in head and are 

indicative of increased Kv. In fractured, saturated rocks where the bulk hydraulic conductivity is 

commonly dominated by the fracture hydraulic conductivity, relative increases in Kv are most 

likely due to good hydraulic connectivity within the fracture network. Novakowski and Lapcevic 

(1988) also attributed uniform sections of head profiles measured in the carbonate bedrock in the 

Niagara region of Ontario to vertical hydraulic communication within the fracture network. The 

thinner sections of large and consistent vertical gradients indicate a decrease in fracture 

connectivity in the vertical direction resulting in lower Kv and increased resistance to vertical 

flow compared to other sections of the profile. These repeated simple geometries would not be 

expected from sedimentary rocks with only a few primary, hydraulically active fractures.  

2.5.3 Multiple Vertical Gradients within Lithostratigraphic Units 

Comparisons of the classified vertical gradient profiles and lithostratigraphy at all three study 

areas show consistent vertical gradients indicating relatively low bulk Kv and non-detect vertical 

gradients indicating reactively high bulk Kv within lithostratigraphy units. A conceptual example 

is provided in Fig. 2-10 where both the middle sandstone and lower shale units include both non-

detect and large vertical gradients. The existence of consistent and non-detect vertical gradients 

within lithostratigraphic units indicates the existing lithostratigraphic delineation is not reflective 

of the contrasts in Kv. This result is significant to the profession because in the absence of 

hydraulic data, lithostratigraphic unit delineations are commonly used to define HGUs. These 

lithostratigraphy based HGUs become the basis for designing monitoring networks and site 

conceptual models without verification that the lithostratigraphic unit is hydraulically consistent. 

This is shown conceptually in Fig. 2-10 where the low resolution MLS was clearly designed to 

monitor the existing geologic units rather than characterize HGUs and flow system features. 

Furthermore, the data from all three field sites consistently indicated the position and magnitude 

of the vertical gradients was not predictable based on detailed lithology or geophysical 

information. The difficulty in predicting the vertical gradients and associated contrasts in Kv 

based on these data sets supports the need for high resolution MLSs for characterization.  

2.5.4 Advantages of High Resolution Head and Vertical Gradient Profiles 

Fig. 2-10 shows conceptual high and low resolution head and vertical gradient profiles and 

HGUs inferred from these data sets. Although conceptual in nature, the high resolution head and 
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vertical gradient profiles are consistent with observations made at the three fractured sedimentary 

rock field sites. The geometry of the high resolution and low resolution head profiles is quite 

different. The low resolution MLS does not exhibit zones of minimal vertical gradient; and as a 

result, has a very different geometry than the high resolution head profile. The high resolution 

profile suggests thick sections dominated by horizontal flow in an interconnected fracture 

network with relatively high Kv separated by much thinner sections where vertical resistance to 

flow is increased. The low resolution profile gives the impression of a consistent upward vertical 

gradient in the upper part of the section and downward gradient in the lower part of the section. 

Furthermore, the low resolution MLS cross-connects the heads in the upper part of the shale unit 

with those in the middle part of the shale unit. These two parts of the shale unit have very 

different head values and the head derived from the low resolution system is an inaccurate 

blended value. When used in horizontal or vertical gradient calculations, these blended heads 

result in inaccurate gradient magnitudes and possibly directions. In addition, although the low 

resolution system does not cross connect the head values in the upper two sandstone units; the 

magnitude of the vertical gradient between these two units is underestimated. The vertical 

gradient is underestimated because the depth interval associated with the head change is not well 

delineated in the low resolution system. The low resolution profile also misses the vertical 

gradient in the middle sandstone due to the unmonitored zone between the middle sandstone and 

shale units and blending of the entire shale unit. The position and thickness of vertical resistance 

to flow is well defined by the high resolution profiles and poorly defined by the low resolution 

profiles. Therefore, information derived from the low resolution system is likely to lead to 

inaccurate delineation of HGUs, over estimates of aquitard thickness, underestimates of vertical 

gradients, and inaccurate estimates of groundwater and contaminant fluxes. 

2.6 Conclusions 

This study describes a consistent approach to the collection and analysis of high resolution 

head profiles. The key elements to the approach are: (1) high resolution design of multilevel 

systems (MLSs), (2) consistent calculation and presentation of vertical gradients, and (3) 

temporal and spatial evaluation and classification of the vertical gradients. Classified vertical 

profiles enhance the resolution of small but consistent changes in hydraulic head between 

adjacent monitoring zones and highlight sections of non-detect vertical gradient. These classified 
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vertical gradient profiles are then useful for characterizing contrasts in bulk vertical hydraulic 

conductivity (Kv), delineating hydrogeologic unit (HGU) boundaries, and understanding flow 

system features, which is a key aspect of managing resource development and risks to 

contamination of groundwater systems. 

Several key generalizations are evident from comparison of the classified vertical gradient 

profiles collected at three field sites with a variety of sedimentary rocks and flow system 

conditions. (1) High resolution head and vertical gradient profiles in layered fractured 

sedimentary rock systems are characterized by thick sections of non-detect vertical gradient 

separated by thinner sections of large vertical gradient. The thick sections of non-detect vertical 

gradient are likely the result of a well-connected fracture network with relatively high Kv and the 

thin sections of large vertical gradient indicate the position and geologic interval associated with 

a relative decrease in Kv. (2) The high resolution head profiles are very reproducible in time, 

which is evident when the behavior of the calculated vertical gradients is examined. The majority 

of the vertical gradients calculated from the high resolution head profiles are generally either 

consistently measurable or non-detect over multiyear measurement periods. (3) Vertical 

gradients greater than 1 are common and vertical gradients greater than 10 were observed. (4) 

Lithostratigraphy, lithology, and other commonly used indirect indicators are not predictive of 

the position where large changes in vertical gradient associated with contrasts in Kv occur. 

The geometry of these profiles, and the insights they provide, would not be evident from 

lower resolution data sets. Typical site investigations do not utilize MLSs, and if they are 

utilized, they are not generally designed in a high resolution manner. This paper shows that 

lithostratigraphy, geophysics, and even detailed lithologic information are poor predictors of the 

position, magnitude, and repeatability of vertical gradients; and thus, alone, are not robust data 

sets for delineating HGUs. Low resolution characterization of the flow system leads to improper 

well designs/placement of well screens, which results in inaccurate hydraulic heads, breaching of 

important aquitard units, and loss of insight into key hydrogeological features, culminating in 

misleading conceptual models and poor predictive capability for flow and contaminant transport 

behavior. Much better resolution is required for refined or improved site conceptual models and 

numerical models that are instrumental to management and protection of groundwater resources 

as demand for these resources continues to increase. 
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2.7 Tables and Figures 

 

Table 2-1. Summary of MLS design details 

Site 
Station 

ID 

No. 

Monitoring 

Zones 

Max 

Depth 

(m) 

Total Open 

Hole 

Length 

(m) 

% 

Sealed 

No. 

Zones 

per 10 

m 

Zone Lengths (m) 

Max Min Avg 

WI MP-6 36 141.7 120.7 27 3.0 13.4 0.6 2.5 

WI MP-15 17 96.0 69.7 21 2.4 4.1 0.6 3.2 

WI MP-16 46 145.8 129.5 32 3.6 7.1 0.6 1.9 

WI MP-17 38 137.0 104.8 32 3.6 4.0 0.6 1.9 

WI MP-18 40 138.3 128.4 28 3.1 8.8 0.6 2.1 

WI MP-19S/D
1 

30 90.6 70.8 36 4.2 3.7 0.6 1.5 

WI MP-21S/D
1 

29 89.6 75.9 33 3.8 3.7 0.6 1.8 

ON MW-24 40 103.9 98.1 37 4.1 4.3 0.6 1.6 

ON MW-367-6 45 101.5 95.3 43 4.7 4.3 0.6 1.2 

CA RD-31 33 162.5 105.8 29 3.1 4.6 0.6 2.3 

CA RD-35C 33 259.1 131.0 22 2.5 5.5 0.6 3.2 

CA C16/C17
1 

43 245.6 217.5 17 2.0 6.4 0.9 3.4 

1
 These MLSs were designed as clustered MLSs where one MLS monitors the shallow part of the 

system (MP-19S, MP-21S, C16) and the other the deep part of the system (MP-19D, MP-

21D,C17). Taken as pairs, these MLS monitor the complete hydrogeological section of interest. 
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Table 2-2. Summary of vertical gradients observed in high resolution MLSs at the WI, ON, and CA research sites 

Site Station ID 

Total 

No. of 

Profiles 

Measurement 

Period 

Maximum Vertical Gradient Measured 
Total 

Vert. 

Gradients 

in Profile 

Consistent Inconsistent 
Non-

Detect 

Date 

Vert. 

Gradient 

(m/m) 

Associated 

Head 

Change (m) 

% of 

Total 

Head 

Change 

%  

Up 

% 

Down 

% 

Total 

% 

Total 

% 

Total 

WI MP-6 15 
Dec 2003 – 

Apr 2012 

June 

2008 
-2.08 4.78 40 35 0 100 43 23 34 

WI MP-15 14 
Nov 2005 – 

Apr 2012 

Aug 

2011 
-0.23 0.82 26 16 0 100 31 19 50 

WI MP-16 9 
Nov 2008 – 

Apr 2012 

Nov 

2008 
-2.74 9.12 27 45 0 100 35 18 47 

WI MP-17 10 
Dec 2007 – 

Apr 2012 

Aug 

2011 
-1.55 2.2 64 37 22 78 24 35 41 

WI MP-18 10 
Dec 2007 – 

Apr 2012 

Nov 

2010 
0.34 0.83 37 39 50 50 20 13 67 

WI MP-19S/D 10 
Nov 2008 – 

Apr 2012 

May 

2011 
0.42 1.02 37 28 36 64 39 7 54 

WI MP-21S/D 10 
Nov 2008 – 

Apr 2012 

Nov 

2008 
0.39 1.1 32 27 57 43 26 30 44 

ON MW-24 6 
Nov 2006 – 

Apr 2011 

Nov 

2010 
-1.82 4.68 35 39 25 75 20 3 77 

ON MW-367-6 5 
Nov 2006 –  

Apr 2011 

Jan 

2007 
1.69 1.55 99 44 12 88 18 2 80 

CA RD-31 16 
May 2008 – 

Apr 2012 

Jan 

2012 
-16.03 27.44 53 33 30 70 30 52 18 

CA RD-35C 8 
Oct 2007 –  

Jan 2012 

Jan 

2009 
-31.10 76.0 37 32 0 100 59 41 0 

CA C16/17 6 
Oct 2008 –  

Oct 2009 

Oct 

2009 
-49.61 68.7 66 41 13 87 42 32 26 
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Fig. 2-1. High versus low resolution MLS designs, terminology, and conceptual examples 

of hydraulic head profiles and vertical gradients from each system.  

The high resolution MLS is designed to avoid blending intervals with very different 

hydrogeologic properties by targeting small scale changes in geologic, geophysical, and 

hydraulic data sets available during MLS design, minimizing the monitoring zone lengths, 

maximizing the number of monitoring zones included in the design, and sealing any unmonitored 

sections of the borehole.  
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Fig. 2-2. Lithostratigraphy, hydraulic head profiles, vertical gradients, and vertical gradient 

classification for the MP-6 MLS at the WI site.  

Figure includes additional data and is modified from Fig. 3 in Meyer et al. (2008). I-beams on 

head profiles indicate the length of each monitoring zone. The space between I-beams represents 

the packer seal between monitoring intervals which is also shown by the thickness and position 

of the bars in the vertical gradient profile. The same symbology is used in subsequent head and 

vertical gradient profiles. Vertical gradients indicated on the plot are off the axis. The head 

profiles have a simple geometry that is repeatable in time. The vertical gradient profile and 

classification shows thick sections of non-detect vertical gradient separated by thinner sections of 

large, consistent vertical gradient indicating contrasts in Kv.  
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Fig. 2-3. Vertical gradient time series plots for the MP-6 MLS at the WI site.  

Vertical gradients for each pair of adjacent monitoring zones are shown and indicated by the 

depth (m bgs) of the packer between the zones. Dashed lines plotted at a vertical gradient equal 

to zero indicate measurement events. Circled data points are instances of likely field 

measurement error. The gradients are classified as follows: consistent (green) were always 

measurable, inconsistent (yellow) were sometimes measurable, and non-detect (grey) were 

always non-detect. The majority (77%) of the MP-6 vertical gradients were either consistent or 

non-detect. Consistent vertical gradient indicate relatively low Kv, non-detect vertical gradients 

indicate relatively high Kv, and inconsistent vertical gradients are likely due to flow system 

transience.  
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Fig. 2-3. Title and caption provided on previous page.  
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Fig. 2-4. Lithostratigraphy, hydraulic head profiles, vertical gradients, and vertical gradient 

classification for the MP-18 MLS at the WI site.  

Head profiles are repeatable and both upward and downward vertical gradients are present at the 

MP-18 location. The vertical gradient profile is predominantly non-detect with the exception of 

several large consistent vertical gradients. 
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Fig. 2-5. Geophysics, lithology, cementation index, core photos, and classified vertical 

gradients of the Wonewoc Formation for the WI site MP-18 MLS.  

The upper Wonewoc Formation is variable in mineralogy, porosity, grain size, color, and 

cementation whereas the lower Wonewoc is much more consistent in these properties. Visual 

inspection suggests a number of intervals in the upper Wonewoc might have reduced Kv, and 

therefore, might be associated with a change in the vertical gradient. However, only one 

consistent vertical gradient is observed where the broad change in character in the Wonewoc 

Formation occurs. This suggests that while the Kv of each unit is relatively high there is an 

increased resistance to vertical flow between the units.  
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Fig. 2-6. Lithostratigraphy, hydraulic head profiles, vertical gradients, and vertical gradient 

classification for the MW-24 MLS at the ON site.  

The head profiles are repeatable with a very simple geometry expressed in the vertical gradient 

profile as a thick section of non-detect vertical gradients spanning four stratigraphic units 

including Gasport Formation municipal aquifer. The thick section of non-detect vertical 

gradients indicates relatively high Kv. Large consistent vertical gradients are observed near the 

bedrock surface and in the upper portion of the Cabot Head Formation shale indicating an 

increased resistance to vertical flow. Raw head data derived from Kennel (2008).   
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Fig. 2-7. Lithostratigraphy, lithology, natural gamma, acoustic televiewer (ATV) fractures, 

classified vertical gradients, and core photos for the 69 m thick section of non-detect vertical 

gradients in the MW-24 MLS at the ON field site.  

The logs and core photos show lithologic variability and suggest the potential for low Kv 

intervals in several places such as the peak in the gamma log (~ 45 m bgs) and the relatively un-

fractured interval (~ 65-72 m bgs). However, no vertical gradients were measurable throughout 

the section. Raw head data, gamma, and ATV derived from Kennel (2008). Lithologies from 

Dekeyser (2006). Core photos from equivalent stratigraphic positions/elevations in a corehole 

about 450 m away from MW-24 (Munn, 2012). 
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Fig. 2-8. Lithostratigraphy, hydraulic head profiles, vertical gradients, and vertical gradient 

classification for the RD-31 MLS at the CA site.  

Vertical gradients indicated on the plot are off the axis. The head profiles are repeatable with a 

simple geometry derived from thick sections of relatively small inconsistent vertical gradients 

separated by much thinner sections of large, much greater than 1, consistent vertical gradients 

indicating a relative decrease in Kv. 
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Fig. 2-9. Lithology and classified vertical gradients of the Happy Valley Member for the 

RD-31 MLS at the CA site.  

The Happy Valley Member includes non-detect, inconsistent, and consistent vertical gradients 

ranging in magnitude between -15.8 and 0.043. The thinly interbedded sandstone, siltstone, and 

shale units are assumed to be of relatively low hydraulic conductivity and thus likely to be 

associated with a change in vertical gradient. However, these lithologic units do not predict the 

position or the thickness of the consistent vertical gradients associated with relatively low Kv 

intervals. 
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Fig. 2-10. A conceptual schematic showing hydrogeologic units interpreted from high and 

low resolution MLS head and vertical gradient profiles.  

The high resolution profile provides more accurate heads due to less blending, more accurately 

represents the position, thickness, and magnitude of vertical gradients, and results in the 

interpretation of five hydrogeologic units based on contrasts Kv. The low resolution system 

blends heads and underestimates the magnitude of vertical gradients. The low resolution system 

does not provide insight into the number, position, or thickness of hydrogeologic units but rather 

monitors the broad scale geologic units. 
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Chapter 3  
Integrating High Resolution Vertical Gradients and Sequence Stratigraphy to 

Delineate Hydrogeologic Units in a Contaminated Sedimentary Rock Aquifer 

System 

3.1 Abstract 

Hydrogeologic units (HGUs), representing subsurface contrasts in hydraulic conductivity, 

form the basis for all conceptual and numerical models of groundwater flow. However, 

conventionally, delineation of these units relies heavily on data sets indirect with respect to 

hydraulic properties. This study presents a method whereby HGUs for a sedimentary rock 

aquifer system are delineated based on laterally extensive contrasts in bulk vertical hydraulic 

conductivity (Kv) indicated by the three-dimensional distribution, magnitude, and direction of the 

vertical component of hydraulic gradient (i.e., vertical gradient). The vertical gradient profiles 

presented in this paper are derived from hydraulic head profiles obtained using depth-discrete 

multilevel systems installed in different areas of an actively pumped flow system at a 

contaminated, sedimentary rock site in Dane County, Wisconsin. Seven vertical gradient profiles 

monitoring to depths between 90 and 146 m with an average of 3.4 monitoring zones per 10 m 

are inspected along two cross-sections each spanning nearly 4 km. These vertical gradient cross-

sections reveal nine laterally extensive vertical gradient zones associated with contrasts in Kv. 

These contrasts in Kv are not predicted by the lithostratigraphy but are very closely associated 

with regionally extensive sequence stratigraphic features (maximum flooding intervals and 

sequence boundaries). The vertical gradient cross-sections also indicate a distinct shallow 

bedrock HGU characterized by non-detect or small and temporally variable vertical gradients 

with limited lateral continuity. These sequence stratigraphic features are distinguishable 

throughout the Cambrian-Ordovician aquifer system of the Midwest US and provide a high 

degree of confidence in interpolation between boreholes at the study area. Integration of the 

laterally extensive contrasts in Kv with the sequence stratigraphic features allows for robust 

delineation of eight HGUs plus a shallow bedrock HGU over a 16 km
2 

area. Delineation of 

HGUs based on laterally extensive contrasts in Kv and the associated sequence stratigraphic 

features results in improved representation of the groundwater flow system in conceptual and 

numerical models.    
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3.2 Introduction 

In (1986) de Marsily described an aquifer as “an abstraction . . .  a more or less isolated 

‘layer’ of rock saturated with water, limited in space . . . rather like a thin layer of mist in a 

forest.” This quote expresses the decades long quest of hydrogeologists to describe and quantify 

the relationship between subsurface hydraulic contrasts and geology (Meinzer, 1923; Maxey, 

1964; Lohman et al., 1972; Seaber, 1988). The relationship between the two is typically 

encapsulated by delineation of hydrostratigraphic units. Initially, hydrostratigraphic units were 

simply lithostratigraphic units designated as aquifers or aquitards based on broad correlations 

between lithology and hydraulic conductivity and observations of groundwater. Maxey, (1964) 

argued that geologic characteristics alone were not capable of adequately identifying the 

hydraulic contrasts associated with these units, that hydrostratigraphic units need not conform to 

other mappable rock units, and that the hydrologic regime or flow system should be considered 

during delineation of hydrostratigraphy. However, flow systems are ephemeral at geologic time 

scales and subject to anthropogenic changes, two characteristics not compatible with traditional 

stratigraphic delineation. Therefore, Seaber (1988) redefined a hydrostratigraphic unit as ‘a body 

of rock distinguished and characterized by its porosity and permeability’ thus removing the flow 

system element and maintaining hydrostratigraphic units as bodies of rock independent from but 

related to other geologic units.  

Although flow systems are ephemeral and subject to anthropogenic changes, they are the 

reflection of hydraulic contrasts in the subsurface; and therefore, flow system data should be 

utilized in the delineation of these units. The term hydrogeologic unit is adopted here in order to 

emphasize the use of flow system data to characterize hydraulic contrasts in the subsurface. The 

term hydrogeologic unit is used to represent partitions of the groundwater flow domain that are 

hydraulically consistent at a specified spatial scale (Meyer et al., 2008). Regardless of the 

nomenclature used, developing robust techniques for delineation of hydrogeologic units in the 

wide variety of existing geological environments remains a critical challenge for hydrogeologists 

because of the central role they play in conceptual and numerical models of groundwater flow 

and contaminant transport and fate.   

The US EPA (1993) describes conceptual models as ‘working hypotheses . . . that serve as 

the foundation for evaluating the restoration potential of the site . . . . and are critical to the 

decision making process’. In (2012) the National Research Council reported that over 126,000 
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contaminated groundwater sites in the United States had contaminant levels above clean up 

goals, and 10,000 to 12,000 of these sites were classified as complex and unlikely to reach clean 

up goals within the next 100 years. Complex sites were those including contamination in 

fractured media, large dissolved phase plumes, radioactive contaminants, dense non-aqueous 

phase liquid (DNAPL) impacts extending to depths of 100 ft or greater, and residual non-

aqueous phase liquids diffused into fine grained units.  

Complex hydrogeological conditions such as these often require the use of numerical models 

to represent and test the site conceptual model by integrating data within a flow system context. 

More specifically, hydrogeologic units form the framework for numerical models and an 

understanding of the flow system is required to establish appropriate boundary conditions 

(Anderson and Woessner, 1992). The conceptualization of hydrogeologic units and the flow 

system also guides the installation of monitoring wells used to collect hydraulic conductivity and 

head data needed to parameterize and calibrate the numerical model. Therefore, if the conceptual 

model is inadequate and/or strongly biased, the numerical modeling results will be unfounded 

and potentially misleading, as pointed out by many numerical modeling experts (Konikow and 

Bredehoeft, 1992; Bredehoeft, 2005; Poeter and Anderson, 2005). Consequently, development of 

methods and techniques for delineating hydrogeologic units and characterizing the flow system 

in these complex hydrogeological environments is critical to management of the groundwater 

resource now and in the long term. 

The research presented here focuses on delineation of hydrogeologic units and description of 

flow system conditions for a hydrogeologically complex site in southern Wisconsin. The study 

site includes a mixed-organic solvent dense non-aqueous phase liquid (DNAPL) source zone 

between 45 and 56 m bgs in Cambrian-Ordovician aged fractured sedimentary rock and is 

associated with a 3 km long dissolved phase plume in the same units. These strata are part of the 

Cambrian-Ordovician aquifer system extending across much of southern Wisconsin, south-

eastern Minnesota, Iowa, northern Missouri and Illinois (Young and Siegel, 1992). Bradbury and 

Runkel (2011) noted that in Minnesota and Wisconsin “increasing demand for groundwater and 

concerns about contamination of deep aquifers have led to the need for a more comprehensive 

understanding of the hydrogeologic attributes of these strata . . .”. The research presented here 

builds on preliminary hydrogeologic unit characterization at the site based on a single high 

resolution hydraulic head profile (Meyer et al., 2008).        
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Meyer et al. (2008) presented a high resolution hydraulic head profile for the site that showed 

eight major inflections separated by thicker stratigraphic intervals of minimal to no change in 

hydraulic head with depth. Many of these inflections were interpreted as occurring across the 

contact between adjacent hydrogeologic units with poor vertical hydraulic communication 

between vertical fracture networks. In this context, the inflections were used to delineate eleven 

hydrogeologic units for that borehole location at the study site. It was also noted that the 

hydrogeologic units based on the inflections in the head profile were not coincident with the 

lithostratigraphic units. These hydrogeologic units were extended conceptually to the site scale 

using geophysical logs, low resolution head profile data, and their relative position with respect 

to lithostratigraphic units. This preliminary study generated three broad follow up questions.  

(1) Is the shape of the head profile unique to the Wisconsin site or is it representative of the 

vertical hydraulic profiles in layered sedimentary rocks? This question was addressed by 

applying the hydraulic head profiling method at two additional field sites with contrasting but 

complementary geologic and flow system conditions (Chapter 2). The application at additional 

sites showed that the general shape of the profiles was similar, sharp inflections separated by flat 

sections, and that the lithostratigraphic characterization was not predictive of the position or 

thickness of the inflections or flat sections of the head profiles. In addition, Chapter 2 presented a 

robust method for evaluating the high resolution hydraulic head profile data by calculating depth 

discrete vertical gradients and qualifying them based on their temporal behavior to aid in the 

identification of contrasts in bulk vertical hydraulic conductivity (Kv) and hydrogeological site 

conceptual model development.  

The research presented here focuses on two additional questions generated from the 2008 

study. (2) If high resolution head profiles were collected at additional locations across the site, 

would the vertical gradients be laterally correlatable indicating laterally extensive contrasts in 

Kv? (3) What is the geologic basis for the shape of these head profiles given their lack of 

association with the lithostratigraphic units? These questions were addressed by installing high 

resolution multilevel systems in comprehensively investigated coreholes at six additional 

locations across the study area. The overall objective of the research presented here is to apply 

the head profiling method to a single, actively pumped contaminated fractured rock study area to 

develop a 3D hydrogeologic unit conceptual framework and characterize flow system conditions. 
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3.3 Methods and Approach 

3.3.1 Approach 

A primary objective of this investigation is evaluation of the three-dimensional distribution, 

magnitude, and direction of vertical gradients to determine if they indicate laterally extensive 

contrasts in Kv useful for delineation HGUs. The hypothesis being tested is presented 

schematically in Fig. 3-1. Five hydrogeologic units are represented, each with contrasting Kv due 

to differences in fracture network characteristics (i.e., orientation, spacing, apertures, lengths). 

The conceptualization shown in Fig. 3-1a assumes the fracture networks of each hydrogeologic 

unit are sufficiently dense to behave like an equivalent porous media (EPM) governed by 

Darcy’s Law with respect to groundwater flow. As a result, a representative elementary volume 

is much larger than a single fracture, including a volume of aquifer with length dimensions at 

least slightly larger than the fracture spacing for a given HGU. Contrasts in Kv result in 

inflections, or sharp changes, in the head profile at various positions in the flow system Fig. 

3-1b. These sharp changes in head will only be observable if the MLS includes many short, 

minimally blended monitoring zones (Chapter 2). If steady state conditions are assumed, each 

hydrogeologic unit defined by a contrast in Kv will have a uniform vertical gradient across its 

thickness at a given location in the flow system. Therefore, contrasts in the vertical gradients 

along a depth profile will indicate the boundaries between HGUs (Fig. 3-1b and c). Larger 

vertical gradients are associated with the lower Kv units (HGUB and HGUD) at all three 

locations in the flow system but the exact magnitude and direction of the vertical gradients varies 

depending on the location in the flow system (Fig. 3-1c). This hypothesis is tested by evaluating 

the lateral correlatability of the high resolution head and vertical gradient profiles collected at 

seven locations forming west-east and north-south transects across the study area.  

3.3.2 Study Area Description and Geologic Setting 

The study area, located in Cottage Grove, Wisconsin about 20 km east of Madison, is the site 

of groundwater contamination caused by releases of a wide variety of organic chemicals into the 

subsurface prior to 1970 (Fig. 3-2). These releases resulted in the accumulation of mixed 

organics dense non-aqueous phase liquids (DNAPLs) in the upper Tunnel City Group sandstone 

between 45 and 56 m bgs (see observed DNAPL source area, Fig. 3-2). Groundwater flow has 

created a dissolved phase plume in the upper Tunnel City Group sandstone extending 2.8 km 
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downgradient at its maximum observed extent in 2003 (see pre-pump and treat approximate 

plume extent, Fig. 3-2). The site encompasses an area of roughly 25 km
2
 with low to moderate 

topographic relief (maximum elevation difference ~ 150 m) defined by north-east to south-west 

trending drumlins separated by low lying areas, which in some cases are wetlands. The main 

surface water bodies at the site are a man-made pond constructed in 1994, primary north-south 

and east-west drainage ditches, wetland areas, and Koshkonong Creek. The local groundwater 

flow direction in the unconsolidated deposits and shallow bedrock is predominantly east toward 

Koshkonong Creek and the groundwater flow direction in the deep bedrock is more southerly 

(Bradbury et al., 1999).  

This research is focused on the hydrogeology of the Upper Cambrian through Middle 

Ordovician fractured sandstone, siltstone, dolostone, and shale underlying the study area. These 

units are part of a laterally extensive package of strata deposited in an inland sea on a broad 

shallow shelf referred to as the Upper Mississippi Valley epeiric ramp (Runkel et al., 2007). 

These bedrock units extend across much of southern Wisconsin, south-eastern Minnesota, Iowa, 

northern Missouri, and Illinois forming the Cambrian-Ordovician aquifer system (Young and 

Siegel, 1992). The Cambrian-Ordovician aquifer system is relied upon heavily for municipal, 

industrial, and agricultural water supplies (Maupin and Barber, 2005) and more recently, the 

lowermost formation, the Mt. Simon Formation sandstone, is being evaluated as a reservoir for 

carbon sequestration in the Illinois Basin (Leetaru and McBride, 2009; Zhou et al., 2010). 

Historically, the bedrock underlying the study area has been described using lithostratigraphic 

nomenclature presented by Ostrom (1968) and later updated by the Wisconsin Geological and 

Natural History Survey (Wisconsin Geological and Natural History Survey, 2006). The study 

area specific lithostratigraphy is shown in Fig. 3-2 and site specific lithologic descriptions of the 

units are provided in Meyer et al. (2008). Four well documented regional unconformities, one in 

the Wonewoc Formation (Sauk II-III) (Runkel et al., 1998), one underlying the Prairie du Chien 

Group (Cambrian-Ordovician) (Runkel, 1994), one underlying the St. Peter Formation (Sauk-

Tippecanoe) (Sloss, 1963), and one between the Paleozoic bedrock and Pleistocene 

unconsolidated deposits, have been identified at the study area (Fig. 3-2). A regionally extensive 

unconformity within the Prairie du Chien Group (Smith et al., 1993) may also be present but was 

not identified at the site. The erosion associated with the Sauk-Tippecanoe, Cambrian-
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Ordovician, and Paleozoic-Pleistocene unconformities results in stratigraphic units with limited 

lateral extent in the upper bedrock at the site scale. 

Sequence stratigraphic techniques can provide a more highly resolved depiction of 

architectural elements that vary in matrix porosity and permeability, and in mechanical 

properties, compared to traditional lithostratigraphic practices (refs). Runkel et al. (2007) 

developed a high resolution sequence stratigraphic framework for the lower Paleozoic bedrock 

deposited on the Upper Mississippi Valley epeiric ramp that is applicable to our study area. An 

important outcome of their research was recognition of key sequence stratigraphic features such 

as parasequences, maximum flooding intervals, and sub-areal unconformities or their associated 

correlative conformities. Maximum flooding intervals are formed when relative sea level is high 

and the shoreline is at its maximum landward extent. Conversely, sub-areal unconformities are 

formed when relative sea level is low and the shoreline is at its maximum basinward extent. 

These features were traced regionally, and used to define sequences and systems tracts across the 

Upper Mississippi Valley area. Fig. 3-3 shows a small portion of a regional sequence 

stratigraphic cross-section developed by Runkel et al. (2007) for the Cambrian-Ordovician units. 

The regional sequence stratigraphic cross-section includes the same lithostratigraphic units as are 

observed at our study area but does not extend up into the St. Peter Formation. Although the 

eastern end of the section line is about 90 km to the northwest of the study area, the 

interpretation represented in the cross-section is based on data collected from numerous 

outcrops, cores, and boreholes, some as close as 15 km west of the study area. Cores and natural 

gamma logs from our study area were used to identify the four upper Cambrian and lower 

Ordovician sequences traced regionally to this general area by Runkel et al. (2007) (Fig. 3-3). 

Each sequence is bound by unconformities or their correlative conformities (black solid and 

dashed lines respectively) and includes one maximum flooding interval. 

There are number of pumping wells in the study area including four municipal wells and four 

on-site pump and treat system wells (Fig. 3-2). Municipal well 1, which was taken offline in 

November 2005, is screened from the lower Tunnel City Group through the Wonewoc and Eau 

Claire formations and about 11 m into the Mt. Simon Formation. Municipal well 2 and 3 are 

screened throughout the Wonewoc and Eau Claire formations and 38 and 45 m into the Mt. 

Simon Formation, respectively. Municipal well 4 is screened across about 84 m of the Mt. Simon 

Formation. Between 2003 and 2011 the municipal wells pumped an average of 1,694,202 L of 
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water per day, which in pumping rate units is approximately 1,200 L/min. In 2004, a pump and 

treat system composed of four wells (P-71, P-128, P-130, and P-145) began operation with the 

purpose of capturing the mixed organic solvents dissolved phase plume migrating through the 

upper Tunnel City Group. P-71 was replaced with P-164 in August 2004 and P-145 was taken 

offline in February 2009. These pumping wells are screened within the upper 6-10 m of the 

Tunnel City Group. However, the sand packed interval of each of the pumping wells extends 

from the upper Tunnel City Group 1-2 m into the lower St. Lawrence Formation. The average 

total pumping rate for the hydraulic barrier system between 2004 and 2011 is 450 L/min.  

3.3.3 Borehole Characterization 

The study area has been the focus of intensive groundwater investigations since 1982 

(Hydro-Search Inc., 1989; HSI GeoTrans, 1998; HSI GeoTrans, 1999; GeoTrans Inc., 2003). 

Between 2003 and 2008 twelve research boreholes were drilled to depths between 53 and 152 m 

bgs and comprehensively characterized using the DFN approach (Parker et al., 2012). Four of the 

boreholes, MP-6, MP-16, MP-17, and MP-18, were deliberately located outside the upper Tunnel 

City Group dissolved phase plume to allow more time for open borehole characterization without 

the risk of cross-connecting the plume zone with units above or below. The remaining eight 

boreholes (MP-7, MP-19S, MP-19D, MP-5, MP-15, MP-21S, MP-21D, MP-8) were located 

along a west-east longsect of the plume from the source zone to the plume front. The MP-19 and 

MP-21 locations both included two, one shallow (S) and one deep (D), boreholes located within 

~20 m of one another and are presented as a single borehole location in figures. This study relies 

on geologic and geophysical data collected from all of the research cores/coreholes and primarily 

on data collected from high resolution MLSs at seven locations across the site forming west-east 

and north-south cross-sections.  

All but one of the boreholes was continuously cored using a rotary rig and the HQ3 wireline 

coring technique, which produces a 6.1 cm (2.4 in) diameter core and 9.6 cm (3.8 in) diameter 

borehole. The MP-15 borehole is the exception, as it was drilled using a rotary rig and an air 

hammer bit to produce a nominal 10.2 cm (4 in) diameter borehole. A total of 1,014 m of core 

was collected in the study area between 2003 and 2008. The resulting cores were logged at a 5 

cm scale for general lithology, Munsell color, grain size, sorting, rounding, ichnofabric index 

(Droser and Bottjer, 1986), cementation index (Aswasereelert, 2005), and sedimentary structures 

in association with this research and several other studies (Austin, 2005; Aswasereelert, 2005; 
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Meyer, 2005; Aswasereelert et al., 2008). The depths and approximate dip of all non-mechanical 

fractures observed in the cores were also recorded. Additional qualitative data regarding the 

fractures were collected from the MP-16, MP-17, MP-18, MP-19S, MP-19D, MP-21S, and MP-

21D cores. This data included whether the fracture was oriented parallel to bedding, if the 

fracture was associated with a lithologic change, whether the core was still in-tact, and if not, 

descriptions of the fracture plane roughness, how well the fracture planes fit back together, and 

any material filling the fracture plane or any mineral precipitation on the surface. 

Once the coring was complete, a wide variety of datasets were collected from all the 

boreholes with the exception of MP-15. A subset of these data are utilized and presented here. 

Natural gamma and formation resistivity and/or induction conductivity logs were used to 

interpret grain size, bulk mineralogical composition, and stratigraphic changes/contacts in each 

of the research boreholes. Acoustic and/or optical image televiewer logs were collected in all of 

the research boreholes and used to characterize fracture intensity and orientation and identify 

major lithologic or stratigraphic changes.  

Hydraulic conductivity measurements were collected from 257 depth discrete intervals in the 

MP-6, MP-16, MP-17, and MP-18 open boreholes at the study area. The tests were conducted 

using two types of straddle packer assemblies and two types of test methods. Constant head step 

tests were conducted across 1.5 or 3 m long intervals in the MP-16, MP-17, and MP-18 

boreholes. Details of the equipment and test method are described by Quinn et al. (2012). Slug 

tests were performed in 0.7 m length intervals throughout the entire length of the open MP-6 

borehole prior to MLS installation using a modified version of the equipment and method 

described by Muldoon (1999). The Thiem and Hyder et al. (1994) methods were used to analyze 

the constant head step test and slug test data respectively. These analysis methods provided 

estimations of the horizontal component of hydraulic conductivity (Kh) for each interval tested.  

3.3.4 Multilevel System Design, Installation, and Data Acquisition 

Multilevel systems were designed and installed in all of the research boreholes at the field 

site. This study focuses on data collected from nine high resolution Westbay multilevel systems 

(MP-6, MP-15, MP-16, MP-17, MP-18, MP-19S/MP-19D, and MP-21S/MP-21D) arranged 

along two transects, one running north to south and the other west to east. The methods used to 

design these high resolution MLS and a summary of the MLS designs is provided in Chapter 2. 

The designs focused on maximizing the number of short monitoring zones while using the many 
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data sets collected from the core and borehole to position the packer seals and monitoring zones 

in a way to minimize blending of different suspected/inferred hydrogeologic units. Once the 

multilevels were installed, many head profiles were collected from all of the MLS throughout the 

various seasons and over multiyear periods. The relative uncertainty of hydraulic heads collected 

from closely spaced monitoring intervals is ± 0.01 m (Meyer et al., 2008) and Chapter 2. Vertical 

gradients were subsequently calculated for each head profile between every pair of adjacent 

monitoring zones using the methods outlined in Chapter 2. Given the uncertainty in the hydraulic 

heads, vertical gradients with absolute values ≤ 0.02 m are not measurable and referred to as 

non-detect (Chapter 2). The resulting vertical gradients collected several times per year over 

multiyear periods were qualified based on their consistency in time as either consistently 

measurable (consistent), consistently non-detect (non-detect), or sometimes measurable 

(inconsistent). A summary of the temporal qualification of the vertical gradients is provided in 

Chapter 2. Consistent and non-detect vertical gradients are indicative of intervals with distinct 

Kv. Use of the term inconsistent to classify vertical gradients simply refers to the fact that during 

some measurement rounds they were measurable and during others they were not. Vertical 

gradients classified as inconsistent likely represent flow system transients due to changes in the 

water table position or pumping.  

Profiles of hydraulic head collected from the MLSs on site several times per year over 

multiyear periods showed great repeatability in the shape of the head profiles and consistency in 

the vertical gradients (Chapter 2). However, the head profile snap shots do not capture hydraulic 

changes occurring at smaller time steps due to pumping and recharge events. Therefore, in order 

to better understand the influence of the pumping wells and other natural hydraulic perturbations 

on the heads in the MLSs, transducer strings were installed in selected monitoring intervals in 

MP-6, MP-16, MP-17, and MP-18 between March 13 and June 8, 2009 and in MP-19S, MP-

19D, MP-21S, and MP-21D between July 15 and September 7, 2010. Subsets of the monitoring 

intervals in each MLS were selected for transient monitoring using a MOSDAX transducer 

string. A MOSDAX transducer string is composed of individual MOSDAX transducers for each 

monitoring interval selected. These are assembled along a single data cable that runs to ground 

surface where it is attached to a data logger. Each individual transducer on the string collected 

formation fluid pressure and temperature measurements  from different, depth-discrete 

monitoring intervals in the MLS that were then relayed to the data logger at ground surface. A 
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barometric sensor in the data logger collected synchronous measurements of barometric pressure 

and these measurements were used to remove barometric fluctuations from the formation fluid 

pressures following the method described by Smith et al. (2013). Data were collected from the 

MP-6, MP-16, MP-17, and MP-18 MLSs once per hour for the entire measurement period to 

capture responses to municipal well pumping, precipitation, and barometric pressure changes. 

The primary purpose of the transducer monitoring in the MP-19S, MP-19D, MP-21S, and MP-

21D MLSs was the characterization of the vertical hydraulic influence of the on-site pump and 

treat wells. Power to the pump and treat wells is turned off once per week for several hours 

creating a convenient weekly recovery test. The measurement schedule for the MP-19S, MP-

19D, MP-21S, and MP-21D was tailored to these weekly shut downs. Data were collected once 

per hour while the pumps were running and once per minute in the hours leading up to the shut-

down, throughout the shut-down, and the hours immediately following the shut-down.  

3.4 Results 

3.4.1 3-D Distribution of Vertical Gradients 

Two-hundred twenty-seven vertical gradients were calculated from the head profile snap 

shots collected from MLSs at seven locations across the site between 2003 and 2012. Of these 

227 vertical gradients, 79% are either consistent (see green shading in classification log) or non-

detect (see grey shading in classification log), whereas only 21% are inconsistent (see yellow 

shading in classification log) (Table 3-1, Fig. 3-4 and Fig. 3-5). The consistent and non-detect 

vertical gradients are interpreted as indicating contrasts in Kv whereas the inconsistent 

(sometimes measurable) vertical gradients are likely due to transience in the flow system. Based 

on the spatial and temporal characteristics of the high resolution vertical gradient profiles, the 

subsurface at the site separates into three broad domains, the deep bedrock, the Tunnel City 

Group bedrock, and the shallow bedrock (Fig. 3-4 and Fig. 3-5). 

3.4.1.1 Deep Bedrock Vertical Gradients 

Lithostratigraphically, the deep bedrock consists of the Mt. Simon, Eau Claire, and Wonewoc 

formations; vertical gradients in these units share some common characteristics. First, all of the 

consistent vertical gradients are directed downward (Table 3-1), which is in keeping with the 

groundwater withdrawal by three municipal pumping wells located near the site and screened 

across the Mt. Simon, Eau Claire, and Wonewoc formations (wells 1, 2, 3 Fig. 3-2). The second 
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characteristic of the vertical gradients in the deep rock is the prevalence of non-detect vertical 

gradients. Of the 104 vertical gradients monitored in the deep rock between 2003 and 2012, 73% 

are non-detect, 16% are consistent, and only 11% are inconsistent (Table 3-1). Spatial evaluation 

of the vertical gradients in the deep bedrock along the W-E and N-S transects shows five distinct 

zones of vertical gradient: three intervals of non-detect vertical gradients and two intervals of 

consistent vertical gradients (Fig. 3-4 and Fig. 3-5).  

The three intervals of non-detect vertical gradients in the deep bedrock are labeled as zones 

1, 3, and 5 in Fig. 3-4 and Fig. 3-5. Lithostratigraphically, zone 1 is associated with the Mt. 

Simon and lower Eau Claire formations, zone 2 with the upper Eau Claire and lower Wonewoc 

formations, and zone 3 with the upper Wonewoc Formation and lower most Tunnel City Group 

(Fig. 3-4 and Fig. 3-5). The lack of detectable vertical gradients between adjacent monitoring 

intervals in zones 1, 3, and 5 over the long monitoring periods (8 years at the MP-6 location) 

suggests these three intervals have higher Kv relative to the adjacent zones (zone 2, 4, and 6 in 

Fig. 3-4 and Fig. 3-5) with consistent vertical gradients).  

Two intervals of consistent vertical gradients that are laterally correlated across both 

transects are observed in the deep bedrock. The first occurs in the middle to lower portion of the 

Eau Claire Formation (zone 2) at all MLS locations except MP-16 (Fig. 3-4 and Fig. 3-5). The 

vertical gradient in zone 2 is downward at all locations where measurable and between -1.6 and -

0.24 m/m in magnitude. This vertical gradient indicates a thin interval of decreased Kv within the 

Eau Claire Formation. The Eau Claire Formation is often delineated based on gamma log 

response and ranges in thickness at the site between 8 and 14 m, whereas the vertical gradient 

occurs across an interval less than about 1 m in thickness. Regionally, a shale rich portion of the 

Eau Claire Formation is considered to be an aquitard (Bradbury et al., 1999; Krohelski et al., 

2000; Aswasereelert et al., 2008). However, at the site the lithostratigraphic unit is dominated by 

fine-medium grained sandstone with subordinate thin intervals of very-fine sandstone, siltstone, 

and/or shale. Consequently, the vertical gradient profiles are the most reliable indication of the 

presence and thickness of the lower Kv interval (aquitard) in the Eau Claire Formation on site. A 

consistent vertical gradient is also observed near the top of the Eau Claire formation at MP-6 and 

MP-15 but does not appear to be laterally consistent across either cross-section. 

The second zone of consistent vertical gradient (zone 4) in the deep bedrock is also 

downward, and occurs in the middle of the Wonewoc Formation separating two intervals of non-
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detect vertical gradients (Fig. 3-4 and Fig. 3-5). Inspection of core and geophysical logs near the 

interval associated with the vertical gradient does not indicate a lithology typically associated 

with low Kv (Fig. 2-5, Chapter 2). Rather, the vertical gradient appears to be associated with the 

contact between the lower, medium-grained, often poorly cemented sandstone of the lower 

Wonewoc Formation and the interbedded, fine- to medium-grained variably cemented upper 

Wonewoc Formation sandstone. The position of the zone 4 consistent vertical gradient between 

the zone 3 and 5 non-detect vertical gradients and lack of a low Kv interval associated with zone 

4 suggests there is an increase in the resistance to vertical flow across the contact between zone 3 

and 5.  

3.4.1.2 Tunnel City Group Bedrock Vertical Gradients 

The Tunnel City Group bedrock includes the highest density of consistent vertical gradients 

in all of the profiles at the site. Of the 68 vertical gradients calculated for the Tunnel City Group 

bedrock based on numerous head profiles collected between 2003 and 2012, 60% of the 

gradients are consistent, 18% are non-detect, and 22% are inconsistent (Table 3-1). In addition, 

unlike the vertical gradients in the deep bedrock, vertical gradients in the Tunnel City Group 

bedrock are both upward and downward in direction and vary widely in magnitude (absolute 

values between 0.02 and 2.6). The Tunnel City Group bedrock includes three zones of consistent 

vertical gradients, and one zone of non-detect vertical gradients that correlate along both the W-

E and N-S transects (Fig. 3-4 and Fig. 3-5).  

The lower half of the Tunnel City Group bedrock includes a thin interval of consistent 

vertical gradients (zone 6; Fig. 3-4 and Fig. 3-5), and a thicker interval of non-detect vertical 

gradients (zone 7; Fig. 3-4 and Fig. 3-5). The consistent vertical gradients of zone 6 occur near 

the Tunnel City Group/Wonewoc contact and the zone is about 3 m thick at all of the MLS 

locations (Fig. 3-4 and Fig. 3-5). The exception occurs at MP-18 where no consistent vertical 

gradients were observed in the lower Tunnel City Group. However, an inconsistent vertical 

gradient is observed in the lower Tunnel City Group (~ 205 m AMSL) at MP-18. Temporal 

inspection of this vertical gradient shows it was measurable in nine out of eleven measurement 

rounds between December 2007 and April 2012, always upward, and between 0.04 and 0.1 m/m 

in magnitude. Therefore, the vertical gradient associated with zone 6 is likely present but near 

the detection limit at MP-18. The non-detect vertical gradients of zone 7 occur near the middle of 

the Tunnel City Group bedrock and range in thickness between 10 and 12 m at the various MLS 
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locations. Lithostratigraphically, zone 7 broadly corresponds to the Mazomanie Formation. This 

formation is a fine- to medium-grained sandstone at the field site with less glauconite and 

potassium feldspar than the adjacent units.      

The upper half of the Tunnel City Group bedrock includes two distinct zones of vertical 

gradient, zone 8 and zone 9 (Fig. 3-4 and Fig. 3-5). The zone 8 vertical gradients are downward 

at MP-16, MP-6, MP-19S/D, and MP-17 and upward at MP-18. The vertical gradient 

corresponding to a similar stratigraphic position (~ 218 m AMSL) at the MP-21S/D location was 

classified as inconsistent. However, this inconsistent vertical gradient was measurable in 8 out of 

10 measurement rounds between November 2008 and April 2012, was generally downward, and 

only ranged between 0.03 and 0.08 m/m in absolute magnitude. Therefore, it is likely a vertical 

gradient indicative of a relative decrease in Kv exists in zone 8 at the MP-21S/D location but is 

very near the detection limit of the method. The zone 9 consistent vertical gradients occur across 

(Fig. 3-4 and Fig. 3-5). Zone 9 consistent vertical gradients are upward at the MP-19S/D, MP-

21S/D, MP-17, MP-18 locations and downward at the MP-6 and MP-16 locations.  

The data also suggests the possibility of a laterally correlatable consistent vertical gradient 

near the contact between the Tunnel City Group and the St. Lawrence Formation (zone 10, Fig. 

3-4 and Fig. 3-5). The vertical gradient associated with Zone 10 appears to be distinguishable 

from the zone 9 vertical gradients at several, but not all, of the MLS locations (MP-18, MP-

21S/D, MP-16, MP-6) because it is markedly larger than the zone 9 vertical gradients. This 

gradient maybe similar to the zone 4 vertical gradient and representative of the Kv contrast 

between zone 9 and the shallow bedrock or it may be associated with a very thin unit with 

relatively low Kv near the Tunnel City Group/St. Lawrence Formation contact. The resolution of 

the MLSs (spacing of monitoring zones) does not allow for a confident interpretation regarding 

this gradient. In either case, the contact between zone 9 and the shallow bedrock is an important 

geologic and hydraulic contrast at the site because it marks the shift from siliciclastic to 

carbonate dominated deposition and from the large and consistent vertical gradients in the upper 

Tunnel City Group to temporally inconsistent and spatially variable vertical gradients of the 

shallow bedrock. 

3.4.1.3 Shallow Bedrock Vertical Gradients 

The shallow bedrock (Fig. 3-4 and Fig. 3-5) includes the St. Lawrence Formation, Prairie du 

Chien Group, and the St. Peter Formation (including the Readstown and Tonti members; Fig. 
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3-2C). The vertical gradients in the shallow bedrock are distinct from both the Tunnel City 

Group bedrock and the deep bedrock units for two reasons. First, a larger percentage of the 

vertical gradients in the shallow bedrock are inconsistent (38%) compared to the Tunnel City 

Group bedrock (22%) and deep bedrock (11%). Second, the vertical gradients in the shallow 

rock units do not show the same level of lateral continuity as those in the Tunnel City Group 

bedrock or deep bedrock.  

The number of inconsistent vertical gradients decreases with depth in the system. This trend 

is consistent with the expectation that flow system transience due to changes in the water table 

position will be dampened and delayed with depth. The lack of lateral continuity in the shallow 

bedrock is due to three overlapping unconformities that occur within the depth interval (Fig. 

3-2). The erosion and re-deposition of eroded materials associated with these unconformities has 

the potential to change secondary porosities thus affecting the 3D distribution of Kv and the 

associated vertical gradients. For example, karstic conditions associated have been observed in 

the Prairie du Chien Group in the region and at the field site (e.g., Palmquist, 1969; Smith and 

Simo, 1997; Bradbury et al., 1999; Tipping et al., 2006; Meyer et al., 2008). In addition, the 

erosion associated with the unconformities limits the lateral extent of the geologic units and 

results in juxtaposition of lithostratigraphic units with contrasting material properties across the 

study area. Although different in character from the Tunnel City Group bedrock and deep 

bedrock zones, the vertical gradients observed in the shallow bedrock are consistent with the 

flow system and geologic conceptual models.  

  The distribution and characteristics of the vertical gradients in the St. Lawrence Formation 

and Readstown Member of the St. Peter Formation are of particular interest because these 

lithostratigraphic units are often conceptualized as aquitard units regionally. Vertical gradients in 

the St. Lawrence Formation are generally a mix of non-detect and inconsistent gradients with 

relatively few consistent vertical gradients indicative of the low Kv associated with aquitards. 

The lack of large and consistent vertical gradients in the St. Lawrence Formation is likely related 

to relatively high Kv due to a well-connected fracture network. Green et al. (2012) have 

demonstrated that weathered St. Lawrence Formation in near-surface conditions elsewhere in 

this region commonly contains a fracture network sufficiently interconnected to accommodate 

rapid vertical and horizontal flow through the unit. The St. Lawrence Formation at the MP-16 

location provides an exception to this pattern. At MP-16, where the St. Peter Formation directly 
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overlies the St. Lawrence Formation, the St. Lawrence includes large and consistent vertical 

gradients. The reason for the difference in the vertical gradient characteristics of the St. 

Lawrence Formation at MP-16 is not well understood but is likely related to the basal 

unconformity of the St. Peter Formation (Fig. 3-2c). 

The only high resolution MLS monitoring the Readstown Member of the St. Peter Formation 

is MP-16. Typically, the entire member is thought of as an aquitard (Cline, 1965). However, at 

the MP-16 MLS location, the upper part of the member is associated with non-detect vertical 

gradients indicative of relatively high Kv. In addition, the largest consistent vertical gradient 

occurs across a thin interval of the unit (~ 238 m AMSL, Fig. 3-5). The distribution and 

characteristics of the vertical gradients in the St. Lawrence Formation and Readstown Member 

indicate it is not appropriate to treat these lithostratigraphic units as aquitards at the field site.  

3.4.2 Vertical Gradients Associated with Sequence Stratigraphic Units 

Evaluation of the 3D distribution, magnitude, and direction of the vertical gradients revealed 

eleven zones (zones 1 through 10 plus the shallow bedrock) with distinct vertical gradient 

characteristics (section 3.4.1). Comparison of the position and thickness of these zones with the 

lithostratigraphic delineation for the site shows that the vertical gradient zones, and thus contrasts 

in Kv, are not strongly associated with the lithostratigraphic delineation for the site. For example, 

zones 6, 8, and 9 are associated with consistent vertical gradients and zone 7 is associated with 

non-detect vertical gradients, and all are within the Tunnel City Group (Fig. 3-4 and Fig. 3-5). 

Zone 2 in the Eau Claire Formation is much thinner than the formation, and the two thick zones 

of non-detect vertical gradient in the deep bedrock, zones 1 and 3, each incorporate parts of at 

least two formations (Fig. 3-4 and Fig. 3-5). The lack of association between hydraulic data and 

lithostratigraphic units in fractured sedimentary rocks has been noted by other studies (e.g., 

Maxey, 1964; Tipping et al., 2006; Runkel et al., 2006). This lack of association suggests that the 

geologic characteristics responsible for the contrasts in Kv are not being adequately captured by 

the lithostratigraphic delineation. Therefore, another key objective of this research was to 

determine if existing geologic frameworks other than lithostratigraphy might be more closely 

associated with these distinct intervals of contrasting KV. 

The detailed lithologic data, core photos, geophysical logs, and the regional sequence 

stratigraphic framework (Runkel et al., 2007) were used to delineate key sequence stratigraphic 

features, maximum flooding intervals (MFI) and unconformities or their associated correlative 
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conformities (purple shading and thick pink lines respectively; Fig. 3-4 and Fig. 3-5), at each of 

the borehole locations at the field site. MFI are typically associated with the finest grained 

interval in a given sequence. In the Cambrian/Ordovician siliciclastic bedrock at the site, the 

finest grained intervals often correspond with very-fine grained sandstone and subordinate 

siltstone and shale. Gamma logs also commonly show a staggered signature characteristic of 

retrogradationally and progradationally stacked parasequences below and above, respectively, 

the MFI’s (e.g., Fig. 3-6). The very-fine grained sand fraction is composed of potassium feldspar 

resulting in a relatively high gamma response (Odom, 1975). However, gamma logs alone are 

not sufficient to interpret MFIs. Features in the core indicative of starved sedimentation such as 

intraclasts, glauconite, carbonate, and iron rich sections, and generally poor stratification provide 

further evidence for MFIs (Fig. 3-6) (Runkel et al., 2007). The MFI in the St. Lawrence 

Formation is indicated by the large, sharp peak in the gamma log and intense thrombolytic 

texture observed in the core.  

There are four MFIs identified on site and three are clearly associated with laterally extensive 

consistent vertical gradients (zones 2, 6, and 8; Fig. 3-4 and Fig. 3-5). The MFI in the Eau Claire 

Formation is composed of very fine to fine grained sandstone with one very thin (< 0.5 m) bed of 

siltstone or shale observed in the MP-17 and MP-18 cores. Although the MFI is identified 

geologically at MP-16, there is not an associated consistent vertical gradient. Other studies in the 

area have shown that the Eau Claire Formation as a whole thins and ultimately pinches out 

approximately 4.5 km north of the MP-16 location (Aswasereelert, 2005; Aswasereelert et al., 

2008). There are two MFI within the Tunnel City Group bedrock and one MFI in the St. 

Lawrence Formation near its contact with the Tunnel City Group. The lithologic and gamma logs 

indicate the MFIs in the Tunnel City Group bedrock are composed of very-fine to fine grained 

silty sandstone. These intervals are also rich in intraclasts and glauconite. Both MFI in the 

Tunnel City Group bedrock are associated with laterally correlatable consistent vertical gradients 

(zones 6 and 8). The uppermost MFI in the section is very thin (~ 1 m) and occurs near the 

contact between the Tunnel City Group and the St. Lawrence Formation. The MFI is associated 

with the pronounced peak in the gamma log near the Tunnel City Group and St. Lawrence 

Formation contact. The MFI is observable in the core as a thin section of dolostone, rich in 

thrombolites and glauconite. Unlike the Eau Claire MFI and the Tunnel City Group MFI, this 

MFI is not always associated with a cluster of consistent vertical gradients. This MFI is 
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associated with a large consistent vertical gradient at the MP-6, MP-21S/D, MP-18, and MP-16 

locations (zone 10). However, resolving whether the vertical gradient is associated with the MFI 

specifically or the bulk contrast between the Tunnel City Group and St. Lawrence Formation is 

difficult because the minimum monitoring zone length is 0.61 m (2 ft) and monitoring zones are 

separated by 0.91 m (3 ft) packer seals.    

Five sequence bounding unconformities/correlative conformities have also been identified at 

the field study area, two within the shallow bedrock units, two within the Tunnel City Group, 

and one within the Wonewoc Formation sandstone (Fig. 3-2). The unconformities identified in 

the shallow bedrock contribute to the poor lateral correlatability of the vertical gradients in this 

zone (section 3.4.1).  

Sequence bounding unconformities or their correlative conformities occur between the MFIs, 

in zones 7 and 9 in the Tunnel City Group, in each place marking the contact between a high 

stand system tract (HST) and an overlying transgressive system tract (TST). Such sequence 

boundaries are commonly physically cryptic (Runkel et al., 1998; Runkel et al., 2007) even in 

outcrops. Therefore cores and geophysical logs are generally inadequate to assess the precise 

position of these surfaces, which at this depositional location may be correlative conformities 

(Runkel et al., 2007). Although the precise positions of the correlative conformities are not 

known at this time, their approximate position on gamma logs is marked by a relatively thin 

interval that separates a progradational signature below from a retrogradational signature above 

(Fig. 3-6). There are no changes in vertical gradient within zone 7 or 9 associated with these 

correlative conformities. The uniform vertical gradient within zones 7 and 9 likely reflects the 

absence of significant physical expression of the sequence boundaries at these positions, 

especially in that the facies immediately above and below the boundaries are so similar to one 

another (Fig. 3-4 and Fig. 3-5).Vertical gradient zone 7 is associated with non-detect vertical 

gradients suggesting a relatively high Kv for that zone. However, zone 9 is associated with 

consistent vertical gradients suggesting a relatively low Kv for that zone.  

The unconformity in the Wonewoc is associated with consistent vertical gradients (zone 4; 

Fig. 3-4 and Fig. 3-5). The zone 4 vertical gradients separate the non-detect vertical gradients of 

the highstand system tract (zone 3) and the transgressive system tract (zone 5) deposits. Unlike 

the correlative conformities in the Tunnel City Group, facies associations recognized in the 

geophysical and core data indicate subaerial erosion associated with the unconformity in the 
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Wonewoc Formation (Runkel et al., 1998; Runkel et al., 2007) (Fig. 2-5, Chapter 2). This 

unconformity corresponds to a clear change in the gamma log in response to lithic properties 

observed in the cores. The unconformity indicates a change in depositional environment from the 

non-marine, fluvial and eolian, environments, and associated wave-dominated shoreface of the 

lower Wonewoc Formation to the nearshore, tidally influenced, marine environment of the upper 

Wonewoc Formation (Runkel et al., 1998; Runkel et al., 2007). The differences in lithologies 

and depositional conditions may have resulted in the units above and below the unconformity 

developing fracture networks with different characteristics but similarly high Kv. The differences 

in the fracture network characteristics might limit hydraulic communication across the 

unconformity between the two units.  

3.4.3 Integration of Vertical Gradients and Sequence Stratigraphy for Hydrogeologic Unit 

Delineation 

The laterally extensive intervals of contrasting KV associated with vertical gradients zones 1, 

2, 3, 5, 6, 7, 8, and 9 can be used to delineate HGUs (Fig. 3-1). Vertical gradient zone 4 does not 

indicate an interval of distinct Kv but rather indicates poor vertical hydraulic communication 

between zones 3 and 5, both with non-detect vertical gradients. This type of discontinuity likely 

exists between all of the adjacent vertical gradient zones, but is highlighted in zone 4 because of 

the non-detect nature of vertical gradients in both zones 3 and 5. A laterally extensive unit with a 

distinct Kv corresponding to vertical gradient zone 10 and the very thin MFI in the lower St. 

Lawrence Formation is possible but not strongly supported by the data sets.  

Although highly resolved, the vertical gradient profiles are not derived from point 

measurements of head but from heads measured using monitoring intervals with short but 

measurable thickness. Therefore, these heads collected from the MLS monitoring intervals 

represent a minimally blended head and do not necessarily provide a precise indication of the 

contact between HGUs. The strong association between the vertical gradient zones and sequence 

stratigraphic intervals contributes additional information with which to delineate the contacts 

between HGUs and provides increased confidence in interpolation of the units at the site scale.  

Integration of vertical gradient zones 1,2,3,5,6,7,8, and 9 and the sequence stratigraphic 

delineation allows for robust delineation of 8 hydrogeologic units (HGUs 1, 2, 3, 5, 6, 7, 8, and 

9) (Fig. 3-7). Vertical gradient zones 4 and unit 10 are not represented as HGUs. The 3-D 

distribution of the vertical gradients also indicates the shallow bedrock zone is distinct from the 
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rest of the system. Therefore, the shallow bedrock zone is also conceptualized as an HGU. The 

name shallow bedrock zone is retained for this HGU because the basis for its delineation is 

slightly different than for the other eight units.  

HGUs 1, 3, 5, and 7 are composed of relatively thick sections of non-detect vertical gradients 

associated with coarser grained, highstand and transgressive system tracts deposits between 

MFIs. The lack of vertical gradient between adjacent monitoring intervals within these four 

zones suggests relatively high Kv due to a well interconnected fracture network within each unit. 

HGUs 2, 6 and 8 are characterized by consistent vertical gradients associated with maximum 

flooding intervals. The vertical gradients associated with these units indicate relatively lower Kv 

compared to the adjacent units. HGU9 is also characterized by consistent vertical gradients but is 

not associated with an MFI. Rather, HGU9 is associated with a thin well stratified interval of 

very fine to fine grained sandstone at the top of the Tunnel City Group.  

3.4.4 Characterization of Hydrogeologic Units and Flow System Conditions 

Datasets regarding the fracture intensity and bulk horizontal hydraulic conductivity (Kh) 

provide additional information and insight into the properties of the hydrogeologic units. 

Hydraulic head data collected on an hourly (or less) time step for several months from selected 

intervals in MLSs at size locations provides additional support for the general consistency of the 

vertical gradients, information regarding flow system conditions, and the position of each of the 

MLS within the flow system.  

3.4.4.1 Fracture Network Characteristics 

The hydraulic conductivity of the fracture networks is often orders of magnitude higher than 

that of the rock matrix in saturated fracture rocks. Therefore, bulk hydraulic conductivities and 

flow are typically dominated by the facture networks. Information regarding the fractures is 

available from the continuous core and borehole image logs (i.e., both acoustic and optical 

televiewer logs). 3,600 fractures described as ‘in-situ’ were logged in the cores and 1,200 

fractures were identified in the image logs. More fractures are often observed in the core than the 

image logs for a combination of reasons. First, common indicators of in-situ fractures, visible 

staining, precipitation, and in fill on the fracture surface were only identified in ~ 100 fractures 

making it difficult to confidently distinguish between drilling induced and in-situ fractures. If it 

was not clear whether the fracture was drilling induced or ‘in-situ’, loggers defaulted to in-situ 
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creating a positive bias in the core fracture data. Conversely, the acoustic televiewer logs tend to 

be biased low in the sandstone at the site. Fractures are picked in ATV logs based on visual 

identification of their apertures. The smallest fracture that can be resolved visually on an ATV 

log has been cited as about 1,000 µm (Keys, 1997). However, several studies suggest apertures 

range between about 20 and 600 m in fractured sandstone and non-karstic dolostone 

(Novakowski et al., 2006; Cherry et al., 2009; Quinn et al., 2011b; Chapman et al., in press 

2013). Therefore many small aperture fractures are possibly missed in the ATV analysis creating 

a negative bias in this data set. In addition, the relatively low acoustic impedance due to the high 

saturated porosity of the sandstone at the site also made visualizing fractures in the acoustic 

televiewer logs difficult in HGU3 and HGU1.   

Based on the vertical gradient profiles, HGUs 2, 6, 8, and 9 have relatively low Kv compared 

to the adjacent units. The vertical or sub vertical fractures within the fracture network of each 

unit contribute the most to the Kv. The linear fracture intensity (P10) was calculated for all 

fractures (P10All), fractures with a dip angle ≤ 30 degrees (P10≤30), and for fractures with a dip 

angle > 30 degrees (P10>30) for each HGU in all of the bedrock research boreholes for both the 

core and image log data sets (Fig. 3-9). Approximately 50% of the fractures identified in image 

logs had a dip of 30 degrees or less, whereas only 20% had dips of 70 degrees or greater. The 

small percentage of high angle fractures is at least partly due to the sampling bias associated with 

using vertical boreholes to sample vertical features (Terzaghi, 1965). Therefore, a dip of 30 

degrees was used in order to incorporate as many relatively high angle fractures as possible in 

the analysis. Given the biases identified in the core and image log fracture data, the P10 for each 

HGU from the core and image logs were then averaged (Fig. 3-9).  

The bulk of the fractures logged in both the core and image logs had dips ≤ 30 degrees (Fig. 

3-9). HGUs 9, 8, 7, 6, and 5 have similarly high P10≤30, between 1.7 and 2.4 fractures/m (Fig. 

3-9). HGU3, HGU2, and HGU1 appear to have lower P10≤30, between 1.2 and 1.5 fractures/m 

values, but this may be the result of the difficulty in logging fractures in the poorly cemented 

intervals of HGU3 and HGU1 and the very thin nature of HGU2 (Fig. 3-9).    

Comparison of the P10>30 values for HGU8 and HGU9 show that they are small, 0.23 and 

0.06 factures/m respectively, compared to the adjacent shallow bedrock and HGU7 units with 

P10 values of 0.78 and 0.33 fractures/m respectively (Fig. 3-9). Similarly, the HGU6 P10>30 was 

0.25 fractures/m, whereas the P10>30 value for HGU7 and HGU5 were 0.33 and 0.73 fractures/m 
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respectively (Fig. 3-9). Smaller P10>30 values for HGU9, HGU8 and HGU6 is consistent with 

these units having relatively low Kv as indicated by the consistent vertical gradients associated 

with these units. The pattern is not as clear for HGU2, which has a P10>30 of 0.23 fractures/m. 

HGU1 and HGU3 have only slightly higher P10>30 values. However, poor cementation of HGU3 

and sections of HGU1 made fracture identification in both the core and image logs unreliable.  

Another interesting pattern that emerges from the P10>30
 
values is that the shallow bedrock 

HGU has the highest P10>30 value in the section (Fig. 3-9). The relative increase in the intensity 

of fractures in the shallow bedrock HGU is likely with the multiple unconformities present in the 

shallow bedrock and the strong contrast in lithology between the sandstones of the Tunnel City 

Group and deep bedrock and the predominantly carbonate units of the shallow bedrock.  

3.4.4.2 Horizontal Hydraulic Conductivity Characteristics – Stacked Aquifer System 

96% of the 257 Kh values estimated from straddle packer hydraulic conductivity tests in the 

MP-6, MP-16, MP-17, and MP-18 boreholes were greater than 10
-7

 m/s and 68% were greater 

than 10
-6

 m/s. The magnitude of these Kh values would typically indicate ‘aquifer’ rather than 

‘aquitard’ materials. This is indicative of a subsurface less like the classic layered 

aquitard/aquifer model and more like a system of stacked aquifer units.   

Profiles showing the vertical variability of Kh with depth for the MP-6 and MP-18 location 

are shown in Fig. 3-8 and are representative of profiles collected in MP-16 and MP-17. Kh values 

of 10
-7

 m/s are noted on both provides showing relatively high Kh values throughout the vertical 

section. In addition, although the Kh values vary with depth they do not provide a clear indication 

of HGU boundaries. One exception might be HGU2 as it does correspond to lower Kh values in 

both MP-6 and MP-18. However, similarly low values occur elsewhere in both profiles. 

Therefore, the detailed profiles of Kh seem insensitive to the hydraulic contrasts associated with 

HGUs in this stacked aquifer system.  

Comparison of the Kh data to the HGUs defined based on laterally extensive contrasts in Kv 

can provide insights into the degree of anisotropy of each HGU. Although the units with 

relatively low Kv (HGUs 2, 6, 8, 9) are typically finer grained deposits, they do not necessarily 

have low Kh values. For example, although HGU8 and HGU6 are characterized by consistent 

and often large vertical gradients indicating relatively low Kv they have relatively high Kh values 

(Fig. 3-8). The high Kh values associated with these units is due to low angle, bedding parallel 

fractures, some of which are quite laterally extensive as noted by several studies (Runkel et al., 
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2006; Swanson, 2007; e.g., Meyer et al., 2008). These contrasts in Kh and Kv suggest some of the 

HGUs, 2, 6, 8, and 9, are more anisotropic than others.  

3.4.4.3 Natural and Anthropogenic Influences on High Resolution Head Profiles 

The vertical gradients used to define the HGUs described above were collected several times 

per year over multiyear periods. At this time scale, the vertical gradient classification logs 

indicate that the great majority of the vertical gradients are temporally consistent (either 

consistently measurable [green] or consistently non-detect [grey]) over this time period. 

However, there are several active pumping wells near the field study area (Fig. 3-2) and the 

pumping conditions for these pumping wells change at a much smaller time scale (hours to days) 

than the hydraulic head profile snap shots. Therefore, transient hydraulic head data were 

collected from selected monitoring zones in MLSs MP-6, MP-16, MP-17, MP-18, MP-19S/D, 

and MP-21S/D in order to evaluate the influence of pumping on the hydraulic heads and vertical 

gradients used for HGU delineation and provide additional insights into flow system conditions 

across the study area. Practical constraints prevented monitoring all HGUs in each MLS but 

when combined, all of the HGUs are well represented with the exception of HGU2. 

Four of the six locations where transient hydraulic head data was collected showed clear 

diurnal hydraulic head cycles in monitoring intervals screened in the deep bedrock (Mt. Simon, 

Eau Claire, and Wonewoc Formations). For example, the MP-6 monitoring intervals in HGU1, 

HGU3, and HGU5 all show a strong daily cycle with an amplitude of about 0.2 m in the transient 

hydraulic head data collected between March 15
th

 and 29
th

, 2009, a representative subset of the 

total three month monitoring period (rectangle; Fig. 3-10b). The monitoring intervals in HGU1 

through HGU5 at the MP-16 and MP-19S/D location showed similar daily cycles with slightly 

smaller amplitudes of about ~ 0.15 m and ~ 0.08 m respectively (APPENDIX C). The diurnal 

fluctuations are also recognizable in HGU3 and HGU5 (D4, D5, D7, and D10) at the MP-21S/D 

location but are much smaller in magnitude with amplitudes of about 0.02 m (rectangle; Fig. 

3-11b). The transient hydraulic head data collected from monitoring intervals (7, 10, and 17) in 

the deep bedrock units at the MP-18 location did not show the clear diurnal cycle observed at the 

other MLS locations (Fig. 3-12b). A similar lack of the diurnal hydraulic head cycle in the deep 

bedrock units is observed at the MP-17 location (APPENDIX C). Similar diurnal cycles were 

observed in monitoring intervals located just above the deep bedrock units at the MP-6, MP-16, 

MP-19S/D, and MP-21S/D.  
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The transient hydraulic head responses associated with the diurnal cycle are summarized 

along a west-east cross-section in Fig. 3-13. This cycle is thought to be the influence of the 

nearby municipal pumping wells (2, 3, and 4; Fig. 3-2). These municipal wells are screened 

across the deep bedrock units (screened intervals shown for each research MLS location on Fig. 

3-10a, Fig. 3-11a, Fig. 3-12a, and APPENDIX C). The municipal wells are operated in a 

rotational fashion whereby only one pump is typically pumping at any given time in order to 

maintain a relatively constant water level in the city’s water towers. Therefore, all three pumps 

are typically shut down during the early morning hours when demand for water is low and water 

levels in the towers are stable, potentially resulting in diurnal fluctuations in hydraulic head in 

the deep units. 

The interpretation of the diurnal cycle as indicating the influence of the municipal pumping 

wells is supported by the 3-D spatial distribution of the response. The amplitude of the diurnal 

cycles observed in the MLS transient hydraulic head data roughly decreases with increasing 

distance away from the pumping wells and the vertical extent of the influence decreases quickly 

with increasing elevation above the screened interval of the pumping wells (Fig. 3-13). These 

results suggest that MLS locations MP-6 and MP-16 are most heavily influenced by the 

municipal pumping wells, the MP-19S/D and MP-21S/D locations are influenced but to a lesser 

degree, and the MP-18 and MP-17 locations do not appear to be influenced by the municipal 

pumping wells during the monitoring period. 

The hydraulic heads in several of the MLSs also respond to pumping associated with the on-

site pump and treat system (MP-6, MP-19S/D, MP-21S/D, MP-17). The pump and treat system 

response is large at the MP-21S/D location (light grey shading; Fig. 3-11b). Monitoring intervals 

in HGU8 and HGU9 (S5, S4, S3) show an immediate and large response to all three shut-downs 

of the hydraulic barrier system over the two week period. Monitoring intervals S1 and D12 in 

HGU7 also respond to the shut-down, but the response is delayed compared to the response of 

HGU8 and HGU9. The HGU8 and HGU9 monitoring intervals at the MP-19S/D MLS location 

responded in a similar fashion, but the response was much larger due to the close proximity (~ 12 

m) of the MP-19S/D MLSs to the P-164 pumping well (Fig. 3-2 and APPENDIX C). 

Examination of the transient heads collected from the MP-6 MLS shows that monitoring zone 27 

in HGU8 is clearly influenced by the shut-down of the hydraulic barrier system (circled; Fig. 

3-10b). A similar but slightly larger response to the hydraulic barrier system was observed in two 
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zones in HGU8 of the MP-17 MLSs (APPENDIX C).  In contrast, the MP-18 MLS is not 

influenced by the hydraulic barrier system (Fig. 3-12b). The transient hydraulic head data from 

the MP-16 MLS also indicate no influence from the on-site pump and treat system (APPENDIX 

C). The response to the on-site pump and treat wells is summarized along a west to east cross 

section in Fig. 3-14.  

In addition to capturing the response to anthropogenic stresses on the flow system, the 

transient hydraulic head data captured the response to natural hydraulic perturbations, such as 

precipitation. The clearest example is provided at the MP-18 location where the total differential 

in head is small. All of the monitoring intervals (from 46 to 119 m bgs) at the MP-18 location 

respond to the precipitation event on March 24
th

, although the response decreases and is slightly 

delayed with increasing depth (light grey shading; Fig. 3-12b). Similar responses to precipitation 

were observed for the other MLS locations (light grey shading; Fig. 3-10b, Fig. 3-11b, and 

APPENDIX C). The relatively quick response to precipitation even at depths greater than 100 m 

bgs seems most indicative of a pore elastic response to surface loading associated with recharge 

(van der Kamp and Maathuis, 1991).  

The vertical relationships between head values at a single MLS taken from the transient 

hydraulic head data are also highly repeatable. For example, the hydrographs shown for seven 

monitoring intervals at the MP-6 location maintain downward gradients throughout the three 

month measurement period (Fig. 3-10b). Comparison of the hydraulic head profiles extracted for 

the transducer data on two dates (March 19
th

 and March 26
th

, 2009) and the full static hydraulic 

head profile (June 14
th

, 2009) show that the profiles retain the same general shape before and 

shortly after a precipitation event (Fig. 3-10a). In addition, the transducer head profiles are not 

sufficiently resolved to capture the distinct changes in head shown clearly by the full static high 

resolution head profile (Fig. 3-10a). Head profiles extracted from the transient hydraulic head 

data at the MP-21S/D (Fig. 3-11a), MP-18 (Fig. 3-12a), MP-19S/D (APPENDIX C), MP-16 

(APPENDIX C), and MP-17 (APPENDIX C) showed the same level of consistency in the shape 

of the head profile and vertical gradient relationships. Reversals in the direction of the vertical 

gradient were observed for one monitoring interval at the MP-19S/D location due to its 

exceptionally close proximity (~ 12 m) to one of the on-site pump and treat wells.  
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3.5 Discussion 

High resolution head profiles were collected from MLS several times per year over multi-

year periods at seven locations across an actively pumped, contaminated, sedimentary rock study 

area. High resolution vertical gradient profiles were derived from the head profiles and each 

vertical gradient was classified based on its temporal characteristics. These classified vertical 

gradients indicated eight laterally extensive contrasts in Kv associated with sequence 

stratigraphic intervals and were used to delineate 8 distinct HGUs (1, 2, 3, 5, 6, 7, 8, and 9; no 

unit 4) and a shallow bedrock HGU for the study area. Detailed profiles of Kh and linear fracture 

intensity data provided additional insight into the characteristics of each HGU and transient 

hydraulic head data collected from six MLS locations was used to characterize the influence of 

pumping on the high resolution head and vertical gradient profiles and flow system conditions.  

This HGU delineation refines and improves the HGUs previously delineated for the study 

area based on the largest vertical gradients in a single high resolution head profile (Meyer et al., 

2008). Application of the high resolution head profiling method (Chapter 2) at six additional 

locations across the study area also provided insight regarding the (1) the hydraulic 

characteristics of the shallow bedrock, (2) insight into the relationship between fracture network 

characteristics and vertical hydraulic connectivity within and between HGUs (3) a possible 

geologic framework, sequence stratigraphy, associated with the laterally extensive contrasts in 

Kv, and, (4) enhanced characterization of the flow system including the influence of 

anthropogenic and natural stresses on the high resolution head profiles.   

3.5.1 Revised HGU Delineation and Shallow Bedrock Characteristics    

The HGUs delineated for the deep bedrock and Tunnel City Group bedrock in the previous 

study (Meyer et al., 2008) are similar to those delineated here. However, the HGU conceptual 

model has been significantly strengthened by high resolution vertical gradient profiles from six 

additional MLSs located in diverse areas of the flow system and a robust approach to 

interpretation of the vertical gradient profiles. For example, the refined HGU conceptual model 

includes one additional unit in the lower Tunnel City Group sandstone (HGU6), the 

understanding of the hydraulic properties of and hydraulic connection between HGUs has 

improved, and the precise position and thickness of the HGUs and confidence in interpolation of 



 

80 

 

these units between boreholes has been improved based on the observed association between the 

laterally extensive contrasts in Kv and sequence stratigraphy.  

The previous delineation of HGUs for what is referred to here as the shallow bedrock HGU 

included six separate HGUs (Meyer et al., 2008). Only 24% of the vertical gradients in the 

shallow bedrock are classified as consistent. Furthermore, unlike consistent vertical gradients in 

the deep bedrock HGUs (1, 2, 3, and 5) and the Tunnel City Group HGUs (6, 7, 8, and 9), the 

consistent vertical gradients observed in the shallow bedrock are not laterally correlated between 

MLSs. The lack of lateral continuity for the consistent vertical gradients in the shallow bedrock 

indicates this portion of the flow system does not conform to the same layer cake stratigraphy as 

the deeper portion of the system.  

More complex stratigraphy in the shallow bedrock is consistent with the presence of three, 

sometimes overlapping unconformities in the same interval (Fig. 3-2c). These unconformities 

result in the juxtaposition of lithostratigraphic units across the site. For example, the St. 

Lawrence Formation is overlain by Members of the St. Peter Formation at MP-16 and by the 

Prairie du Chien Group at all of the other high resolution MLS locations. The unconformity 

underlying the St. Peter Formation is also present near the DNAPL source area where the St. 

Peter Formation directly overlies the Tunnel City Group.  

The relationship between stratigraphic units and the secondary porosity in the shallow 

bedrock is likely complicated by significant weathering associated with all three unconformities. 

Exposure during these hiatuses potentially increased secondary porosity and hydraulic 

conductivity in some areas and decreased it in others due to spatial and temporal differences in 

weathering and re-deposition of weathered materials (Runkel et al., 2006; Tipping et al., 2006). 

The relatively small percentage of consistent vertical gradients indicative of low Kv in the 

shallow bedrock suggests Kv is enhanced in this interval. Relatively high Kv for the shallow 

bedrock is supported by the large high angle linear fracture intensity associated with this unit.  

Other studies have observed similar changes in the hydraulic characteristics of the 

Cambrian/Ordovician bedrock units with burial depth and proximity to unconformities (Runkel 

et al., 2006; Tipping et al., 2006). However, although the shallow rock is interpreted as one HGU 

based on vertical gradients here, the strong lithologic contrasts between the carbonate units and 

the St. Peter Formation sandstone and indications that the Readstown Member may have played 

an important role in distributing the mobile dense non-aqueous phase liquids (DNAPLs) in the 
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source area (HSI GeoTrans, 1999; GeoTrans Inc., 2003) suggest further research is required to 

adequately represent HGUs in the shallow rock. 

3.5.2 Fracture Network Characteristics and Vertical Hydraulic Connectivity 

The temporal repeatability observed in the head and vertical gradient profiles, spatial 

agreement between the profiles over a 16 km
2
 area, and thick sections characterized by non-

detect vertical gradients suggests relatively dense and interconnected fracture networks within 

HGUs. This is in contrast to conceptual models for fractured rock systems where groundwater 

flow is controlled by very few, large aperture fractures. If this were the case, it is expected the 

head profiles would be much more erratic in nature, spatial correlation would be poor, and 

measurable head differentials would generally exist between all adjacent monitoring intervals. 

Therefore, the results of this study are supportive of an equivalent porous media (EPM) 

assumption to represent groundwater flow in this fractured sedimentary rock system.    

Meyer et al. (2008) arbitrarily set a minimum vertical gradient of 0.07 m/m for use in 

interpretation of hydrogeologic units because there was insufficient temporal and spatial data to 

provide confidence in values less than 0.07 m/m. As a result, only the 8 major inflections/vertical 

gradients in the hydraulic head profiles were interpreted. Because only the largest inflections 

were considered, all of the inflections appeared to be isolated; occurring across short vertical 

distances. Therefore, Meyer et al. (2008) hypothesized that all of the major head profile 

inflections, except the one associated with the Eau Claire aquitard (HGU2), occurred across the 

contact between HGUs rather than across an interval with measurable thickness and the vertical 

gradient within each HGU was thought to be minimal (Fig. 3-15).  

Rock mechanics provides a plausible explanation for the sharp changes in head/vertical 

gradient appearing to occur across a surface rather than an interval. Rock with contrasting 

mechanical properties will form fracture networks with different characteristics when exposed to 

stress and vertical fractures do not propagate across the interfaces between the mechanical units 

(Gross, 1993), thereby potentially impeding vertical groundwater flow (Muldoon et al., 2001; 

Underwood et al., 2003; Cooke et al., 2006). Therefore, Meyer et al. (2008) proposed that each 

HGU essentially represented a mechanical unit and the inflections were thought to occur across 

the mechanical interfaces between the units (Fig. 3-15). This hypothesis was tested using a 

discrete fracture network model. The modeling results indicated that limiting the connectivity of 
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vertical fractures across the contact between otherwise densely fractured, hydraulically identical 

units produced head profiles similar to those observed in the field.  

The research presented here provides more insight regarding the potential link between 

mechanical units and hydraulic contrasts and revises the original hypothesis concerning the 

relationship between these units and the high resolution head profiles. Additional hydraulic head 

profiles collected over multi-year periods provide a more quantitative and physically based 

approach to interpreting Kv contrasts indicated by the vertical gradients (Chapter 2). This 

approach results in a number of smaller but consistent vertical gradients and intervals of non-

detect vertical gradients being included in the interpretation (Fig. 2-2, Chapter 2). The inclusion 

of these vertical gradients and spatial evaluation of the vertical gradients along cross-sections 

shows clusters or zones of consistent and non-detect vertical gradients occurring across intervals 

with measurable, although often thin, thickness. These clusters of vertical gradient identify the 

position and thickness of laterally extensive contrasts in Kv which are used to delineate HGUs. 

Therefore, each HGU is still thought to represent a change in fracture network properties 

associated with distinct mechanical units but the fracture networks of relatively low Kv HGUs 

(those characterized by consistent vertical gradients) are less well hydraulically connected in the 

vertical direction than others. This results in vertical gradients occurring across the units rather 

than strictly across the contact between units (Fig. 3-15).  

Evidence for vertical gradients indicating poor vertical connectivity between the fracture 

networks of adjacent units is observed at the site and is strengthened by the additional data 

presented here. The best example of this is provided by the vertical gradient in the Wonewoc 

Formation separating HGU3 and HGU5. Both HGU 3 and 5 are characterized by non-detect 

vertical gradients indicative of relatively high Kv associated with well interconnected fracture 

networks within each unit. The continuous core data do not indicate a very thin low Kv unit 

occurring between HGU3 and HGU5. Furthermore, sequence stratigraphic analysis indicates a 

regionally important unconformity occurs between HGU3 and HGU5. Therefore, it is likely that 

the head difference between HGU3 and HGU5 highlighted by the vertical gradient between them 

is due to poor vertical connectivity between the fracture networks of the two units. The 

unconformity separates distinct upper and lower Wonewoc sandstone facies, and therefore, may 

serve as a mechanical interface restricting the propagation of vertical fractures between the two 

HGUs. Some degree of this type of vertical discontinuity likely exists between all of the adjacent 
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HGUs but is most obvious when it occurs between two units with non-detect vertical gradients 

such as HGU3 and 5 (shown conceptually between HGU B and C, Fig. 3-15). In addition, if 

mechanical interfaces associated with sequence stratigraphic surfaces (unconformities and MFIs) 

are hydraulically conductive, they may serve as regionally extensive and important flow and 

contaminant migration pathways, and therefore, should be investigated further.  

3.5.3 Association between Sequence Stratigraphic Intervals and Laterally Extensive 

Contrasts in Kv 

The relationship between sequence stratigraphy and laterally extensive contrasts in Kv 

presented here provides a geologic basis for the observed vertical gradients and confidence in 

interpolation of the HGUs at the plume scale (16 km
2
).  The correspondence between HGUs and 

sequence stratigraphic units also demonstrates potential for predicting the position of intervals 

with possible contrasts in Kv (such as important aquitards) beyond the area of the research site, 

because the same sequence stratigraphic units can be traced regionally across the Upper 

Mississippi Valley area. (Recently collected data from a high resolution MLS in Cambrian strata 

in Minnesota, 400 km from the Wisconsin study area, shows similar relationships, such as an 

abrupt change in vertical gradient corresponding to a maximum flooding interval in the lower St 

Lawrence Formation (Runkel et al., 2013). The position and thickness of the sequence 

stratigraphic units can then be used to inform the design of MLSs and hydraulic testing to 

minimize blending and quantitatively characterize hydraulic contrasts in the system.  

Characterizing why the contrasts in Kv indicated by the vertical gradients are strongly 

associated with the sequence stratigraphy and not with the lithostratigraphy is beyond the scope 

of our research at this time. However, there are some plausible explanations. Sequence 

stratigraphic units and surfaces in these strata may correspond to mechanical units and interfaces 

more so than do lithostratigraphic units. The MFIs at the site have a characteristically high 

relative gamma signature, and therefore differ in material properties from adjacent strata, most 

likely in having a more significant component of very fine grained sandstone, siltstone and shale.  

Vertical fractures may preferentially terminate in these finer-grained beds. Erosional surfaces 

corresponding to parasequence boundaries are densely clustered within MFI’s (Runkel et al., 

2007) (Fig. 3-3) and these may also serve as mechanical interfaces that retard propagation of 

vertical fractures.  Another possible explanation relies on what might be preferential 

development of bedding parallel fractures within MFI’s.  If the relatively high Kh of some of the 
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MFI HGUs in the Tunnel City Group is a result of preferential development of bedding parallel 

fractures, as we suspect, such fractures could serve as weak mechanical interfaces at which 

vertical fractures preferentially terminate (e.g., Anderson et al., 2011). MFIs corresponding to 

HGU 6 and vertical gradient zone 10 are known to correspond to preferential development of 

high hydraulic conductivity bedding parallel fractures outside of the Wisconsin study area, in 

southeastern Minnesota, within intervals that in a vertical direction serve as low Kv units (Runkel 

et al., 2003; Runkel et al., 2006; Luhmann et al., 2011; Green et al., 2012).   

Other researchers have noted a potential relationship between sequence stratigraphic units, 

mechanical units, and hydraulic contrasts. Al Kharusi (2009) found that 80% of fractures 

surveyed in three different settings (Mississippian carbonates in Wyoming, Mississippian 

limestones in Missouri, and Pennsylvanian limestones intermixed with clastics in Utah) 

terminated at sequence boundaries or their internal flooding surfaces. The other 20% of fractures 

surveyed terminated at lower order sequence boundaries or their internal flooding surfaces. In 

addition, Brunton (2009) observes strong connections between horizontally hydraulically 

conductive pathways and sequence stratigraphy in the Silurian dolostones in southern Ontario. 

However, the study is still in progress and information regarding the vertical hydraulic 

characteristics of the proposed hydrogeologic units is not yet available.  

3.5.4 Flow System Conditions 

The combination of natural flow system conditions and the relative influence of the 

municipal and pump and treat system wells at each MLS location helps to explain the vertical 

gradient characteristics. For example, vertical gradients at the MP-6 and MP-16 locations are 

large and downward throughout both profiles. Local groundwater recharge areas are located to 

the northwest of the study area and regional investigations delineated a shallow groundwater 

flow divide near the MP-6 location (Bradbury et al., 1999; Krohelski et al., 2000). In addition, 

both MP-6 and MP-16 are heavily influenced by municipal well pumping from the Mt. Simon, 

Eau Claire, and Wonewoc formations. The proximity to recharge areas and influence by the 

municipal pumping wells is consistent with the large and downward gradients observed 

throughout the MP-6 and MP-16 profiles. In contrast, gradients are small and predominantly 

upward at the MP-18 location due to its increased distance from recharge areas, proximity to 

local discharge areas, and lack of influence by the municipal wells or pump and treat system 

wells.  
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Several MLS locations (MP-19S/D, MP-21S/D, MP-17) exhibit a divergence in vertical 

gradient used, in part, to distinguish HGU9 (upward vertical gradient) from HGU8 (downward 

vertical gradient) in the upper Tunnel City Group bedrock. Eaton and Bradbury (2003) observed 

a divergence in vertical gradient within the Maquoketa shale aquitard and attributed it to 

disequilibrium between the hydraulic heads in the aquitard and the heads in the underlying unit, 

which were drawdown over 130 m due to decades of pumping. Regional head patterns supported 

a one-dimensional, downward flow conceptual model for the area. Therefore, strong lateral flow 

in the aquitard, supported by observations of bedding parallel fractures and large Kh values was 

used to account for the discrepancy between the conceptual model and the observation of 

divergent gradients.  

The data from this study area are strongly supportive of dynamic equilibrium conditions. 

Temporal evaluation of the high resolution head profiles on 2 different scales (hourly for several 

months and every 3-6 months over multiyear periods) shows that stresses imposed on the system 

are reflected throughout the entire thickness of the aquifer system in relatively short time 

periods. HGU8 is associated with some of the highest Kh values measured at the study site and 

laterally extensive bedding parallel fractures have been documented in the unit by several other 

studies (Swanson et al., 2006; Runkel et al., 2006; Meyer et al., 2008). Therefore, the divergence 

in vertical gradient observed here is interpreted as a high Kh unit or surface associated with high 

hydraulic head relative to adjacent units at locations far along a flow path (i.e., near discharge 

areas). Freeze and Witherspoon (1967) documented a similar divergence in vertical gradient near 

the downgradient end of a high K lens in a steady state flow system. 

3.6 Conclusions 

The temporal and spatial consistency of the high resolution hydraulic head and vertical 

gradient profiles in this actively pumped sedimentary rock aquifer system have an elegance, a 

powerful simplicity, not commonly associated with fractured rock hydrogeology. When robustly 

qualified, the vertical gradient profiles provided a clear indication of laterally extensive contrasts 

in Kv. At this site, the position and thickness of Kv zones are not predicted by the 

lithostratigraphy but are strongly associated with sequence stratigraphy. This suggests the 

sequence stratigraphic delineation is better capturing the mechanical properties and associated 

changes in the fracture network characteristics of the rock. The integration of the laterally 
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extensive zones of contrasting Kv and sequence stratigraphy provides a robust basis for 

delineation of hydrogeologic units at the field site.  

In addition to providing a basis for robust delineation of hydrogeologic units, evaluation of 

the 3-D distribution, magnitude, and direction of high resolution vertical gradients provided 

additional insights into the nature of vertical hydraulic connectivity in this sedimentary rock 

aquifer system and flow system characteristics. The detailed vertical gradient profiles provide 

hydraulic evidence for poor vertical hydraulic communication between fracture networks of 

adjacent units due to the lack of vertical fracture propagation between the two units. This 

mechanism of poor hydraulic connectivity is likely unique to fractured rock environments. The 

high degree of temporal repeatability and spatial agreement between high resolution vertical 

gradient profiles supports the conceptual model that groundwater flow occurs in relatively dense 

fracture networks within each HGU rather than through a few, large fractures.  

Hydrogeologic units form the basis for all conceptual and numerical models of groundwater 

flow. Therefore, accurate and hydraulic measurement based delineation of these units is critical. 

In standard practice, lithostratigraphy is often relied on heavily for hydrogeologic unit 

delineation. As a result, hydraulic measurements and flow system characterization are often 

carried out within the lithostratigraphic framework. This study provides a field data based 

demonstration of how detailed hydraulic head measurements and the flow system, ephemeral and 

subject to anthropogenic influence, can be utilized to delineate hydraulically consistent and 

geologically founded hydrogeologic units.      

  



 

87 

 

3.7 Tables and Figures 

 

Table 3-1. Summary of vertical gradient characteristics by bedrock zones 

Gradient Zone 
Total # 

Gradients
1
 

Consistent Inconsistent Non-Detect 

Up 

% 

Down 

% 

Total 

% 

Total 

% 

Total 

% 

Deep Bedrock 104 0 100 16 11 73 

Tunnel City Group 

Bedrock 
68 29 71 60 22 18 

Shallow Bedrock 55 8 85 24 38 38 

Total 227 20 80 31 21 48 

 

1
The values presented in this table are derived from all of the head profiles measured for each 

MLS between their installations (2003-2008) through April 2012. 
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Fig. 3-1. Conceptual hydraulic head and vertical gradient profiles at three positions in a 

flow system with five hydrogeologic units of contrasting hydraulic conductivity. 

a) Shows the steady state flow net (i.e., flow lines and equipotential lines) associated with five 

confined hydrogeologic units (HGUs) with contrasting isotropic hydraulic conductivities. 

Contrasts in bulk vertical hydraulic conductivity (Kv) are highlighted in the schematic because in 

layered, fractured, sedimentary rock aquifer systems, Kv may provide the clearest indication of 

the hydraulic contrasts associated with HGUs. The conceptualization assumes the fracture 

networks of individual units are dense enough that groundwater flow in the fractured units can be 

represented by an equivalent porous media model. b) Shows schematic head profiles for the 

recharge, transition, and discharge portions of the flow system. The head profiles inflect across 

contrasts in Kv. (c) shows the vertical component of the hydraulic gradient in profile for the 

recharge, transition, and discharge areas. If steady state conditions are assumed, each HGU 

defined by a contrast in Kv has a uniform vertical gradient across its thickness at a given location 

in the flow system. Therefore, contrasts in vertical gradients along a depth profile indicate the 

boundaries between HGUs with contrasting Kv. Larger vertical gradients are associated with the 

lower Kv units (HGUB and HGUD) at all three locations in the flow system but the exact 

magnitude and direction of the vertical gradients varies depending on the location in the flow 

system. 
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Fig. 3-1.  Title and caption provided on previous page.  
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Fig. 3-2. Location of the site, site layout, and lithostratigraphic column.  

(a) Location of the site in Cottage Grove, Wisconsin with respect to the city of Madison, the 

State of Wisconsin, and regional groundwater flow divides (Bradbury et al., 1999). (b) Site scale 

maps showing the location of the research corehole locations, multilevel systems, municipal 

wells, pump and treat wells, and the dense non-aqueous (DNAPL) phase source zone and 

dissolved phase plume in the upper Tunnel City Group. (c) Site lithostratigraphic column. *Unit 

is not always present on site, ** site data suggest unit is absent but additional geologic 

investigation is required for more certainty regarding the presence of the unit.  
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Fig. 3-3. Extent of the Cambrian-Ordovician aquifer system and regional sequence 

stratigraphic framework for the middle Cambrian through lower Ordovician sedimentary rocks. 

The figure shows the general extent of the Cambrian-Ordovician aquifer system in the Midwest 

US from Fig. 1, Young and Siegel (1992), and a small portion of a regional sequence 

stratigraphic cross-section near the study area from Fig. 7, Runkel et al. (2007). The maximum 

flooding intervals and unconformities are regionally extensive, time-specific markers that record 

changes in depositional conditions due to changes in relative sea level. 
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Fig. 3-4. Vertical gradient cross-section A-A’.  

Five zones of consistent vertical gradient (2, 4, 6, 8, and 9) and four zones of non-detect vertical 

gradient (1, 3, 5, and 7) have been identified on the W-E cross section (A-A’ on Fig. 3-2). Zones 

of consistent vertical gradient indicate relatively low Kv intervals and zones of non-detect 

vertical gradient indicate relatively high Kv intervals. The shallow bedrock zone includes 

consistent, inconsistent, and non-detect vertical gradients that are not correlated across the cross-

section. The contrasts in Kv indicated by the vertical gradients are strongly associated with key 

sequence stratigraphic intervals, maximum flooding intervals (MFI - zone 2, 6, and 8), the 

Wonewoc unconformity (UN - zone 4), and the intervening strata (zones 1, 3, 5, 7, and 9). 

Vertical exaggeration ~ 19 x. 
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Fig. 3-4. Title and caption provided on previous page. 
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Fig. 3-5. Vertical gradient cross-section B-B’.  

Four zones of consistent vertical gradient (4, 6, 8, and 9) and four zones of non-detect vertical 

gradient (1, 3, 5, and 7) have been identified on the W-E cross section (B-B’ on Fig. 3-2). Zones 

of consistent vertical gradient indicate relatively low Kv intervals and zones of non-detect 

vertical gradient indicate relatively high Kv intervals. The zone associated with the low Kv unit in 

the Eau Claire Formation (zone 2) does not correlate across the N-S cross section. The shallow 

bedrock zone includes consistent, inconsistent, and non-detect vertical gradients that are not 

correlated across the cross-section. The contrasts in Kv indicated by the vertical gradients are 

strongly associated with key sequence stratigraphic intervals, maximum flooding intervals (MFI 

- zone 6 and 8), the Wonewoc unconformity (UN - zone 4), and the intervening strata (zones 1, 

3, 5, 7, and 9). Vertical exaggeration ~ 19 x. 
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Fig. 3-5. Title and caption provided on previous page. 
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Fig. 3-6. Schematic showing relationships between sequence stratigraphy, natural gamma, 

and vertical gradient zones.  

Maximum flooding intervals (MFI) are the finest grained intervals in a particular sequence and 

are identifiable based on their high natural gamma signature, intraclasts, glauconite, other iron 

rich minerals, and poor stratification. Unconformities (UN) represent periods of subaerial 

erosion. 
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Fig. 3-7. HGUs delineated based on contrasts in Kv along transect A-A’ (Fig. 3-2). 

Green shaded intervals are characterized by consistent (always measurable during the monitoring 

period) vertical gradients indicative of relatively low Kv. Grey shaded intervals are characterized 

by non-detect (never measurable during the monitoring period) vertical gradients indicative of 

relatively high Kv. The shallow bedrock zone, shaded in yellow, is characterized by inconsistent 

vertical gradients. The term inconsistent simply refers to the fact that these gradients were only 

sometimes measurable during the monitoring period. When measurable, inconsistent vertical 

gradients are typically small and are likely indicative of flow system transience. HGUs 

characterized by relatively low Kv are thin compared to HGUs with higher Kv. Vertical 

exaggeration is ~ 15x. 
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Fig. 3-7. Title and caption provided on previous page.  
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Fig. 3-8. Horizontal hydraulic conductivity (Kh) compared to the HGUs, sequence 

stratigraphic intervals, and vertical gradients.  

The horizontal hydraulic conductivity profiles do not predict the position or thickness of the 

zones with contrasting Kv indicated by the vertical gradient profiles and summarized by the HGU 

delineation. Kh values throughout the vertical section at both locations are relatively high even 

when vertical gradients indicate relatively low Kv. These results suggest a system of stacked 

aquifers with contrasts in anisotropy. Note, only the sequence stratigraphic units associated with 

HGUs are shown.  
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Fig. 3-9. Summary of calculated linear fracture intensities by fracture dip angle and data set 

(core versus image log) for each HGU. 

(a) image log data sets, (b) core data sets, and (c) average of the image and core data sets 

combined.  HGUs with low Kv relative to adjacent units (HGUs 9, 8, and 6) are associated with 

lower high angle fracture intensities (P10>30). The same trend is not observed for HGU2, but 

identification of fractures in HGU1 and HGU3 was less reliable due to their often poorly 

cemented nature. The largest P10>30 is associated with the shallow bedrock zone where the 

secondary porosity was likely influenced by the post depositional weathering of three 

unconformities.   
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Fig. 3-10. MP-6 full static profile, transducer partial head profiles from two dates, and 

transducer hydrographs.  

a) The partial transducer head profiles from March 19
th

 and March 26
th

 2009 retain the general 

shape of the full static profile measured June 14
th

, 2009. (b) The color of each hydrograph record 

corresponds to the color used to note the vertical position of the monitoring zones in the ‘Trans’ 

column of part (a). The monitoring zones in the MLS are influenced by a number of different 

stresses. The deep monitoring zones of the MLS (4, 8, 10, 19) are clearly influenced by the 

diurnal cycle of the municipal pumping wells (example cycle in rectangle) and monitoring zone 

27 is influenced by the shut-down of the on-site pump and treat wells (circled). All monitoring 

zones show a response to the precipitation event on March 24
th

, 2009 (grey shading). Note that 

only the sequence stratigraphic units associated with HGUs are shown. 
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Fig. 3-11. MP-21 full static profile, transducer partial head profiles from two dates, and 

transducer hydrographs.  

a) The partial transducer head profiles from August 12
th

 and August 15
th

 2010 retain the general 

shape of the full static profile measured July 14
th

, 2010. (b) The color of each hydrograph record 

corresponds to the color used to note the vertical position of the monitoring zones in the ‘Trans’ 

column of part (a). The monitoring zones in the MLS are influenced by a number of different 

stresses. The deep monitoring zones of the MLS (D4, D5, D7, D10) are subtly influenced by the 

diurnal cycle of the municipal pumping wells (example cycle in rectangle) and several 

monitoring zones (D12, S1, S3, S4, and S5) are heavily influenced by the shut-down of the on-

site pump and treat wells (light grey shading). Several monitoring zones (S6, S8, S12, S14) show 

a clear response to the precipitation events (dark grey shading). Note that only the sequence 

stratigraphic units associated with HGUs are shown. 
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Fig. 3-12. MP-18 full static profile, transducer partial head profiles from two dates, and 

transducer hydrographs.  

a) The partial transducer head profiles from March 19
th

 and March 27
th

 2009 retain the general 

shape of the full static profile measured June 12
th

, 2009. (b) The color of each hydrograph record 

corresponds to the color used to note the vertical position of the monitoring zones in the ‘Trans’ 

column of part (a). The monitoring zones in the MLS are not influenced by the diurnal cycle of 

the municipal pumping wells or the shut downs of the on-site pump and treat wells. However, all 

monitoring zones show a response to the precipitation event on March 24
th

, 2009 (grey shading). 

Note that only the sequence stratigraphic units associated with HGUs are shown. 
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Fig. 3-13. Influence of municipal pumping wells 2, 3, and 4 (Fig. 3-2) at each of the MLS 

locations on the W-E transect (A-A’ on Fig. 3-2).  

The width of the bars along each MLS profile indicate the relative response of the monitoring 

interval to the municipal well pumping (wider bar indicates larger response, white bar indicates 

no response). The influence of the municipal pumping wells on the hydraulic heads in the MLSs 

diminishes as the average distance between the pumping wells and the MLSs increases (shown in 

parenthesis below MLS location ID) and as the elevation of the MLS monitoring interval 

increases above the screened interval for the pumping wells. Vertical exaggeration is ~ 15x. 

 

  



 

105 

 

 
Fig. 3-14. Influence of on-site pump and treat system pumping wellsP-164, P-128, and P-

130 (Fig. 3-2) at each of the MLS locations on the W-E transect (A-A’ on Fig. 3-2). 

The width of the bars along each MLS profile indicate the relative response of the monitoring 

interval to the on-site pump and treat system wells (wider bar indicates larger response, white bar 

indicates no response). Monitoring intervals in HGU8 and HGU9 are influenced by the pump 

and treat system wells at all of the MLS locations except MP-16, MP-17, and MP-18, which are 

the furthest away from the pumping wells (average distance to pumping wells indicated in 

parenthesis under the MLS ID). The pump and treat system wells influence heads above and 

below their screened intervals at both MP-19S/D and MP-21S/D. Vertical exaggeration is ~ 15x. 
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Fig. 3-15. Revised conceptual model for association between fracture networks, Kv, and 

vertical gradients.   

Meyer et al. based their interpretation of HGUs on the largest vertical gradients (inflections in 

head profile). As a result, large vertical gradients were interpreted as occurring at the contacts 

between HGUs due to poor vertical hydraulic connection of fracture networks across a 

mechanical interface and HGUs were thought to include minimal vertical gradient. Data 

presented here supports a modification to this conceptual model. Units with lower Kv include 

measurable vertical gradients throughout the unit. However, vertical gradients also highlight 

poor vertical hydraulic connection of fracture networks, particularly when adjacent HGUs have 

similar Kv derived from fracture networks with different characteristics (conceptual HGU B and 

HGUC here, HGU5 and HGU3 of the Wonewoc Formation in this study).  
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Chapter 4  
Using Organic Contaminants as Tracers to Evaluate a Hydrogeologic Unit 

Conceptual Model for the Fractured Tunnel City Group Sandstone 

4.1 Abstract 

Between 1950 and 1970 it is estimated that at least 72,700 L of mixed organic solvents as 

Dense Non-Aqueous Phase Liquids (DNAPLs) were released into the subsurface at a site in 

southern Wisconsin penetrating to about 56 m below ground surface (bgs) and accumulating in 

the Tunnel City Group fractured sandstone (GeoTrans Inc., 2003). Groundwater flow in the 

upper 10 m of the Tunnel City Group sandstone created a dissolved phase plume extending 

nearly 3 km downgradient. Conventional monitoring wells showed the plume did not spread 

vertically downward even though there was no obvious aquitard associated with the accumulated 

DNAPL. The objective of this investigation was to improve the conceptual model for flow 

influencing contaminant transport in the Tunnel City Group sandstone. A previous study 

(Chapter 3) delineated four hydrogeologic units (HGUs) within the Tunnel City Group (HGU 6, 

7, 8, and 9) based on laterally extensive contrasts in bulk vertical hydraulic conductivity (Kv) 

indicated by high resolution vertical gradients associated with sequence stratigraphic units. In 

this study, further evaluation of detailed geologic, fracture network, and horizontal hydraulic 

conductivity (Kh) data revealed the potential for a high Kh flow pathway occurring at the 

HGU8/HGU9 contact and provided an indication of the relative anisotropy for each HGU. This 

refined HGU conceptual model is compared to the contaminant mass and phase distribution as 

defined by mobile DNAPL occurrence and spatially detailed rock core and depth discrete 

groundwater contaminant profiles. All three contaminant data sets strongly suggest accumulation 

of DNAPL in the high Kh pathway associated with the HGU8/HGU9 surface, indicate 

accumulation of DNAPL in laterally extensive bedding parallel fractures in HGU8, and show 

sharp declines in concentration, from quantifiable to non-detect, at the HGU7/HGU8 contact. 

The reflection of the HGU8/9 contact, the anisotropic nature of HGU8, and the vertical contrast 

between HGU7 and HGU8 in the contaminant distribution data provides strong and independent 

support for the Tunnel City Group HGU conceptual model. This study demonstrates the use of 

detailed contaminant distribution data as a tracer of the physical flow system and highlights the 
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importance of robust HGU conceptual model development to support contaminant transport and 

fate studies and evaluation of remediation technologies.  

4.2 Introduction 

A recent report by the National Research Council (2012) indicated approximately 10,000-

12,000 contaminated groundwater sites in the United States are unlikely to be cleaned up to 

acceptable levels in the next 100 years. These sites are categorized as ‘complex’ due to one or 

more of the following attributes: contamination in fractured media, dissolved phase plumes 

extending >1,000 m downgradient, radioactive contaminants, Dense Non-Aqueous Phase 

Liquids (DNAPL) impacts to depths >30 m, and residual Non-Aqueous Phase Liquids (NAPL) 

diffused into fine-grained units. These attributes combined with inappropriate site conceptual 

models and deficiencies in subsurface characterization techniques present significant obstacles to 

societally/environmentally responsible management of these sites and the development and 

evaluation of effective remedial technologies for these conditions.  

In contaminated groundwater site investigations, a site conceptual model ‘synthesizes data 

acquired from historical research, site characterization, and remediation system operation’ and 

serves as the foundation for evaluating the restoration potential of the site (US EPA, 1993). The 

site conceptual model is not a mathematical or computer model but is a hypothesis or theory that 

should be tested and refined through an iterative process (US EPA, 1993). The iterative process 

of testing the conceptual model with a variety of independent but complementary data sets is 

important because it is the only way to reveal the inadequacies of a prevailing conceptual model 

(Bredehoeft, 2005). Hydrogeologic units (HGUs) form the framework for all conceptual models 

of groundwater flow, and therefore, delineation and testing of these units with independent data 

sets is critical to site decision making.    

Detailed investigations of chlorinated solvent Dense Non-Aqueous Phase Liquid (DNAPL) 

releases have shown that these DNAPLs are very sensitive to tracing hydraulically connected, 

preferential flow pathways. For example, Kueper et al. (1993) released 230.9 L of 

Tetrachloroethylene DNAPL into the ‘homogeneous’ Borden sand aquifer enclosed within a 

sealable-joint sheet-pile cell. Excavation and subsampling of cores after 28 days showed that the 

DNAPL preferentially migrated in thin laminations separated by very subtle variations in texture. 

Brewster et al. (1995) performed a similar release experiment in the same aquifer but monitored 
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the release and subsequent distribution of the DNAPL in real time using geophysical techniques. 

The results also showed preferential migration of DNAPL along small scale heterogeneities 

difficult to characterize with conventional investigation techniques.  

The fracture networks of sedimentary rocks are strong preferential flow pathways difficult to 

characterize using conventional techniques. HGU delineation in fractured sedimentary rock is 

concerned with identifying hydraulic contrasts associated with hydraulically distinct fracture 

networks. The experiments in the Borden sand aquifer suggest DNAPLs would be excellent 

tracers of the physical flow system in these fracture networks. In addition, diffusion of solute 

mass from the hydraulically conductive fractures into the low hydraulic conductivity but high 

porosity matrix is a strong process in fractured sedimentary rocks. This phenomena was first 

recognized by Foster (1975) and then shown to be an important process driving DNAPL 

dissolution and source zone evolution by Parker et al. (1994) and Parker et al. (1997). 

Furthermore, diffusion of contaminants into the rock matrix throughout the footprint of the entire 

dissolved phase plume results in a lasting, time integrated impression of flow and contaminant 

migration pathways (Parker et al., 2012). Therefore, depth discrete sampling and analysis of the 

rock matrix for the contaminants of interest provides an independent but complementary data set 

to test HGU conceptualizations.  

This study is specifically concerned with development of a robust HGU conceptual model for 

the Tunnel City Group sandstone in southern Wisconsin. Early hydrogeologic representations of 

the Tunnel City Group for southern Wisconsin combined it with the overlying St. Lawrence 

dolostone into a confining unit (Young and Siegel, 1992). Delineation of the Tunnel City Group 

as a confining unit implies the unit has a low bulk hydraulic conductivity compared to adjacent 

units. However, more recently Swanson and Bahr (2004), Swanson et al. (2006), Runkel et al. 

(2006), and Meyer et al. (2008) observed high Kh intervals within the Tunnel City Group and 

associated these intervals with laterally extensive bedding parallel fractures. Recognition of the 

importance of fracture flow in sandstones is critical to understanding both groundwater flow and 

contaminant transport in these systems. Several other examples of discrete fracture flow in 

sandstones are provided by Gellasch et al. (2012), Gellasch et al. (2013), Leaf et al. (2012) for 

the Tunnel City Group and Wonewoc sandstones in southern Wisconsin, by Lawrence et al. 

(2006) for the Permo-Triassic sandstone in the U.K, and by Sterling et al. (2005) for a 

Cretaceous sandstone in California.    
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This study takes a new and integrated approach to the delineation, characterization, and 

verification of HGUs in the fractured Tunnel City Group sandstone at a mixed organics 

contaminant site in south central Wisconsin. Approximately 72,000 L of mixed organic solvents 

as DNAPLs are known to have accumulated preferentially in the upper 10 m of the Tunnel City 

Group sandstones (HSI GeoTrans, 1999; GeoTrans Inc., 2003). Groundwater flow created a 

dissolved phase plume extending nearly 3 km downgradient in the same unit. Conventional 

monitoring well results from previous studies showed the plume did not spread vertically 

downward even though there was no obvious aquitard associated with the accumulated DNAPL 

or bottom of the dissolved phase plume (HSI GeoTrans, 1998). The uncertainty surrounding the 

hydrogeological mechanisms related to the DNAPL’s maximum depth of penetration and 

vertically constrained extent of the dissolved phase plume indicated the need for advanced HGU 

characterization to support numerical simulations of transport and fate of contaminants in the 

Tunnel City Group.  

This characterization started with revisions to the HGU conceptual model for the Tunnel City 

Group at the site. An associated study used laterally extensive contrasts in bulk vertical hydraulic 

conductivity (Kv) indicated by high resolution vertical gradients and associated with important 

sequence stratigraphic intervals to delineate four HGUs in the package of strata that 

approximates the Tunnel City Group (Chapter 3). Independent verification of these HGUs is 

required for a robust conceptual model which leads to the hypothesis explored in this 

investigation: the distinct hydraulic properties of HGUs and hydraulic connectivity between 

HGUs will be strongly reflected in the contaminant phase and mass distributions determined 

independently from the HGU conceptual model using detailed rock core and depth discrete 

groundwater contaminant profiles. The objectives of the current study are to 1) evaluate the 

geologic, fracture network, and horizontal hydraulic attributes of the four Tunnel City Group 

HGUs defined based on vertical gradients (Chapter 3) and determine if these attributes support 

and/or refine the HGU conceptual model and (2) compare the HGU conceptual model to the high 

resolution contaminant distribution data to determine if the unique properties of the HGUs and 

the connectivity, or lack thereof, between HGUs is reflected in the contaminant distribution data.  
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4.3 Methods and Approach 

4.3.1 Approach – Contaminants as Tracers of the Physical Flow System 

A key objective of this work is testing the hydrogeologic unit conceptual model for the 

Tunnel City Group Sandstones using a data set independent of the vertical gradients and 

sequence stratigraphic units on which the refined hydrogeologic unit conceptual model is based. 

Decades of research by numerous investigators provides a strong basis for the utility of 

chlorinated solvent DNAPLs and associated dissolved phase plumes as tracers of the physical 

flow system, a brief summary of which is provided below. Using the contaminants as tracers of 

the physical flow system is not meant to fully describe contaminant transport and fate and the 

associated processes (advection, diffusion, dispersion, degradation), but rather to utilize the 

combined result of these processes (current contaminant distribution) to test the 

conceptualization for hydrogeologic units. 

Chlorinated solvent dense non-aqueous phase liquids (DNAPLs) are a class of chemicals 

with densities greater than water, low viscosities, and low interfacial tension with water. The 

migration of these DNAPLs in groundwater systems is controlled primarily by capillary 

phenomena because of the interfacial tension between the DNAPL phase and other phases in the 

system (water and/or air) (Feenstra et al., 1996). In fractured rocks, the orientations, 

connectivity, and apertures of fracture networks are the paths of least resistance to fluid flow, 

and therefore, control the distribution of DNAPL (Feenstra et al., 1996). DNAPL will have a 

propensity to migrate downward, preferentially accumulate in larger aperture fractures, spread in 

lateral fractures if capillary barriers are less in this direction, and slow or stop downward 

migration where fracture connectivity is diminished (Feenstra et al., 1996) (Fig. 4-1a).   

DNAPLs slowly but readily dissolve into the moving groundwater in fractures generating 

dissolved phase plumes in the direction of groundwater flow (Fig. 4-1b). This dissolution is 

enhanced by diffusion driven transfer of the dissolved phase contaminant mass from the high 

permeability, low porosity fracture network into the low permeability, high porosity rock matrix 

(Parker et al., 1994; Parker et al., 1997). This process can result in the complete transformation 

of the DNAPL phase into dissolved and sorbed phases stored primarily in the rock matrix over 

time (Parker et al., 1994; Parker et al., 1997). Processes of advection and dispersion carry the 

contaminants in a downgradient direction where the process of matrix diffusion continues to 

transfer mass into the rock matrix creating large stores of contaminant mass in the rock matrix 
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(inset, Fig. 4-1b). These contaminants are detectable over several orders of magnitude offering 

excellent measurement capabilities and ability to distinguish variability in characteristics (i.e., 

migration pathway variability).     

Peak concentrations in contaminant profiles (i.e., concentration versus depth) collected 

downgradient of the source area should indicate areas of preferential DNAPL accumulation 

(Feenstra et al., 1996; Guilbeault et al., 2005) (Fig. 4-1c) which are expected to be related to the 

unique properties of the HGUs and the degree of connectivity between HGUs. Depth discrete 

and detailed (i.e., high resolution) sampling is required to capture discrete peaks in contaminant 

concentration indicative of preferential accumulation of DNAPL.   

Typical monitoring wells with screen lengths much greater than the fracture spacing blend 

the concentrations of many discrete contaminant migration pathways and in many instances of 

different HGUs making the contaminant distributions derived from them inadequate for 

migration pathways identification and testing hydrogeologic unit conceptual models. In contrast, 

the contaminant mass in the rock matrix serves as a ‘time weighted’ fingerprint of important 

contaminant flow and migration pathways in the system (O'Hara et al., 2000) (Fig. 4-1c). 

Therefore, detailed and depth discrete sampling and analysis of continuous rock cores collected 

in the source area and dissolved phase plume provides a method for characterizing the 

contaminant phase and mass distribution in a high resolution manner (Parker et al., 2012) (Fig. 

4-1d). The control of the fracture network attributes on DNAPL migration and accumulation, the 

development of the dissolved phase plume and large storage of dissolved phase contaminant 

mass in the matrix, and the ability to characterize the phase and mass distribution in a high 

resolution manner using rock core contaminant profiles allow for the use of the contaminant 

distribution as a tracer of the physical flow system, and therefore, an independent check of the 

hydrogeologic unit conceptual model.  

4.3.2 Study Area Description and Geologic Setting 

The study area, shown in Fig. 4-2, is located in Cottage Grove, Wisconsin, about 20 km east 

of Madison and encompasses an area roughly 25 km
2
. Topographic relief is low to moderate 

(maximum elevation difference ~ 150 m) and is defined primarily by north-east to south-west 

trending drumlins separated by low lying areas, which in some cases are wetlands. The site is 

underlain by Cambrian-Ordovician age sedimentary rocks, predominantly sandstone units with 

several shallow dolostone units draped by Pleistocene unconsolidated sand, gravel, and clay. 
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Meyer et al. (2008) and Chapter 3 provide descriptions of the lithologies and lithostratigraphy 

encountered in the study area. The unit of interest here is the Tunnel City Group sandstone, 

which is found between approximately 35 and 55 m bgs in the study area. The Tunnel City 

Group is divided into the Mazomanie and Lone Rock formations in southern Wisconsin (Odom, 

1978; Wisconsin Geological and Natural History Survey, 2006). The main surface water bodies 

at the site are a man-made pond constructed in 1994, primary north-south and east-west drainage 

ditches, wetland areas, and Koshkonong Creek. The local groundwater flow direction in the 

unconsolidated deposits and shallow bedrock is predominantly east toward Koshkonong Creek 

and the groundwater flow direction in the deep bedrock is more south to south westerly 

(Bradbury et al., 1999). A map showing more regional scale hydrogeologic features is provided 

in Chapter 3, Fig. 3-2.  

The study area has been the focus of hydrogeological investigations since 1982 because of 

groundwater contamination caused by releases of a wide variety of organic chemicals into the 

subsurface prior to 1970 when the facility was operated by a previous owner. These 

investigations determined that the releases resulted in the accumulation of approximately 72,700 

L of mixed organic solvents as dense non-aqueous phase liquids (DNAPLs) in the upper Tunnel 

City Group sandstone between about 45 and 56 m bgs (see observed DNAPL source area, Fig. 

4-2) (Kueper, 2002; GeoTrans Inc., 2003). The DNAPL is a mixture of organic contaminants 

including, from highest to lowest percentage by mass, 1,1,1-Trichloroethane (34%), 

Trichloroethene (25%), Tetrachloroethene (15%), Toluene (11%), Xylenes (10%), Ethylbenzene 

(3%), Dichloromethane (1%) and other organic contaminants (1%) (Austin, 2005). Preferential 

groundwater flow in the upper Tunnel City Group has created a dissolved phase plume extending 

2.8 km downgradient at its maximum observed extent in 2003 (see pre-pump and treat 

approximate plume extent, Fig. 4-2). Prior to the start of this investigation, the dissolved phase 

plume in the upper Tunnel City Group sandstone was monitored by 52 conventional monitoring 

wells with monitoring intervals ranging between 4 and 12 m in length and one 3.5 m long 

monitoring interval in each of four multilevel systems.     

There are a number of publications describing different geologic aspects of the Tunnel City 

Group sandstone (e.g., Berg, 1954; Odom, 1978; Sutherland, 1986; Runkel et al., 2007; 

Swanson, 2007; Eoff, 2008). A brief summary of specific aspects observed at the field site is 

provided here. The Tunnel City Group was described by Odom (1978) as consisting of three 
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major lithofacies: “(1) glauconitic, dolomitic, feldspathic fine- to very fine-grained sandstone, (2) 

shaley, micaceous, highly feldspathic very fine-grained sandstone, and (3) nonglauconitic, 

locally dolomitic, feldspathic quartzose, fine- to coarse-grained sandstone”. These lithofacies are 

interfingered throughout southern Wisconsin and are grouped into two formations, the Lone 

Rock Formation and the Mazomanie Formation. Broadly, the Lone Rock Formation records 

retrogradation of the shoreline and subsequent landward movement of offshore shelf facies 

whereas the Mazomanie records the progradation of the shoreline and seaward movement of 

nearshore facies (Runkel et al., 2007). The Lone Rock Formation is further subdivided into three 

members, the Reno, Tomah, and Birkmose Members, originally described by Berg (1954). At the 

field site, the Tunnel City Group is about 24 m thick and composed of the Reno Member of the 

Lone Rock Formation and Mazomanie Formation (Odom, 1978). The interfingered nature of the 

Lone Rock and Mazomanie makes formational delineation uncertain at the field site. In past 

investigations, the lithostratigraphy has often been simplified at the field site with the upper half 

assigned to the Lone Rock Formation and the lower half assigned to the Mazomanie Formation 

(Fig. 4-3) (Meyer, 2005; Austin, 2005).  

Several remedial technologies have been applied at the study site over the last two decades. 

Between 1999 and 2000, approximately 34,000 L of DNAPL was pumped from the subsurface in 

an effort to remove contaminant mass and characterize the vertical and lateral extent of the 

DNAPL in the source area (HSI GeoTrans, 1999; GeoTrans Inc., 2003). In 2004, a pump and 

treat system was installed and began operation. The current pump and treat system consists of 

three pumping wells installed across the middle of the plume and screened in the upper 12 m of 

the Tunnel City Group sandstone. Between 2004 and 2013 the pump and treat system is 

estimated to have removed 19,000 kg of total volatile organic contaminant mass and 

1,700,000,000 liters of water from the upper Tunnel City Group sandstone (Tetra Tech, 2013). 

4.3.3 Data Acquisition 

Previous investigations at the study area drilled and tested sixteen boreholes (RW-110 

through RW-114 and RW-117 through RW-127) in order to characterize the vertical and lateral 

extent of the mobile DNAPL (HSI GeoTrans, 1999; GeoTrans Inc., 2000; GeoTrans Inc., 2001; 

GeoTrans Inc., 2003). Each borehole was drilled using a rotasonic technique to a depth about 3 

m (10 ft) above the top of the Tunnel City Group. Then, the boreholes were advanced 3 m (10 

ft), the rotasonic core barrels were removed, and a packer assembly was lowered into the hole. 
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The packer assembly was used to isolate the bottom 3 m (10 ft) section of the hole. Once 

isolated, the interval was pumped and monitored for presence and approximate volumes of 

DNAPL recovered and the total volume of fluid recovered. The borehole was advanced in this 

manner until a depth approximately 10 m (30 ft) below the top of the Tunnel City Group. The 

boreholes were drilled using this technique to minimize the downward mobilization of DNAPL 

and better characterize its vertical extent. Cores and/or cuttings associated with the boreholes 

were logged and optical borehole image logs were collected twelve boreholes in the DNAPL 

source area, including RW-110 through RW-112, RW-114, RW-117, RW-122, RW-124, RW-

135, and RW-127.  

Between 2003 and 2008 twelve research boreholes were drilled at the site in association with 

this and other related studies. The research boreholes (with the exception of MP-15) were 

continuously cored using a rotary rig, tap water as the primary drilling fluid, and an HQ3 

wireline coring technique that produces a 6.1 cm (2.4 in) diameter core and 9.6 cm (3.8 in) 

diameter borehole. A total of 1,014 m of core was collected and logged at a 5 cm scale for 

general lithology, Munsell color, grain size and shape, sorting, ichnofabric index (Droser and 

Bottjer, 1986), cementation index (Aswasereelert, 2005), and sedimentary structures in 

association with this and several other studies (Austin, 2005; Aswasereelert, 2005; Meyer, 2005; 

Aswasereelert et al., 2008). The depths and approximate dip of all non-mechanical fractures 

observed in the cores were also recorded.  

In addition to geologically logging the core, samples of the cores were taken for volatile 

organic contaminants (VOC) and physical properties analyses (MP-5, MP-7, MP-8, MP-16, MP-

17, MP-18, MP-19D, and MP-21D). The rock cores were collected in 1.5 m (5 ft) lengths using a 

triple tube core barrel with split stainless steel sleeves. Once at ground surface, the rock core was 

placed in a core tray lined with clean aluminum foil, at which point geologic logging and 

sampling commenced. Samples approximately 5 cm in length were selected for VOC analysis 

based on the position of fractures and lithologic changes and removed from the core using a 

hammer and chisel as described by Lima et al. (2012). Once removed from the core the samples 

were wrapped tightly in foil, placed in a zip top bag, and stored in a cooler until crushed and 

preserved, typically within 15 minutes of sampling. Each rock core sample was crushed in a 

clean, air tight stainless-steel cell using a hydraulic press. Once crushed, the sample was 

transferred directly from the crushing cell into a glass vial with a polytetrafluoroethylene septa 
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and preserved with methanol. The mass of the empty vial and the mass of the vial plus the 

methanol were measured prior to sampling each day to allow for calculation of the mass of wet 

rock and mass of methanol by difference.  

Once the samples were crushed and preserved, they were put on ice and shipped to the 

University of Waterloo/University of Guelph for extraction. MP-5, MP-7, MP-8, MP-19D, and 

MP-21D were extracted using a modified shake flask technique (Dincutoiu et al., 2003) and MP-

16, MP-17, and MP-18 were extracted using a modified microwave assisted extraction technique 

(Dincutoiu et al., 2006). Once extracted the MP-5, MP-7, and MP-8 samples were analyzed for 

VOCs by Enchem and MP-19D and MP-21D by Stone Environmental using EPA method 

SW846 8260B (US EPA, 1996). The MP-16, MP-17, MP-18 samples were analyzed for a subset 

of the EPA SW846 8260B analytes (1,1-Dichloroethene, CFC-113, trans-1,2-Dichloroethene, 

cis-1,2-Dichloroethene, chloroform, 1,1,1-Trichloroethane, Carbon Tetrachloride, and 

Trichloroethene, Tetrachloroethene) at the University of Waterloo using a direct on-column 

injection method described by Gorecka et al. (2001). The results were reported in g/L methanol 

and converted to g/g of wet rock using the masses collected in the field.  

Samples for physical properties analysis were also selected based on observations of 

lithologic and mineralogical changes in the core. Samples between 20 and 30 cm long were 

removed from the core using a hammer and chisel and then wrapped in clean aluminum foil, 

plastic wrap, and parafilm. The samples were then sealed in zip top plastic bags and shipped on 

ice to the laboratory for storage at 4°C prior to analysis. At that time, the rock cores were 

subcored to a diameter of 3.9 cm and cut to a length of about 5 cm. Matrix porosities were then 

determined using a water imbibition technique and fresh rather than saline water (Collins, 1961; 

Dullien, 1992) and matrix permeabilities were determined using a nitrogen permeameter and the 

American Society for Testing and Materials Standard Method D 4525-04 (2004).  

Once the coring was complete, a wide variety of datasets were collected from the boreholes. 

A subset of these data are utilized and presented here. Natural gamma, formation resistivity 

and/or induction conductivity logs, and neutron logs were used to interpret depth variability in 

grain size, bulk mineralogical composition, porosity changes, and stratigraphic changes/contacts 

in the research boreholes. Acoustic and/or optical televiewer logs were collected in all of the 

research boreholes and used to characterize fracture intensity and orientation and identify major 

lithologic or stratigraphic changes. 
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Hydraulic conductivity measurements were collected from 257 depth discrete intervals in the 

MP-6, MP-16, MP-17, and MP-18 open boreholes at the study area. The tests were conducted 

using two types of straddle packer assemblies and two types of test methods. Constant head step 

tests were conducted across 1.5 or 3 m long intervals in the MP-16, MP-17, and MP-18 

boreholes. Details of the equipment and test method are described by Quinn et al. (2012). Slug 

tests were performed in 0.7 m length intervals throughout the entire length of the open MP-6 

borehole prior to MLS installation using a modified version of the equipment and method 

described by Muldoon (1999). The Thiem and Hyder et al. (1994) methods were used to analyze 

the constant head step test and slug test data respectively. These analysis methods provided 

estimations of the horizontal component of hydraulic conductivity (Kh) for each interval tested.   

Once the borehole testing was complete, Westbay multilevel systems (MLSs) were designed 

using all available vertical profile data and installed in each of the research coreholes. The design 

focused on maximizing the number of monitoring intervals, minimizing monitoring interval 

lengths, avoiding blending of suspected hydrogeologic units, and sealing any un-monitored 

sections of the borehole (Chapter 2). The MLSs were used in a variety of ways: collection of 

high resolution hydraulic head profiles (Chapter 2 and Chapter 3), transient monitoring of 

hydraulic head in selected monitoring intervals (Chapter 3), and groundwater sampling for 

VOCs. The vertical gradient and groundwater VOC results presented here are derived from 

MLSs installed in the MP-6, MP-16, MP-17, MP-18, MP-19S/D, and MP-21S/D coreholes. 

These multilevel systems are termed high resolution because they include between 3 and 4.6 

monitoring zones per 10 meters of borehole.  

A full description of how groundwater samples are collected using a Westbay MLS is 

provided by Black et al. (1986). The specific methods adapted for this site are described here. 

Westbay MLSs utilize a wireline downhole tool called a MOSDAX probe to access the 

measurement ports associated with each monitoring interval in order to collect formation fluid 

pressures and groundwater samples. The groundwater VOC sampling was accomplished by the 

attachment of a series of canisters (stainless steel, non-vented, sample containers) to the 

MOSDAX probe. These canisters were evacuated at ground surface prior to sending the 

equipment into the MLS on a winch line, which also serves as a data cable used to communicate 

with the MOSDAX probe. Once the MOSDAX probe was landed in the appropriate 

measurement port and was in hydraulic communication with the formation groundwater, a valve 
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on the probe was opened using a control module at ground surface and the groundwater from the 

formation flowed through the MOSDAX probe and into the evacuated canisters. Once the 

canisters were full as indicated by the formation fluid pressure, the valve was closed and the 

MOSDAX probe and canisters were brought back to ground surface where the groundwater was 

decanted into 40-mL glass vials with polytetrafluoroethylene septa and capped ensuring no 

headspace. The samples were packed into coolers in an inverted orientation with ice and shipped 

overnight to Stone Environmental (Montpelier, VT) for analysis using the EPA SW 846 8260B 

method (US EPA, 1996). All sampling equipment in direct contact with the groundwater was 

decontaminated between sampling each monitoring interval by rinsing thoroughly with a 

solution of Alconox™ followed by rinsing with deionized water and allowing the canisters to dry 

as completely as possible before the next use. 

4.4 Results 

4.4.1 Hydrogeological Attributes 

Chapter 3 describes the delineation of four hydrogeologic units (HGU 6-9 in order of 

increasing elevation) in the Tunnel City Group for the study area based on laterally extensive (16 

km
2
) contrasts in Kv identified using vertical gradients and associated with sequence stratigraphic 

units (Fig. 3-4 and Fig. 4-3). Temporal evaluation of the vertical gradients in the Tunnel City 

Group showed they are predominantly consistent (60%) with fewer non-detect and inconsistent 

vertical gradients (Table 3-1). Consistent vertical gradients were always measureable, in the 

same direction, and of similar magnitude over the multiyear monitoring period. Non-detect 

vertical gradients were never measurable over the multiyear monitoring period. Both consistent 

and non-detect vertical gradients are indicative of intervals with distinct Kv. Use of the term 

inconsistent to classify vertical gradients simply refers to the fact that during some measurement 

rounds they were measurable and during others they were not. Vertical gradients classified as 

inconsistent were typically small and likely represent flow system transients due to changes in 

the water table position or pumping. 

HGU6 is characterized by consistent (shaded green in classification plots) vertical gradients 

that are downward at all locations (Fig. 3-4). HGU7 is characterized by non-detect (shaded grey 

in classification plots) vertical gradients (Fig. 3-4). HGU8 is defined by consistent (green) 

vertical gradients that are downward at all locations except the MP-18 location (Fig. 3-4). HGU9 
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is also defined by consistent (green) vertical gradients distinguished from those in HGU8 based 

on magnitude and direction. Vertical gradients in HGU9 are upward at all locations except MP-6 

and MP-16 (Fig. 3-4 and Fig. 3-5). HGU6, HGU8, and HGU9 are broadly associated with the 

lithologies of the Lone Rock Formation and HGU7 with the Mazomanie Formation (Fig. 4-3). 

HGU6, 8, and 9 exhibit relatively low Kv and are about 3, 6, and 4 m thick respectively. In 

contrast, HGU7 exhibits a relatively high Kv and is about 11 m thick. Additional data sets are 

presented here to describe the geologic, geophysical, and horizontal hydraulic characteristics of 

each unit. Possible associations are then evaluated between these characteristics and observed 

fracture network properties that may be responsible for the contrasts in Kv between HGUs and 

their similar or contrasting horizontal hydraulic properties. 

4.4.1.1 Geological and Geophysical Attributes 

The laterally extensive consistent vertical gradients that characterize HGU6 and HGU8 

indicate relatively low Kv, and therefore, these HGUs might be expected to correspond to 

lithologies typically associated with low hydraulic conductivities, such as shale or clay. Geologic 

information derived from detailed lithologic logs and high resolution photos collected from the 

continuous core provides insight into the lithologic characteristics of these units. HGU6 and 

HGU8 were described in the field as very-fine to fine- grained glauconitic sandstone (Fig. 4-4). 

The data also show that HGU6 and HGU8 are more heavily bioturbated compared to adjacent 

units, as indicated by the consistently high ichnofabric index values (Droser and Bottjer, 1986) 

(Fig. 4-4). In addition, these units include beds rich in intraclasts, iron rich minerals, and 

carbonate. These features taken together are indicative of sediment starvation in an offshore shelf 

depositional environment below fair weather wave base (Runkel et al., 2007) and are interpreted 

in a sequence stratigraphic context as maximum flooding intervals (MFIs).   

In contrast to HGU6 and HGU8, HGU7 is associated with non-detect vertical gradients 

suggesting geologic units with relatively high Kv (Fig. 4-4). Lithostratigraphically, HGU7 

roughly corresponds to the Mazomanie Formation and is characterized by fine- to medium-

grained sandstone with a more variable ichnofabric index that includes a larger number of mildly 

bioturbated or undisturbed beds compared to units HGU6 and HGU8 (Fig. 4-4). HGU7 still 

includes a number of beds rich in intraclasts but glauconite is less abundant.  

HGU9 is also associated with consistent vertical gradients but is recognized as a separate unit 

from HGU8 for several reasons. First, the vertical gradients in HGU9 and HGU8 are distinctly 
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different in magnitude and in some instances, in opposite directions (Fig. 4-4), which helped 

with identification of the boundary. Second, the HGU9 sediments are not considered part of the 

MFI associated with HGU8 (Fig. 4-4). HGU9 was described as fine-grained sandstone with a 

very low ichnofabric index, often between 1 and 2 with some values between 2 and 3 (Fig. 4-4). 

Therefore, in comparison to HGU8, HGU9 is slightly coarser grained and well stratified.  

Both HGU7 and HGU9 include deposits associated with a high stand system tract (HST) 

overlain by deposits associated with a transgressive system tract (TST) (Chapter 3) (Runkel et 

al., 2007). The contact between the two system tracts is marked by a sequence bounding 

unconformity or its correlative conformity. Such sequence boundaries are commonly physically 

cryptic (Runkel et al., 1998; Runkel et al., 2007) even in outcrops. Therefore cores and 

geophysical logs are generally inadequate to assess the precise position of these surfaces, which 

for the Tunnel City Group at this depositional location may be correlative conformities (Runkel 

et al., 2007). Although the precise positions of the correlative conformities in the Tunnel City 

Group are not known at this time, their approximate position on gamma logs is marked by a 

relatively thin interval that separates a progradational signature below from a retrogradational 

signature above (dashed pink lines, Fig. 4-2 and Fig. 3-6) allowing for broad comparison of these 

features to the vertical gradients. The high resolution vertical gradient data do not indicate a 

hydraulic contrast associated with the correlative conformities in HGU7 and HGU9 (Fig. 3-4 and 

Fig. 3-5). The uniform vertical gradient characteristics within these HGUs likely reflects the 

absence of significant physical expression of the sequence boundaries at these positions, 

especially in that the facies immediately above and below the boundaries are so similar to one 

another. The detailed lithologic logs for the other research borehole locations at the site used to 

develop the Tunnel City Group HGU conceptual model are provided in APPENDIX D.    

The association between the lithologic properties and several key geophysical logs was used 

in combination with core photos to delineate the maximum flooding intervals and provide 

additional lithologic, mineralogical, and primary porosity information about the Tunnel City 

Group. Both HGUs associated with MFIs, HGU6 and HGU8, are associated with high natural 

gamma, low resistivity, and low neutron responses (Fig. 4-5). The high gamma is associated with 

the high potassium feldspar content of the sandstone (Odom, 1975) and subordinate siltstone and 

shale. The gamma log and core lithology logs both reflect the increase in very-fine grained 

feldspathic sandstone in the MFI intervals delineated as HGU6 and HGU8 (Fig. 4-4 and Fig. 4-5) 
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but the precise boundaries of these MFI are not immediately obvious from geophysical logs or 

core data alone.  

The low formation resistivity and neutron responses associated with HGU6 and HGU8 are 

likely caused by a combination of factors associated with these MFIs including abundance of 

conductive minerals (e.g., glauconite), clay bound water associated with glauconite, and a 

potential increase in primary porosity relative to adjacent units. The average imbibition porosity 

measured on core plug samples for HGU6 and HGU8 was 19% and 17% respectively (Table 

4-1). HGU7, associated with the coarser grained sandstone of the HST and TST, shows low 

gamma, high resistivity, and high neutron response (Fig. 4-5). These contrasts in geophysical 

response compared to HGU6 and HGU8 result from a decrease in feldspathic sand content, a 

decrease in conductive mineral content, and/or a potential decrease in matrix porosity relative to 

HGU6 and HGU8. However, the average measured imbibition porosity from HGU7 core plug 

samples was 18%, which is similar to the average porosity measured for HGU6 and HGU8 

(Table 4-1). Like HGU7, HGU9 is characterized by a high resistivity and high neutron response 

(Fig. 4-5). However, unlike in HGU7, the inflection of the gamma log in HGU9 is not as 

accentuated indicating less of a shift in grain size. The average matrix porosity for HGU9 was 

12%, which is less than the matrix porosity for the other units (Table 4-1) and is consistent with 

the relatively high resistivity, high neutron, and well cemented nature of the unit (Fig. 4-4 and 

Fig. 4-5). Additional geophysical logs collected from the other research borehole locations at the 

site used to develop the Tunnel City Group HGU conceptual model are provided in APPENDIX 

D. 

The results presented above indicate subtle lithologic and geophysical contrasts between the 

HGUs of the Tunnel City Group corresponding to important sequence stratigraphic units. 

Without the benefit of the vertical gradients, these subtle geologic changes would not likely be 

associated with distinct hydrogeologic units. Furthermore, at the study area, the matrix hydraulic 

conductivity is between 1 and 4 orders of magnitude less than bulk hydraulic conductivities for 

the Tunnel City Group HGUs indicating most of the flow occurs in the fracture networks (Table 

4-1). Therefore, the bulk hydraulic conductivity of these HGUs is primarily controlled by 

fracture connectivity, aperture, length, spacing and orientation characteristics rather than by the 

lithology of the matrix material. Although the lithologic contrasts observed between the Tunnel 

City Group HGUs are not necessarily directly related to their bulk hydraulic conductivity 
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properties, these contrasts may be indicative of mechanical contrasts associated with changes in 

fracture network properties. 

4.4.1.2 Fracture Intensity Attributes 

The frequency and aperture of high angle fractures are expected to be very diagnostic of 

variability in Kv and show association with HGUs delineated based on contrasts in vertical 

gradients. Fracture spacing and orientation data were collected from continuous rock cores and 

borehole image logs. The depth and orientation data from both data sets (4,800 fractures) were 

used to calculate the linear fracture intensity (P10) for two broad classes of fractures, low angle 

(dips ≤30 degrees, roughly bedding parallel) and high angle (dips > 30 degrees) (Fig. 4-6). The 

relative relationship of the P10≤30 between HGUs is inconsistent between boreholes. For 

example, the largest P10≤30 are associated with HGU6 at MP-6 (~ 3 fractures/m) and MP-19S/D 

(~ 4 fractures/m), with HGU7 at MP-16 (5 fractures/m) and with HGU8 at MP-21S/D (3 

fractures/m) and MP-17 (5 fractures/m) locations (Fig. 4-6). The inconsistency in the P10≤30 

between boreholes is likely related to the difficulty in distinguishing between in situ fractures 

and drilling induced breaks along planes of weakness parallel to bedding (Chapter 3). The 

average P10≤30 for each HGU using all of the borehole specific data was calculated in Chapter 3. 

The site averaged data suggest that HGU6 and HGU7 have the highest P10≤30, about 2.3 

fractures/m, whereas HGU8 has the lowest P10≤30, about 1.7 fractures/m (Fig. 3-9).  

Of the 4,800 fractures logged, 55% dipped less than 30 degrees. This is likely due in part to 

the sampling bias associated with using vertical boreholes to estimate the number of vertical or 

high angle fractures (Terzaghi, 1965). However, inspection of the P10>30 for each HGU at each 

borehole does reveal some consistent patterns. For example, HGU6, HGU8, and HGU9 are 

characterized by relatively low Kv and at the MP-6, MP-16, and MP-18 location these HGUs 

have lower P10>30 values compared to the adjacent units (HGU5, HGU7, shallow bedrock) (Fig. 

4-6). The same relationship exists at MP-19S/D, but HGU7 also has a low P10>30 at this location. 

In addition, HGU8 has the smallest P10>30 at all locations except MP-16 where HGU6 and 

HGU9 are similarly low. The P10>30 for HGU6 and HGU9 are only slightly larger than the 

P10>30 for HGU8 at the other locations (Fig. 4-6). Lastly, the site wide averages calculated for 

each HGU suggest HGU8 has the lowest P10>30, of about 0.06 fractures/m, both HGU9 and 

HGU6 have intermediate P10>30, about 0.2 fractures per meter, and HGU7 has the highest P10>30 

of 0.3 fractures/m (Fig. 3-9).  
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In summary, the relatively low P10>30 values indicating fewer high angle fractures are 

associated with HGUs characterized by consistent vertical gradients indicative of relatively low 

Kv. This association is consistent with the conceptual model that contrasts in the characteristics 

of high angle fractures will result in contrasts in Kv. The equally strong association of HGU7 

with non-detect vertical gradients and relatively high P10>30 shows the potential importance of 

increased numbers of high angle fractures to relative increases in Kv. The P10≤30 results do not 

show strong patterns between individual boreholes. However, when averaged across the site, the 

P10≤30 values for HGU6 and HGU7 are highest while the P10≤30  for HGU8 is lowest. This is an 

interesting result because upper Tunnel City Group strata, including HGU8, have been associated 

with laterally extensive bedding parallel fractures in several other studies (e.g., Swanson et al., 

2006; Runkel et al., 2006; Meyer et al., 2008). Therefore it is important to note that fracture 

intensity is only one of several fracture network attributes (i.e., orientation, aperture distribution, 

lengths, and connectivity) controlling the bulk hydraulic conductivity of these HGUs. These 

additional fracture parameters need to be further characterized to make stronger statements 

regarding the relationships between the fracture network properties, the vertical gradients, and 

Kv. Fracture intensity logs for other locations provided in APPENDIX D.  

4.4.1.3 Hydraulic Conductivity Attributes 

The data presented thus far focuses on the lithologic, geophysical, and fracture network 

characteristics of each HGU. Information regarding the hydraulic properties of each unit is 

required to more fully describe these units in a hydrogeological context. Straddle packer slug 

tests and constant head step tests were performed in the open boreholes to provide measurements 

of bulk horizontal hydraulic conductivity (Kh) with depth. The borehole Kh data were collected 

across depth discrete intervals, between 0.7 and 3 m in length, to characterize small scale vertical 

variability in Kh within each HGU (Fig. 4-7). Information regarding the relative magnitude of the 

Kv of these units is also provided by the high resolution vertical gradient profiles.   

The Kh values for the Tunnel City group measured at this scale (0.7-3 m) are relatively high 

and vary between about 10
-7

 and 10
-4

 m/s (10
-7

 m/s highlighted in orange; Fig. 4-7). The vertical 

profiles of Kh do not clearly indicate boundaries between HGUs. The laterally extensive 

contrasts in Kv indicated by the vertical gradients provide the clearest basis for delineating 

HGUs. The relationship between Kh and KV show here suggests a system of stacked aquifer units 
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with vary degrees of anisotropy. If examined within the framework of the vertical gradient based 

HGUs, the Kh data do show some consistent trends between HGUs (Fig. 4-7).  

HGU6 and HGU8 have average Kh values of 1.0 x 10
-5

 and 2.1 x 10
-5 

m/s respectively, which 

are between 4 and 8 times greater than HGU7 and HGU9 (Table 4-1). This is an interesting 

result because HGU6 and HGU8 are also units associated with consistent vertical gradients 

indicative of relatively low Kv (Fig. 4-7). Integration of the measured Kh values and Kv indicated 

by vertical gradients suggests strong anisotropy for HGU6 and HGU8 compared to adjacent 

HGUs. Others have shown high Kh values in the upper Tunnel City Group and attributed them to 

bedding plane fractures with substantial lateral continuity that is consistent with the 

interpretation of strong anisotropy here (Swanson and Bahr, 2004; Swanson et al., 2006; Runkel 

et al., 2006; Swanson, 2007; Meyer et al., 2008). The high Kh values for HGU8 combined with 

lower P10≤30 values support the interpretation of laterally extensive bedding parallel fractures in 

this unit.  

HGU9 is characterized by consistent vertical gradients indicative of relatively low Kv similar 

to HGU6 and HGU8. But in contrast, HGU9 does not include exceptionally high Kh values, 

having an average value of 2.6 x 10
-6

 m/s. Therefore, anisotropy in HGU9 is likely more 

moderate. The average Kh for HGU7 is 2.7 x 10
-6

 m/s, which is very similar to the Kh measured 

for HGU9. Unlike the other HGUs in the Tunnel City Group, HGU7 is associated with non-

detect vertical gradients. The lack of vertical gradient and moderate Kh for HGU7 suggests it is 

relatively more isotropic with a well-connected fracture network, supported by the high P10>30 

value for HGU7, compared to the adjacent units.   

Although HGU6 and HGU8 are characterized by moderately higher Kh values in comparison 

to the rest of the Tunnel City Group HGUs, the highest Kh values are often observed near the 

contact between HGU8 and HGU9 (pink circles; Fig. 4-7). There is some evidence for similarly 

high Kh values near the contact between HGU6 and HGU7 at MP-17 and possibly MP-6 (Fig. 

4-7). The large Kh associated with the HGU8/HGU9 contact suggests the top of the HGU8 MFI 

corresponds to a hydraulically conductive and laterally extensive bedding parallel groundwater 

flow feature. There are a number of complementary data sets to support the interpretation of a 

laterally extensive high Kh feature or cluster of features at the HGU8/HGU9 contact. The ATV 

logs collected at MP-6, MP-17, and MP-19S/D indicate an open fracture at this elevation. Heat 

pulse flow meter data show that the magnitude of open borehole flow increases sharply at MP-6 
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and the open borehole flow direction changes sharply at MP-17 (pink circles; Fig. 4-8). This 

contact is also associated with the highest head and divergence of the vertical gradient in the 

profiles at MP-19S/D and MP-17 (Fig. 3-4, Fig. 3-5, and pink rectangle; Fig. 4-7). In a steady 

state flow system context, divergence of vertical gradient at positions along a flow path distant 

from recharge areas is consistent with a high Kh surface or interval where head is lost less rapidly 

along the flow path in comparison to the adjacent units. 

4.4.1.4 Tunnel City Group HGU Conceptual Model 

In the proposed conceptual model summarized in Fig. 4-9, both HGU6 and HGU8 

correspond to maximum flooding intervals with similar geologic, geophysical, and hydraulic 

attributes (Fig. 4-9). Both units often have relatively high Kh compared to adjacent units and at 

all locations at the research site are characterized by consistent vertical gradients indicative of 

relatively low Kv (Fig. 4-9). The high Kh combined with the vertical gradients qualitatively 

indicate a relatively high anisotropy for HGU6 and HGU8 (Fig. 4-9). High angle fracture 

intensity data suggest HGU6 and HGU8 include fewer high angle fractures than HGU7 and 

HGU9. In addition, low fracture intensity for bedding parallel fractures in HGU8 combined with 

high Kh values provides additional support for the presence of laterally extensive bedding 

parallel fractures in HGU8 (Swanson et al., 2006; Runkel et al., 2006; Meyer et al., 2008).  

HGU7 is characterized by non-detect vertical gradients indicative of relatively high Kv and 

more moderate Kh suggesting more isotropic conditions for HGU7 (Fig. 4-9). HGU9 is unique 

because it is characterized by consistent vertical gradients indicative of relatively low Kv, but 

unlike HGU6 and HGU8 is not associated with an MFI or low high angle fracture intensities. 

These attributes combined with the moderate Kh for HGU9 suggest more moderate anisotropy 

for this unit compared to HGU6 and HGU8 (Fig. 4-9).   

In addition to characterizing the unique attributes of each Tunnel City Group HGUs, detailed 

evaluation of the geological, geophysical, and hydraulic data provide strong support for a high 

Kh flow pathway coincident with the HGU8/HGU9 contact (solid green line, Fig. 4-9). The 

HGU6/HGU7 contact may have potential as a similar high Kh flow pathway based on several 

observed high Kh values at this contact and the geologic, geophysical, and hydraulic similarity of 

HGU6 and HGU8.  
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4.4.2 DNAPL and Dissolved Phase Fracture and Rock Matrix Contaminant Distributions 

The unique attributes of the Tunnel City Group HGUs were characterized in section 4.4.1 

and include a potential high Kh flow feature coincident with the contact between HGU8 and 

HGU9, contrasts in the high angle fracture intensity between units, and strong anisotropy of 

HGU6 and HGU8 likely due to laterally extensive bedding parallel fractures and low vertical 

fracture intensity. These hydraulic attributes are expected to influence the maximum vertical 

extent of the DNAPL and depth intervals corresponding to preferential accumulation of DNAPL 

(Fig. 4-1a). In addition, the maximum vertical extent and preferential accumulation of the 

DNAPL are expected to exert strong control on the maximum depth and peak concentrations 

observed in the dissolved phase plume (Fig. 4-1c).  

4.4.2.1 DNAPL 

Understanding DNAPL flow during the releases to the subsurface and subsequent evolution 

of the source zone over the past three to four decades is a complex issue and is outside the scope 

of this paper. However, context regarding the hypotheses surrounding the evolution of the 

DNAPL source area is useful and provided here. Soil sampling indicated DNAPL was released 

into the subsurface primarily in an area associated with a tank farm on the chemical 

manufacturing facility property (suspected primary release area; Fig. 4-10a) (TechLaw Inc., 

2001). However, the wells where pumpable (i.e., DNAPL at saturations sufficient to be re-

mobilized) DNAPL was encountered are located south of the facility. The unconformity 

underlying the St. Peter Formation, called the Sauk-Tippecanoe unconformity (Fig. 4-2), occurs 

in the area near the chemical manufacturing facility. This unconformity surface has a 

channelized geometry in other parts of the region (Palmquist, 1969). Borehole logs at the site 

indicate large (tens of meters) changes in the thickness of the overlying St. Peter Formation 

which is consistent with deposition in channel like features. As a result, it has been hypothesized 

that the geometry of the Sauk-Tippecanoe unconformity ‘funneled’ DNAPL from the suspected 

primary release to the area south of the facility (HSI GeoTrans, 1999; GeoTrans Inc., 2003; 

Austin, 2005).  

The observed distribution shows pumpable DNAPL restricted to the upper part of the Tunnel 

City Group bracketed by intervals where no pumpable DNAPL was recovered (Fig. 4-10b). 

Pervasive entry of DNAPL into the upper Tunnel City Group seems counter to the low P10>30 
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observed in the research coreholes. However, the borehole geologic logs show the Sauk-

Tippecanoe unconformity eroded into the top of the Tunnel City Group at some locations (e.g., 

RW-125, RW-111, RW-114, RW-110, RW-112; Fig. 4-10), which may have increased the high 

angle fracture intensity locally (HSI GeoTrans, 1999; GeoTrans Inc., 2003). This stratigraphy is 

only observed in one of the comprehensively characterized research coreholes (MP-7), and 

therefore, is not well represented in the research data set. Therefore, optical televiewer (OTV) 

logs collected from the open interval of twelve DNAPL recovery wells in the source zone area 

were inspected. The OTV data spanned between 2 and 14 m of the boreholes, generally in the 

Tunnel City Group but in some instances extending slightly into the overlying units (either the 

Readstown Member of the St. Peter Formation or the St. Lawrence Formation). The average 

P10>30 calculated from these data are about 0.5 fractures/m. In comparison, the average P10>30 

calculated using the core and image log data from all the research coreholes for HGU6, HGU7, 

HGU8, and HGU9 is 0.2, 0.3, 0.06, and 0.2 respectively (Fig. 3-9). The slightly larger high angle 

fracture intensity associated with the upper Tunnel City group in the source area suggests that 

DNAPL migration into the Tunnel City Group may have been facilitated by the increased 

vertical fracture intensity associated with the Sauk-Tippecanoe unconformity (Fig. 4-2).  

Closer inspection of the pumpable DNAPL distribution shows that the maximum depth of the 

pumpable DNAPL occurs at approximately 216 m AMSL. This elevation broadly corresponds 

with the bottom of HGU8 delineated using the vertical gradients and sequence stratigraphy 

(black dashed line; Fig. 4-10). The results suggest the DNAPL preferentially accumulated in the 

upper Tunnel City Group, corresponding to HGU8 and HGU9. In addition, the intervals with the 

largest recovery of DNAPL are loosely clustered around an elevation of ~ 222 m AMSL, which 

corresponds to the contact between HGU8 and HGU9 (green dashed line; Fig. 4-10). 

Accumulation of DNAPL associated with the HGU8/HGU9 contact is consistent with the 

interpretation of this surface as a high Kh pathway.  

Although the vertical DNAPL distribution is insightful, it’s spatial resolution is low in 

comparison to the thin nature of many of the HGUs delineated using high resolution vertical 

gradients and the discrete nature of contaminant transport in fractured rock in general. Detailed 

delineation of the DNAPL source zone is not currently available. However, the expectation is a 

high resolution contaminant profile in close proximity to the DNAPL source zone would be 

indicative of the DNAPL distribution (Fig. 4-1c). A high resolution rock core contaminant 
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profile was collected as part of a previous study (Austin, 2005) from the MP-7 location just 85 m 

downgradient from the DNAPL source area (Fig. 4-2b). The rock core contaminant profiles are 

derived from depth discrete sampling and analysis of continuous rock cores for contaminant 

mass transferred from the high hydraulic conductivity fractures into the low hydraulic 

conductivity rock matrix by diffusion. These vertical profiles serve as time weighted finger prints 

of flow and contaminant migration pathways. Therefore, the MP-7 rock core contaminant profile 

is used as a more highly resolved indicator of the DNAPL distribution in the source zone.  

The rock core samples collected from the MP-7 location were analyzed for 35 different 

volatile organic contaminants (VOCs). The 1,1,1-Trichloroethane (1,1,1-TCA) rock core 

contaminant profile is shown here because 1,1,1-TCA is a parent compound traceable from the 

source zone to the plume front and the patterns observed in the 1,1,1-TCA profiles are consistent 

with the profiles for the other detectable contaminants (Austin, 2005).  

A peak in the 1,1,1-TCA contaminant profile at MP-7 is observed near the HGU8/shallow 

rock contact (Fig. 4-11). Although HGU9 is not present at this location, the elevation of the top 

of HGU8 is consistent with the elevation of the HGU8/HGU9 contact elsewhere onsite. The peak 

concentration in the Tunnel City Group reflects preferential accumulation of DNAPL near the 

HGU8/HGU9 contact (green dashed line; Fig. 4-11) which is consistent with the interpretation of 

this surface as an exceptionally high Kh flow pathway indicated by other datasets (green line, 

Fig. 4-9). The 1,1,1-TCA profile collected from MP-7 also shows very high quantifiable mass 

throughout HGU8 (Fig. 4-11) supporting preferential accumulation of DNAPL in this interval as 

indicated by the DNAPL pumping (Fig. 4-10). Preferential accumulation of DNAPL in HGU8 is 

consistent with high Kh laterally extensive bedding parallel fractures thought to be associated 

with the same unit. The rock core VOC profile becomes spikey (i.e., changing from quantifiable 

to non-detect over short distances) at ~ 216 m AMSL and then drops dramatically to non-detect 

with several isolated detections deeper in the profile (Fig. 4-11). This dramatic shift in 

contaminant mass corresponds to the HGU7/HGU8 contact and the suspected maximum depth of 

the mobile DNAPL (black dashed line; Fig. 4-11) as indicated by the DNAPL pumping (Fig. 

4-10). The isolated detections deeper in the profile (below 213 m AMSL; Fig. 4-11) may be the 

result of isolated instances of deeper DNAPL penetration in the source area either by natural 

means or downward mobilization of DNAPL in boreholes during previous site investigations.  
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4.4.2.2 Plume Rock Core Contaminant Profiles 

Detailed rock core VOC sampling and analysis of continuous cores at the MP-19S/D, MP-

21S/D, and MP-18 locations was used to quantitatively characterize the vertical distribution of 

contaminants at several additional positions in the plume and flow system (Fig. 4-2b). As with 

MP-7, these rock core samples were analyzed for numerous volatile organic contaminants and 

1,1,1-TCA is shown here because it is a parent compound detectable from the source zone to the 

plume front. The patterns observed in the 1,1,1-TCA profiles are consistent with the profiles for 

the other detectable contaminants (APPENDIX E).   

The MP-19S/D location is about 670 m downgradient of the DNAPL source zone. Overall, 

there is a broad high in detectable contaminant mass in HGU8 and HGU9. High concentrations 

in HGU8 are consistent with the preferential accumulation of DNAPL in this unit suggested by 

the vertical DNAPL distribution (Fig. 4-10) and MP-7 rock core contaminant profile (Fig. 4-11). 

However, concentrations are also high in HGU9 suggesting significant accumulation in the 

uppermost Tunnel City Group (not represented in the MP-7 rock core contaminant profile) as 

well. The peak concentration within this broad high occurs at 222.5 m AMSL, at the contact 

between HGU8 and HGU9 (green dashed line; Fig. 4-11). This clear peak in concentration well 

downgradient is strong support for the inferred high Kh flow feature with preferential DNAPL 

accumulation associated with the HGU8/9 contact (Fig. 4-9).  

Contaminant concentrations drop to non-detect below HGU8 with the exception of several 

isolated detections in the deeper rock unit (black dashed line; Fig. 4-11). This dramatic decline in 

concentrations is consistent with the suspected maximum depth of DNAPL and hydraulic 

contrasts between HGU7 and HGU8. The detections observed between 199 and 197 m AMSL 

are at similar elevations to the isolated detections observed at the MP-7 location (Fig. 4-11). This 

may indicate dissolved phase transport of contaminants from isolated deeper instances of 

DNAPL in the source area to the MP-19S/D location.  

The MP-21S/D location is 1,576 m downgradient of the source zone and is also located 

downgradient of a pump and treat system composed of several pumping wells that started 

operating in 2004 (square symbols in Fig. 4-2). This pump and treat system is currently 

composed of 3 pumping wells that are collectively screened across the depth interval between 

228 and 214 m AMSL (i.e., across HGU9, HGU8, and uppermost HGU7). The rock core VOC 

distribution at the MP-21S/D location is dominated by non-detects with two sharp peaks of 
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quantifiable mass and a number of uncertain detections identified by quality assurance/control 

procedures (Fig. 4-11). The larger of the two peak 1,1,1-TCA values, 0.3 g/g wet rock, occurs 

at 220.5 m AMSL, just below the HGU8/HGU9 contact (green dashed line; Fig. 4-11). The 

smaller 1,1,1-TCA peak, 0.08 g/g wet rock, occurs at 224 m AMSL near the top of HGU9. A 

cluster of uncertain detections occurs in HGU9 between the two peak 1,1,1-TCA concentrations 

and in the lower portion of HGU8 (Fig. 4-11).  

These rock core VOC samples were collected in 2008, four years after the on-site pump and 

treat system began operating. The cluster of uncertain detections in HGU8 and HGU9 and near 

the HGU8/9 contact may indicate flushing of these zones with clean water and back diffusion 

from the matrix into the fracture water resulting in lower concentrations in the rock matrix in 

these areas. A larger number of non-detect concentrations were observed in HGU8 than HGU9 

(Fig. 4-11) which is consistent with laterally extensive bedding parallel fractures that would 

experience preferential flushing with clean water once the pump and treat system was started. 

The peak in concentration just below the HGU8/HGU9 contact (green dashed line; Fig. 4-11) 

may be the result of exceptionally high rock matrix contaminant concentrations or lack of clean 

water flushing through this interval. High and sustained concentrations near the HGU8/HGU9 

contact would be consistent with this surface as a high Kh flow feature where DNAPL 

preferentially accumulated.  

Concentrations below HGU8 are generally non-detect (black dashed line; Fig. 4-11) which is 

consistent with the maximum depth of DNAPL penetration and hydraulic contrast between 

HGU7 and HGU8. There were also detections of 1,1,1-TCA between about 215-212 m AMSL, 

in HGU7 (Fig. 4-11). These detections appear to correspond with the ‘spikey’ quantifiable rock 

core 1,1,1-TCA detections at similar elevations at the MP-7 location, but only one detection was 

observed at a similar elevation at the MP-19S/D location (Fig. 4-11). Several additional 

uncertain detections of 1,1,1-TCA occur between 198-194 m AMSL at the MP-21S/D location 

(Fig. 4-11). These detects correspond roughly to the isolated detections observed in HGU5 at 

both the MP-19S/D and MP-7 locations.  

The final location, MP-18, is ~ 3,523 m downgradient from the source area and characterized 

by a 1,1,1-TCA rock core VOC profile of non-detect values (Fig. 4-11).  Although 1,1,1-TCA 

was non-detect throughout the profile, there were several instances of detectable, non-

quantifiable Trichloroethene at concentrations just above the detection limit (8 x 10
-5

 g/g wet 
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rock) (APPENDIX E). The detections of Trichloroethene were primarily associated with the 

HGU8/HGU9 contact and HGU8 (APPENDIX E). The non-detect nature of the 1,1,1-TCA 

combined with the very small detections of TCE suggest that the plume front may have arrived at 

the MP-18 location, but concentrations were minor and not sustained leading to very little mass 

in the matrix. The position of the detections near the HGU8/9 contact and within HGU8 over 3 

km downgradient of the source area provides further support for accumulation of DNAPL in 

these positions and the high Kh nature of the HGU8/9 surface and high Kh associated with 

bedding parallel fractures in HGU8.  

The Readstown and Tonti Members of the St. Peter Formation at the MP-7 location are 

associated with large and consistent quantifiable contaminant concentrations in the rock matrix. 

However, the shallow rock units, the St. Lawrence Formation and Prairie du Chien Group 

dolostones, at the MP-19S/D and MP-21S/D locations are largely non-detect. Groundwater 

contaminant data collected from the shallow bedrock using high resolution multilevel systems at 

these two locations shows contamination only 1 to 2 orders of magnitude less than the 

groundwater contamination from monitoring intervals in HGU9 and HGU8 (Fig. 4-12). Poor 

lateral continuity of the geologic units due to multiple unconformities in the shallow bedrock and 

slightly elevated rock core VOC detection limits for the samples taken from the St. Lawrence 

and Prairie du Chien Group dolostones at the MP-19S/D and MP-21S/D locations likely 

contribute to the discrepancy in shallow rock contaminant distribution between MP-7, MP-

19S/D, and MP-21S/D.  

4.4.2.3 Groundwater 

Although the high resolution contaminant profiles collected from the MLSs are not 

completely independent of the vertical gradients on which the HGU conceptual model was 

based, they are consistent with the rock core contaminant profiles providing additional support 

for the HGU conceptual model. 1,1,1-TCA is again used as a representative contaminant profile 

and the profiles of other detectable contaminants are provided in APPENDIX E.  

At the MP-19S/D location (670 m downgradient of the source) the peak 1,1,1-TCA 

concentration of 3,800 g/L occurs near the HGU8/HGU9 contact at 222 m AMSL (green 

dashed line; Fig. 4-12). The peak concentration is about four times greater than the next highest 

concentration, 980 g/L, in HGU9 at about 224 m AMSL. This factor of four change in 
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concentration over a 0.91 m long packer is not captured in the concentrations for two longer 

screened conventional monitoring wells, P-71 and P-115, located about 53 and 109 m cross-

gradient from the MP-19S/D location respectively (Fig. 4-12). Both P-71 and P-115 were 

sampled on the same day as the MP-19S/D multilevel system and showed 1,1,1-TCA 

concentrations of 106 g/L and 270 g/L respectively. These concentrations are 36 and 14 times 

less than the peak concentration measured in the MLS, most likely due to blending.  

Concentrations taper off away from the HGU8/HGU9 contact in both HGU8 and HGU9 at 

MP-19S/D (Fig. 4-12). However, concentrations drop over four orders of magnitude across the 

0.91 m long packer seal positioned at ~ 218.5 m AMSL just above the HGU7/HGU8 contact 

(black dashed line; Fig. 4-12) reflective of the maximum depth of DNAPL and hydraulic contrast 

between these two units.  

The MP-21S/D location is 1,576 m downgradient of the source zone and is also located 

downgradient of a pump and treat system. At MP-21S/D, the peak 1,1,1-TCA concentration of 

1,500 g/L occurs high in HGU9 at approximately 224 m AMSL (Fig. 4-12). This is a 50% 

decline in 1,1,1-TCA concentration from MP-19S/D to MP-21S/D. The shift in peak 

concentrations is likely the result of the pump and treat system with HGU8 and the contact 

between HGU8 and HGU9 preferentially flushing with clean water and lowering concentrations 

in the fracture groundwater sampled by the MLS. In HGU8, 1,1,1-TCA drops from 140 g/L to 

non-detect in the lowermost portion of HGU8. Similar to the MP-19S/D location, all monitoring 

intervals below HGU8 were non-detect for 1,1,1-TCA (dashed black line; Fig. 4-12). 

Comparison of the nearby conventional well, P-132 (Fig. 4-2b), 1,1,1-TCA concentration to the 

MLS peak concentration also shows lower concentrations in the longer screened conventional 

well (Fig. 4-12).  

The MP-18 MLS is located ~ 3,523 m downgradient from the source area and shows non-

detect 1,1,1-TCA concentrations throughout the Tunnel City Group (Fig. 4-12). The monitoring 

intervals above and below the Tunnel City Group were not sampled at the MP-18 MLS. All other 

contaminants analyzed for were also non-detect at the MP-18 MLS location (APPENDIX E).    

4.4.2.4 Reflection of Key HGU Attributes in Contaminant Distribution 

Comparison of the contaminant distribution and the Tunnel City Group HGU conceptual 

model could not be used as an independent check of the attributes of HGU6 because generally 
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the contaminants did not reach to those depths. However, key attributes of HGU8 and HGU9, the 

vertical hydraulic contrast between HGU7 and HGU8, and the HGU8/HGU9 contact were 

reflected in the contaminant phase and mass distributions. The pumpable DNAPL distribution 

and peaks in the rock core and groundwater contaminant profiles from the source zone to the 

plume front support the conceptualization of the HGU8/HGU9 contact as a laterally extensive 

high Kh flow pathway where DNAPL preferentially accumulated (Fig. 4-9). The reflection of the 

unique attributes of the HGU8/HGU9 contact in the contaminant distribution data also provides 

additional support for the hydraulic distinction between HGU8 and HGU9. Mobile DNAPL in 

the source zone and high concentrations in the rock core and groundwater throughout HGU8 at 

the MP-7 and MP-19S/D locations and small detections at the MP-18 location indicate 

preferential DNAPL accumulation in HGU8 which is consistent with high anisotropy due to 

laterally extensive bedding parallel fractures with high Kh and relatively low Kv associated with a 

low high angle fracture intensity (Fig. 4-9). The large shift from high quantifiable concentrations 

to non-detect concentrations in both the rock core and groundwater contaminant profiles across 

the length of the plume reflect the maximum depth of the DNAPL, the hydraulic contrast 

between HGU7 and HGU8, and predominance of lateral flow with in HGU8 (Fig. 4-9).  

4.5 Discussion 

4.5.1 Anisotropy in the Tunnel City Group 

Hydrogeologic unit delineation for the Tunnel City Group at the field site, in Dane County, 

and in the Cambrian/Ordovician aquifer system in general has been evolving (Fig. 4-3). At a 

field site located about 14 km southwest of the study area described here, Swanson et al. (2006) 

represented the Tunnel City Group with a 6 m isotropic high hydraulic conductivity unit at the 

top and an isotropic, more moderate hydraulic conductivity unit at the bottom (Fig. 4-3). Their 

representation was based primarily on observations of discrete high Kh zones in flow meter logs 

and straddle packer hydraulic conductivity tests and on the occurrence and steady flow rate of 

springs (Swanson and Bahr, 2004) emanating from the upper Tunnel City Group.  

Near Minneapolis, Minnesota, Runkel et al. (2006) represented the Tunnel City Group with 

an upper very anisotropic, high Kh unit and a lower anisotropic confining unit with more 

moderate Kh (Fig. 4-3). This representation was based on comprehensive stratigraphic 

characterization, numerous measurements of matrix properties (i.e., porosity and hydraulic 
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conductivity, extensive observations of fracture features in outcrops and boreholes, and hydraulic 

data derived from flow meter logs and straddle packer hydraulic conductivity tests.  

Similarly, previous delineations of the Tunnel City Group at the field site described here 

included two hydrogeologic units, with the upper Tunnel City group conceptualized as high Kh 

(HSI GeoTrans, 1998; Austin, 2005; Meyer, 2005) (Fig. 4-3). Meyer et al. (2008) used a 

preliminary high resolution hydraulic head profile to further modify the site specific HGU 

delineation of the Tunnel City Group to include three units with the middle unit, roughly 

corresponding to HGU8 here, conceptualized as the high Kh unit (Fig. 4-3).  

Most recently, four HGUs (HGU6, HGU7, HGU8, and HGU9 – from the bottom up) were 

delineated for the Tunnel City Group using a new and innovative approach in an associated study 

(Chapter 2). The position, thickness, and lateral extent of the HGUs were delineated based on 

observations of laterally extensive contrasts in Kv derived from a robust 3D distribution of 

vertical gradients and the associated sequence stratigraphic units. In addition, two of the HGUs, 

HGU6 and HGU8 were shown to be associated with regionally extensive maximum flooding 

intervals (Chapter 3).  

This study extends the previous study (Chapter 3) by describing the lithologic, geophysical, 

fracture intensity, and hydraulic characteristics of each hydraulic measurement based HGU using 

detailed field data sets. The HGU conceptual model is then tested by comparison to the 

contaminant phase and mass distribution. This represents a novel and independent way to test the 

HGU conceptual model. The results from this study revise and advance the conceptual model for 

hydrogeologic units in the Tunnel City Group sandstone in several ways: (1) the relative 

anisotropy of each hydrogeologic unit is described, (2) HGU8 and HGU6 are shown to be 

associated with regionally extensive maximum flooding intervals which both likely include 

laterally extensive bedding parallel fractures (3) the geologic and hydraulic similarities suggest 

both HGU8 and HGU6 are high Kh units, and (4) the contact between HGU8 and HGU9 is 

proposed as a potential high Kh flow and contaminant migration pathway.  

The laterally extensive zones of vertical gradient identified in the Tunnel City Group 

(Chapter 3) provide robust hydraulic support for the delineation of four HGUs in the Tunnel City 

Group at the study area. The integration of the vertical gradient data indicative of Kv 

characteristics and the detailed borehole Kh data indicate strong anisotropy in HGU6 and HGU8, 

moderate anisotropy in HGU9, and more isotropic conditions in HGU7.  
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The close association between HGU8 and HGU6 with regionally extensive maximum 

flooding intervals described here suggests the potential for the hydrogeologic unit conceptual 

model developed for the study area to be applicable over a much broader area. Similar 

observations were made by Runkel et al. (2006), but were not explicitly tied to sequence 

stratigraphic units. In addition, the upper Tunnel City Group in southern Wisconsin, roughly 

including HGU9 and HGU8, has been conceptualized as a high Kh unit. However, the multiple 

and independent lines of evidence from this study provide strong support for a distinction 

between HGU9 and HGU8. Furthermore, the association of both HGU8 and HGU6 with 

maximum flooding intervals and similar anisotropic characteristics suggest a second, deeper high 

Kh HGU in the Tunnel City Group in this area. 

Additionally, previous studies have focused on the delineation of HGUs within the Tunnel 

City Group and have not commented on the potential for the contacts between units to have 

unique hydrogeological attributes. Kh data, flow meter logs, fracture observations, and 

preferential accumulation of DNAPL indicated by high resolution rock core contaminant profiles 

show the contact between HGU8 and HGU9 is an important high Kh flow and contaminant 

migration pathway. The association of this surface with the top of the HGU8 maximum flooding 

intervals suggests it may be important in a flow system and contaminant transport context not 

just at the study area, but over much larger distances and at other contaminated sites.   

4.5.2 Contaminants as Tracers of the Physical Flow System 

The unique characteristics of chlorinated solvents as DNAPL make them particularly well 

suited to identifying subtle contrasts in the subsurface which has been shown by a number of 

laboratory, field, and numerical modeling studies (e.g., Anderson et al., 1982; Schwille, 1988; 

Anderson et al., 1992; Kueper et al., 1993; Brewster et al., 1995; Guilbeault et al., 2005). 

Guilbeault et al. (2005) showed that peak dissolved phase concentrations in high resolution 

vertical profiles could be used to infer the position of preferential accumulation of DNAPL phase 

related to subtle hydraulic contrasts in a sandy aquifer. The research presented here provides a 

plume scale demonstration of this technique in a fractured sedimentary rock aquifer system to 

provide an independent check of a hydrogeologic unit conceptual model based on contrasts 

related to subtle changes in fracture network characteristics.  

Key attributes of the hydrogeologic unit conceptual model including HGU boundaries, 

positions, anisotropy, and fracture network/connectivity characteristics, were strongly reflected 
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in the contaminant distribution providing independent verification of the conceptual model. 

However, the method was limited to HGU9, HGU8, and to some degree HGU7 because the 

contamination generally did not reach beyond these units. Several important insights/revisions to 

the conceptual model are derived from using the contaminant phase and mass distribution to test 

the hydrogeologic unit conceptual model.  

First, the high Kh flow pathway at the HGU8/HGU9 contact is shown to be an exceptionally 

important contaminant migration pathway strongly influencing contaminant distribution at the 

site in both the DNAPL source and plume. The high resolution rock core contaminant 

concentration profiles provided key support for this feature given its small vertical thickness. 

Lawrence et al. (2006) sampled in a similar fashion for chlorinated hydrocarbons in the Permo-

Triassic sandstone in the United Kingdom and also found that sample spacing on the order of the 

heterogeneities that control flow and contaminant migration was required to better understand 

the hydrogeological system. 

Second, others have provided geologic and hydraulic evidence for laterally extensive bedding 

parallel fractures in the upper Tunnel City Group (Swanson et al., 2006; Runkel et al., 2006; 

Meyer et al., 2008). This research provides an additional and novel line of evidence, 

accumulation of DNAPL, for these features and more precisely locates their stratigraphic 

position as related to the upper maximum flooding interval in the Tunnel City Group sandstone 

(Runkel et al., 2007). The source zone DNAPL distribution and high resolution rock core and 

MLS groundwater contaminant profiles all indicate accumulation of DNAPL in HGU8. 

However, the data from this study indicate strong anisotropy for HGU8 with few high angle 

fractures causing low Kv and a very high Kh associated with a moderate to low bedding parallel 

fracture intensity. Given the small high angle fracture intensity, these fractures likely do not 

provide sufficient volume for the estimated volume of DNAPL in the subsurface (approximately 

72,000 L). In addition, the non-wetting nature of the DNAPL in this system (Austin, 2005) 

suggests penetration of the rock matrix by the DNAPL phase is unlikely. Rather, accumulation of 

DNAPL most likely occurred in laterally extensive, large aperture bedding parallel fractures 

associated with the high Kh measured for the unit and providing the large storage volume for 

DNAPL that has persisted for over four decades.  

Finally, the fracture results derived from continuous cores and image logs (i.e., acoustic and 

optical televiewer) show an increase in the vertical fracture intensity from HGU8 to HGU7 and 
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the non-detect nature of the vertical gradients that characterize HGU7 support a well-connected 

3D fracture network within the unit. If the fracture networks between HGU7 and HGU8 are well 

connected it is expected DNAPL would have continued to migrate into the more fractured, 

higher bulk Kv HGU7. However, the high resolution contaminant profiles show sharp declines in 

concentrations near the HGU7/HGU8 contact from the source area to the plume front. The sheer 

volume of DNAPL present suggests this is likely caused by the combination of lateral spreading 

in HGU8 and the poor hydraulic connectivity between the vertical fractures in HGU7 and 

HGU8. Restriction of vertical groundwater flow due to poor vertical fracture connectivity has 

been proposed previously (Underwood et al., 2003; Cooke et al., 2006) as has the concept of 

poor vertical fracture connectivity limiting downward DNAPL migration (e.g., Feenstra et al., 

1996). This research provides field evidence for both concepts.  

4.5.3 Importance of High Resolution Characterization in Hydrogeologic Unit Conceptual 

Modeling 

The properties and variability of fracture networks (orientation, intensity, apertures, lengths) 

determines the hydraulic characteristics of HGUs and connectivity between HGUs in fractured 

rock flow systems. Contaminants, particularly chlorinated solvent DNAPLs, are extremely 

sensitive to small scale variability related to changes in fracture network properties and diffusive 

mass transfer from these fractures into the rock matrix. The scale of variability related to subtle 

changes in fracture network properties is much, much smaller than conventional methods can 

address. Therefore, higher resolution tools and data sets (e.g., rock core contaminant profiles and 

high resolution MLSs) have been used in this study to characterize the small scale variability 

related to changes in fracture network properties and demonstrate the importance of this scale of 

characterization to improving the site conceptual model for the fractured Tunnel City Group 

sandstone at a DNAPL site in southern Wisconsin.     

The four HGUs delineated for the Tunnel City Group are most clearly defined by the high 

resolution vertical gradient profiles. Furthermore, the hydrogeologic units defined using the high 

resolution data sets have also been shown to be strongly associated with the sequence 

stratigraphy rather than with the lithostratigraphy. Other studies have shown a poor association 

between hydrogeologic (or hydrostratigraphic) units in fractured sedimentary rocks and 

lithostratigraphy (e.g., (Runkel et al., 2006; Tipping et al., 2006) and Chapter 2 and Chapter 3 of 
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this thesis). These correlations were made evident due to the high spatial resolution of the 

hydraulic head and other data sets.  

The conventional well monitoring network at the study area is extensive and was based 

primarily on lithostratigraphic characterization and the observation of mobile DNAPL in the 

upper Tunnel City Group sandstones. Consequently, many of these monitoring wells cross-

connect two distinct HGUs in the Tunnel City Group, HGU9 and HGU8 and the important flow 

and migration pathway coincident with the contact between these two units. Contaminant 

concentrations, hydraulic heads, and hydraulic conductivities derived from monitoring wells 

cross-connecting HGU8 and HGU9 are blended. This blending makes it difficult or impossible to 

recognize and then characterize the two distinct HGUs and may also result in redistribution of 

contaminant mass in the system (Sterling et al., 2005). Blending was demonstrated quantitatively 

at the MP-19D/S and MP-21S and locations where blending decreased concentrations between a 

factor of 36 and 3 respectively. Blending with respect to hydraulic head and hydraulic 

conductivities is also expected to be substantial due to the divergence in vertical gradient 

between HGU9 and HGU8, the more anisotropic nature of HGU8, and the high Kh flow and 

contaminant migration pathway between the two units. The reliance on lithostratigraphy to guide 

hydrogeologic unit conceptual models and subsequent monitoring well designs is common in 

standard practice. The blending that is likely to occur in these monitoring wells results in 

inaccurate parameters that are then used to build and calibrate numerical models used to 

represent groundwater flow and predict contaminant transport. These consequences will be the 

focus of ongoing work.  

The results of this study also demonstrate that in fractured porous rock, where diffusion of 

contaminants from the fractures into the rock matrix is an important process, depth discrete and 

detailed sampling and analysis of continuous rock cores provides the highest resolution 

characterization of the contaminant distribution. The rock core contaminant profiles essentially 

represent the time weighted fingerprints of variable flow and contaminant migration pathways 

and avoid the blending that occurs when fractures with distinctly different concentrations are 

included in the open interval of a monitoring well. This scale of characterization is critical 

because, as was shown here, contaminant concentrations may change by orders of magnitude 

over very short spatial distances and cross-connection causes contaminant redistribution and 

provides misleading information on site flow conditions (Sterling et al., 2005).  
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4.6 Conclusions 

This study showed how high resolution data sets of hydraulic properties, geologic features, 

and contaminant concentration distribution allow for improved conceptualization of a fractured 

sedimentary rock contaminated site. Furthermore, this study demonstrated the use of 

contaminants as tracers of preferential flow features to verify the hydrogeologic unit conceptual 

model. These contaminant profiles can also provide additional insight relevant to the transport 

and fate processes by clearly differentiating the hydrogeologic variability. The focus of this 

investigation was on the Cambrian Tunnel City Group fractured sandstone. This sandstone has 

been represented in conceptual and numerical hydrogeological models in numerous ways, which 

to date had failed to explain the observed contaminant distributions in the subsurface. An 

associated study delineated hydrogeologic units in this bedrock succession based on laterally 

extensive contrasts in Kv indicated by vertical gradients and associated with sequence 

stratigraphic units.  

In this paper, the geological, geophysical, and hydraulic data sets were presented to more 

specifically characterize the HGUs associated with the Tunnel City Group sandstone where the 

bulk of the contaminants on site reside. The results from this study revise and advance the 

conceptual model for hydrogeologic units in the Tunnel City Group sandstone in several ways: 

(1) the relative anisotropy of each hydrogeologic unit is described, (2) HGU8 and HGU6 are 

shown to be associated with regionally extensive maximum flooding intervals which both likely 

include laterally extensive bedding parallel fractures (3) the geologic and hydraulic similarities 

suggest both HGU8 and HGU6 are high Kh units, and (4) the contact between HGU8 and HGU9 

is proposed as a potential high Kh flow and contaminant migration pathway.  

The key attributes of the hydrogeologic unit conceptual model were strongly reflected in the 

high resolution contaminant distribution providing independent verification of the conceptual 

model and a field scale demonstration of the use of contaminants as tracers of the physical flow 

system. In addition, the high resolution rock core and MLS groundwater contaminant profiles 

provided additional insight regarding the important flow and contaminant transport pathway 

coincident with the HGU8/HGU9 contact and novel support for the existence of laterally 

extensive bedding parallel fractures in HGU8. These discrete features strongly influence flow 

and contaminant transport at the site. Their position and character were defined by rock core 

contaminant profiles which take advantage of the time integrated nature of the contaminant mass 
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in the matrix without smearing or blending which results in excellent detection and spatial 

resolution of these contaminants. The revised and tested hydrogeologic unit conceptual model 

for the Tunnel City Group presented here provides an improved basis for numerical models of 

groundwater flow and contaminant transport needed for site management and effective 

evaluation of remedial technologies for these complex systems.  

 

  



 

141 

 

4.7 Tables and Figures 

 

Table 4-1. Average bulk Kh, matrix Kv, and matrix porosity for the Tunnel City Group 

HGUs 

 Average
1
 

HGU 
Bulk Kh 

(m/s) 

Matrix Kv 

(m/s) 

Matrix Porosity 

(%) 

9 2.6 x 10
-6

 (8) 3.2 x 10
-10

 (4) 12 (4) 

8 2.1 x 10
-5

 (14) 1.4 x 10
-8

 (7) 17 (8) 

7 2.7 x 10 
-6

 (36) 6.6 x 10
-7

 (8) 18 (9) 

6 1.0 x 10 
-5

 (6) 2.8 x 10
-7

 (2) 19 (3) 

1
 number in parentheses indicates the total number of measurements included in the average 
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Fig. 4-1. Schematic showing conceptual basis for using DNAPL contaminants and 

associated dissolved phase plumes as tracers of the physical flow system. 

(a) The distribution of DNAPL in fractured media is controlled largely by the fracture 

orientations, apertures, and connectivity during the early time condition (modified from Feenstra 

et al. (1996), Fig. 2.6c). (b) Over time, the DNAPL dissolves into the fracture groundwater and 

diffuses (b - inset) into the rock matrix (Parker et al., 1994). Advection and dispersion transport 

the dissolved phase contaminants downgradient where they continue to diffuse into the rock 

matrix. (c) Peaks in high resolution contaminant profiles provide indications of intervals where 

DNAPL has preferentially accumulated (after Guilbeault et al. (2005), Fig. 1). (d) Depth discrete 

and detailed (high resolution) rock core contaminant profiles identify important flow and 

contaminant migration pathways (modified from Parker et al. (2012), Fig. 3). Given that 

accumulations of DNAPL and subsequent high concentrations in the dissolved phase plume are 

largely dependent on fracture network characteristics and connectivity these profiles can be used 

as an independent check of hydrogeologic unit conceptual models.  
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Fig. 4-2. (a) Location of site in Dane County, Wisconsin, (b) layout of the site including 

the location of the DNAPL source area, Tunnel City Group dissolved phase plume, and high 

resolution MLSs, and (c) site lithostratigraphic column. 
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Fig. 4-3. Summary of site specific lithostratigraphic delineation and selected hydrogeologic 

delineations of the Tunnel City Group in Dane County. 
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Fig. 4-4. Detailed lithology logs and vertical gradients for the Tunnel City Group.  

Examples of the grain size and ichnofabric index logs from MP-6, MP-19S/D, and MP-18 show 

some of the key attributes associated with the maximum flooding intervals, poorly stratified, 

very fine-fine grained sandstone (see Fig. 4-2 b for locations). Both HGUs associated with 

maximum flooding intervals, HGU8 and HGU6, include consistent vertical gradients, as does 

HGU9. HGU7 is associated with non-detect vertical gradients and is slightly coarser grained and 

is not as poorly stratified as the maximum flooding intervals. Note, only the sequence 

stratigraphic units associated with HGUs are shown. 
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Fig. 4-5. Natural gamma, resistivity, and neutron logs with the vertical gradients for the 

Tunnel City Group.  

Examples from MP-6, MP-16, and MP-18 show that both HGUs associated with maximum 

flooding intervals, HGU8 and HGU6, include high natural gamma, lower formation resistivity, 

and lower neutron responses than the intervening strata (see Fig. 4-2b for locations). HGU9 and 

HGU7 are associated with low natural gamma, high resistivity, and higher neutron responses. 

Note, only the sequence stratigraphic units associated with HGUs are shown.  
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Fig. 4-6. Fracture intensity for the HGUs of the Tunnel City Group.  

Examples from MP-16, MP-19S/D, and MP-18 show that the HGUs associated with consistent 

vertical gradients, HGU9, HGU8, and HGU6 typically have lower high angle linear fracture 

intensities (P10>30) than the adjacent HGUs (see Fig. 4-2b for locations). Note, only the sequence 

stratigraphic units associated with HGUs are shown.  
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Fig. 4-7. Horizontal hydraulic conductivity compared to the vertical gradients for the 

HGUs of the Tunnel City Group.  

The example profiles from MP-6, MP-16, MP-17 and MP-18 (see Fig. 4-2b for locations) show 

that Kh values are generally moderate to high throughout the Tunnel City Group and do not 

provide a clear indication of distinct HGUs. Comparison of the Kh values and vertical gradients 

suggests HGU6 and HGU8 have relatively high anisotropy while HGU7 is relatively isotropic. 

The contact between HGU8 and HGU9 also corresponds with a very high Kh measured in the 

MP-6 and MP-17 boreholes. Note, only the sequence stratigraphic units associated with HGUs 

are shown.  
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Fig. 4-8. Open borehole flowmeter logs and vertical gradients for the Tunnel City Group. 

The open borehole flow meter logs indicate a horizontally conductive feature at the 

HGU8/HGU9 contact in the MP-6 and MP-17 boreholes (see Fig. 4-2b for locations). The flow 

meter log in the MP-17 borehole shows that open hole flow is upward above the HGU8/HGU9 

contact and downward below it, which is consistent with the pattern of vertical gradients 

observed in the MLSs. Note, only the sequence stratigraphic units associated with HGUs are 

shown.  
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Fig. 4-9. Hydrogeologic unit conceptual model for the Tunnel City Group sandstone. 

HGU8 and HGU6 are associated with maximum flooding intervals that include laterally 

extensive, high Kh bedding parallel fractures, few vertical fractures, and are relatively 

anisotropic. HGU7 includes a well-connected fracture network that results in relatively high, 

more isotropic hydraulic conductivity. HGU9 is similar to HGU7 but with fewer vertical 

fractures resulting in lower bulk vertical hydraulic conductivity. The contact between HGU8 and 

HGU9 is laterally extensive and highly hydraulically conductive. DNAPL likely accumulated 

preferentially along this surface resulting in the pattern of peak concentrations associated with 

this surface. DNAPL migrated downward through HGU8 but, for the most part, did not extend 

beyond the HGU7/HGU8 contact due to lateral spreading in HGU8 and poor connectivity of the 

fracture networks between the two units. Core photos show that lithologic differences between 

units are subtle.  
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Fig. 4-10. Location of wells with mobile DNAPL and vertical distribution of mobile 

DNAPL.  

The map shown in part a) provides the location of the boreholes with mobile DNAPL. The figure 

in part b) shows the vertical distribution of mobile DNAPL. The approximate elevations of the 

HGU7/HGU8 and HGU8/HGU9 contacts (dashed lines) are shown in part (b). The maximum 

depth of the DNAPL corresponds to an elevation of ~ 216 m AMSL (HGU7/HGU8 contact) and 

the highest percentages of mobile DNAPL correspond to an elevation of ~ 222 m AMSL 

(HGU8/HGU9 contact).  
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Fig. 4-11. Rock core 1,1,1-TCA profiles from just downgradient of the source zone (MP-7) 

to the plume front (MP-18).  

The rock core profiles at all locations show a drop from quantifiable to non-detect contaminant 

mass between HGU8 and HGU7 (see Fig. 4-2b for locations). The HGU8/HGU9 contact and 

HGU7/HGU8 contacts are both strongly reflected in the rock core contaminant profiles. Peak 

concentrations associated with the HGU8/HGU9 contact and HGU8 suggest areas of preferential 

DNAPL accumulation. The rock core profile from MP-7 was collected in 2003 (Austin, 2005), 

MP-19S/D and MP-21S/D in 2008, and MP-18 in 2007. Note, only the sequence stratigraphic 

units associated with HGUs are shown. 
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Fig. 4-12. 2009 Groundwater MLS 1,1,1-TCA profiles from a mid-plume location (MP-

19S/D) to a plume front location (MP-18).  

The profiles at the MP-19S/D and MP-21S/D locations show a sharp decline in concentrations 

toward the bottom of HGU8 and concentrations are non-detect throughout HGU7 and deeper (for 

locations see Fig. 4-2b). The peak in the contaminant profile at MP-19S/D provides support for 

the HGU8/HGU9 contact as an important flow and contaminant migration pathway. 

Concentrations from nearby conventional monitoring wells are lower than the peak 

concentrations in the MLSs, which is likely due to blending. Note, only the sequence 

stratigraphic units associated with HGUs are shown. 
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Chapter 5  
Conclusions 

5.1 Summary of Principle Findings 

The overall objective of this research was development of an improved and hydraulic 

measurement based approach for hydrogeologic unit (HGU) delineation in layered sedimentary 

rocks. A review of the literature and the overall objective generated two primary hypotheses. (1) 

High resolution hydraulic head profiles will identify the position and thickness of contrasting 

bulk vertical hydraulic conductivities (KV). (2) Intervals of distinct KV will be laterally 

correlatable at a plume scale (typically 10 km
2
) in layered fractured sedimentary rocks (i.e., 

distinct hydrogeologic units). In order to test these hypotheses and address the overall objective, 

the research presented in this thesis included three primary goals. (1) Develop a consistent 

approach for collection and analysis of high resolution hydraulic head profiles and evaluate their 

repeatability and characteristics at three fractured sedimentary rock field sites (i.e., Wisconsin, 

California, Ontario) with contrasting geologic and flow system conditions. (2) Apply the high 

resolution head/vertical gradient profile method to many locations at a contaminated site in 

Wisconsin to delineate three-dimensional HGUs at the plume scale. (3) Test the vertical gradient 

profile based HGU delineation by comparing it to the contaminant phase and mass distributions 

at the Wisconsin site. 

5.1.1 Development of the High Resolution Head/Vertical Gradient Approach to HGU 

Delineation 

    Chapter 2 describes a consistent approach to the collection and analysis of high resolution 

head profiles developed using data from three sedimentary rock field sites with contrasting 

geologic and flow system conditions. The key elements to the approach are: (1) high resolution 

design of MLSs, (2) consistent calculation and presentation of vertical gradients, and (3) 

temporal and spatial evaluation and classification of the vertical gradients. The approach focused 

on vertical gradient profiles because the vertical gradients visually enhance the resolution of 

small, but consistent changes in hydraulic head between adjacent monitoring zones and highlight 

sections of non-detect vertical gradient. Several key generalizations are evident from comparison 

of the classified vertical gradient profiles collected at three field sites with a variety of 

sedimentary rocks and flow system conditions. (1) High resolution head and vertical gradient 
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profiles in layered fractured sedimentary rock systems are characterized by thicker sections of 

non-detect vertical gradient separated by thinner sections of large vertical gradient. The thick 

sections of non-detect vertical gradient are likely the result of a well-connected fracture network 

with relatively large KV and the thin sections of large vertical gradient indicate the position and 

geologic interval associated with relatively low KV. (2) The high resolution head profiles are 

very reproducible in time, which is evident when the behavior of the calculated vertical gradients 

is examined. (3) Vertical gradients greater than 1 are common and vertical gradients greater than 

10 were observed. (4) Lithostratigraphy, detailed lithology, and other commonly used indirect 

indicators are not predictive of the position where large changes in vertical gradient associated 

with contrasts in KV occur. 

5.1.2 Plume Scale Application 

Chapter 3 describes plume scale application of the high resolution head profile method to a 

contaminated, actively pumped sedimentary rock aquifer system in Wisconsin. Seven vertical 

gradient profiles were compared along west-east and north-south cross-sections spanning 3.9 and 

3.7 km, respectively, to examine the three-dimensional distribution of vertical gradient. 

Additionally, transient hydraulic head data were collected from selected MLS monitoring 

intervals at six locations to evaluate flow system conditions and characterize the influence of 

municipal and pump and treat system pumping wells on the hydraulic head profiles.  

Inspection of the vertical gradients along the cross-sections reveals nine vertical gradient 

zones indicating contrasts in Kv. The contrasts in Kv were strongly associated with key sequence 

stratigraphic features (i.e., maximum flooding intervals and unconformities) interpreted 

independently from the head profile data using detailed core logs, high resolution core photos, 

and natural gamma logs from the site and within the context of the regional sequence 

stratigraphy. Typically, low Kv units were associated with maximum flooding intervals. In 

addition, a vertical gradient was associated with the sequence bounding unconformity between 

two HGUs with minimal to no vertical gradient. This suggests the difference in head between the 

two HGUs highlighted by the vertical gradient is maintained by poor connectivity between the 

fracture networks of the two units. Integration of the laterally extensive contrasts in Kv and 

sequence stratigraphic features allowed for robust delineation of eight bedrock hydrogeologic 

units and a shallow bedrock hydrogeologic unit at the plume scale. The transient head data 

showed that the head profiles were diagnostic of contrasts in Kv at several different positions in 
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the flow system and under different influences by the various pumping wells in proximity to the 

site.  

5.1.3 Verification of the Vertical Gradient Based HGU Conceptual Model 

Chapter 4 describes the hydrogeological attributes of the HGUs in the Tunnel City Group 

using high resolution geological, geophysical, and hydraulic data sets and uses the contaminant 

phase and mass distribution as an independent check of the HGU conceptual model.   

The results from this study revise and advance the conceptual model for hydrogeologic units 

in the Tunnel City Group sandstone in several ways: (1) four hydrogeologic units with 

contrasting anisotropy were delineated rather than two, (2) HGU8 and HGU6 are shown to be 

associated with regionally extensive maximum flooding intervals (3) the geologic and hydraulic 

similarities suggest both HGU8 and HGU6 are high Kh units, and (4) the contact between HGU8 

and HGU9 is proposed as a potential high Kh flow and contaminant migration pathway.  

The key attributes of the hydrogeologic unit conceptual model were strongly reflected in the 

high resolution contaminant distribution providing independent verification of the conceptual 

model and a field scale demonstration of the use of contaminants as tracers of the physical flow 

system. In addition, the high resolution rock core and MLS groundwater contaminant profiles 

provided additional insight regarding the important flow and contaminant transport pathway 

coincident with the HGU8/HGU9 contact and additional, novel support for the existence of 

laterally extensive bedding parallel fracture in HGU8.  

This study provides a field scale demonstration of the concept of using chlorinated solvent 

DNAPLs as tracers of the physical flow system. The revised and tested hydrogeologic unit 

conceptual model for the Tunnel City Group presented here provides an improved basis for 

numerical models of groundwater flow and contaminant transport needed for site management 

and effective evaluation of remedial technologies.  

5.1.4 Implications 

Insufficient site characterization and poorly supported conceptual models are two major 

hindrances to appropriate management and/or clean-up of complex contaminated groundwater 

sites, including those in fractured sedimentary rocks. The two deficiencies are intimately related 

because the development of robust site conceptual models relies on comprehensive 

characterization of the hydrogeologic framework, flow system, contaminant mass/phase 
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distribution, and the processes controlling contaminant transport and fate. The natural gradient 

tracer tests of the 1980s and 1990s quantitatively demonstrated the importance of high resolution 

characterization to prediction of contaminant behavior in porous media (Garabedian and 

LeBlanc, 1991; Cherry et al., 1996; Stauffer et al., 1997; Sudicky and Illman, 2011). However, 

the lessons learned from these tracer tests are not being implemented in fractured sedimentary 

rocks. This is partly due to expense and difficulty, but also due to the perception that high 

resolution data sets collected from fracture rock groundwater systems will be un-interpretable 

due to the complexity of the fracture networks. The research presented in this thesis 

demonstrates that high resolution data collected in the style of the porous media tracer tests is not 

so erratic that it cannot be interpreted. In fact, these high resolution data sets provide critical 

insight into the nature of flow systems in fractured sedimentary rock. For example, this research 

showed that contrasts in Kv are not predictable based on lithostratigraphy alone and that intervals 

of low Kv, typically conceptualized as aquitards, are thin and may be substantially anisotropic. 

These characteristics are important to how aquitards are conceptualized in fractured sedimentary 

rock systems. In addition, calibration of numerical models is currently based primarily on 

hydraulic head data collected from long screened wells. The high resolution head profiles 

presented in this research highlight the inaccuracy of head values from long screened wells and 

the inability of long screened wells to provide insights regarding contrasts in Kv. Therefore, this 

research indicates that high resolution head profiles should be a key calibration data set for 

numerical models of groundwater flow. The porous media natural gradient tracer tests also 

showed the power of using contaminants as tracers of the physical flow system. However, 

natural gradient tracer experiments are extremely difficult to carry out in fractured rock. The 

research presented here shows that existing contaminant plumes at real field sites can also serve 

as effective ‘tracers’ of the physical flow system providing additional insight to conceptual 

models.  

5.2 Original Contributions 

Prior to this thesis, the hydrogeological literature indicated that three-dimensional 

groundwater flow models were commonly based on hydrogeologic units derived primarily from 

existing lithostratigraphic units, which were then characterized with sparse hydraulic data 

collected from long screened wells. However, in (1964) Maxey argued that geologic 



 

158 

 

characteristics alone were not capable of adequately identifying the hydraulic contrasts 

associated with hydrogeologic units, that hydrogeologic units need not conform to other 

mappable rock units, and that the hydrologic regime or flow system should be considered during 

delineation of hydrogeologic units. Despite these recommendations, hydrogeological practice 

evolved and hydraulic and flow system data independent of the existing lithostratigraphic 

framework did not become the primary evidence for delineation of hydrogeologic units.  

In parallel with the development and widespread application of three-dimensional numerical 

modeling was the development of the gravity driven groundwater flow system conceptual model. 

Building on Hubbert’s (1940) initial postulation, Tóth (1962; 1963) introduced the 

hydrogeologic community to the gravity driven flow system conceptual model. However, these 

early conceptualizations were based on analytical solutions for groundwater flow through 

homogeneous and isotropic media and therefore, did not include the hydraulic contrasts 

associated with hydrogeologic units. Freeze and Witherspoon (1966; 1967; 1968) and others 

took advantage of newly advanced numerical modeling techniques to demonstrate the influence 

of hydraulic contrasts, or hydrogeologic units, on gravity driven groundwater flow systems. The 

influence of these contrasts was presented as refractions in flow lines/equipotential lines in flow 

nets. Now, gravity driven flow system theory is a working part of scientific hydrogeology. 

However, in papers published on flow system analysis and hydrogeologic unit delineation, the 

characteristics and significance of hydraulic head profiles has not been recognized.  

The broad contribution of this dissertation is bringing the two scientific paths together by 

developing a method for a flow system based approach to hydrogeologic unit delineation to 

support groundwater flow and contaminant transport modeling. The specific contributions of this 

dissertation are summarized below.   

1. Development of a robust and field tested method for collection and evaluation of high 

resolution hydraulic head profiles to support hydrogeologic unit identification in 

fractured sedimentary rocks.  

2. Demonstration of the high resolution head profiling approach for hydrogeologic unit 

delineation at the plume scale (typically 10 km
2
) in fractured sedimentary rocks.  

3. Integration of high resolution head/vertical gradient profiles and a high resolution 

sequence stratigraphic framework to propose an alternative geologic basis for the 

observed contrasts in Kv.  
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4. Inclusion of a field scale example showing the usefulness of existing contaminant 

source zones and plumes to serve as tracers of the physical flow system, and thereby, 

provide a means to test and refine hydrogeologic unit conceptual models.  

5.3 Recommendations for Future Research 

Bulk vertical hydraulic conductivity is one of the least characterized parameters in 

hydrogeology. Yet, units with low bulk vertical hydraulic conductivity, typically conceptualized 

as aquitards, exert much control on the flow system by lengthening flow paths and residence 

times. In practice, Kv is often used as a calibration parameter, being revised until model 

simulations match observed head from long screened wells or is simply input as an anisotropy 

factor based on general ‘rules of thumb’. Field based measurements of Kv are required to ground 

truth these models and reduce uncertainty in numerical modeling predictions. Detailed hydraulic 

head profiles provide an indication of relative contrasts in Kv, but do not provide values for the 

absolute magnitude of Kv. There may be several ways to capitalize on the high resolution MLSs 

for measuring absolute values for Kv. (1) The high resolution MLSs can be used to perform 

vertical interconnectivity testing between different monitoring zones within the same MLSs. 

These tests may provide valuable high resolution information regarding the Kv. (2) The transient 

response of the formation fluid pressure in the MLSs to natural stresses applied at ground surface 

(i.e., barometric pressure fluctuation and precipitation) may provide an indication of the vertical 

hydraulic diffusivity (Kv/storativity), and therefore, may provide a means to obtain Kv. 

The contrasts in Kv identified by the high resolution head/vertical gradient profiles are related 

to changes in the Kv of the fracture networks of distinct HGUs. The mechanical properties of 

rock units control the characteristics of fracture networks formed when a stress is applied. The 

laterally extensive contrasts in Kv identified at the Wisconsin site are closely associated with 

sequence stratigraphy. Therefore, investigation of the potential link between the sequence 

stratigraphic framework and mechanical properties of the units would be insightful. However, to 

be useful in a hydrogeological context, this investigation needs to include measurements of the 

hydraulic properties as well as the sequence and mechanical stratigraphic attributes.   

The mixed organics DNAPL source zone and dissolved phase plume at the Wisconsin site 

provided valuable tracers of the physical flow system used to test the vertical gradient based 

hydrogeologic unit framework. However, the contamination did not penetrate the full thickness 
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of the aquifer system of interest and the areal extent of the contamination is limited with respect 

to the proposed three-dimensional groundwater flow modeling domain. Therefore, additional 

tracers useful for testing the HGU conceptual model are necessary. Environmental isotopes (i.e., 

oxygen-18, deuterium, tritium) and major ions such as chloride can be used as tracers of the 

physical flow system. However, in standard practice, these parameters are collected from long 

screened wells that blend HGUs, and therefore, provide limited insight and may be misleading. 

Therefore, collection of high resolution profiles of environmental isotopes and major ions is 

recommended as an additional way to test the HGU conceptual model at the full scale of the 

three-dimensional groundwater flow model.  

This research showed that high resolution head/vertical gradient profiles shared many 

common characteristics in sedimentary rock aquifer systems with contrasting geologic and flow 

system conditions. The high resolution head/vertical gradient profile method for delineation of 

HGUs was applied at a plume scale at one field site. Extension of the approach to delineation of 

hydrogeologic units at the other sites is recommended. In addition, collection of high resolution 

head profiles in geologic environments expected to have less lateral continuity (i.e., fluvial or 

glacial systems) is recommended to test the limitations of the approach in a broader range of 

geologic environments.  
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APPENDIX A  
SUPPLEMENTAL HYDRAULIC HEAD AND VERTICAL GRADIENT 

PROFILES FROM THE WISCONSIN, CALIFORNIA, AND ONTARIO 

SITES 

This appendix includes the temporally classified vertical gradient profiles from the 

Wisconsin, California, and Ontario sites not shown in Chapter 1. A legend for the figures is 

provided below. The vertical gradient ID included with the head profile data is the same ID 

provided with the vertical gradient time series plots in APPENDIX B. Head profiles for RD-31 

(California site) and MW-24 (Ontario site) shown in order to reference vertical gradient IDs in 

profile with vertical gradient time series plots provided in APPENDIX B.   
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Fig. A-1. Temporally classified vertical gradients for the Wisconsin MP-15 MLS.  
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Fig. A-2. Temporally classified vertical gradients for the Wisconsin MP-16 MLS. 
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Fig. A-3. Temporally classified vertical gradients for the Wisconsin MP-17 MLS. 
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Fig. A-4. Temporally classified vertical gradients for the Wisconsin MP-18 MLS. 
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Fig. A-5. Temporally classified vertical gradients for the Wisconsin MP-19S/D MLS. 
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Fig. A-6. Temporally classified vertical gradients for the Wisconsin MP-21S/D MLS. 
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Fig. A-7. Temporally classified vertical gradients for the California RD-31 MLS. 
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Fig. A-8. Temporally classified vertical gradients for the California C16/C17 MLS. 
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Fig. A-9. Temporally classified vertical gradients for the California RD-35C MLS. 
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Fig. A-10. Temporally classified vertical gradients for the Guelph MW-24 MLS. 
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Fig. A-11. Temporally classified vertical gradients for the Guelph MW-367-6 MLS. 
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APPENDIX B  
SUPPLEMENTAL VERTICAL GRADIENT TIME SERIES PLOTS FROM 

THE WISCONSIN, CALIFORNIA, AND ONTARIO SITES 

This appendix includes the vertical gradient time series plots from the Wisconsin, California, 

and Ontario sites not shown in Chapter 1. The ID above each vertical gradient time series plot 

corresponds to the vertical gradient ID on the profiles provided in APPENDIX A. Gradients 

shaded in grey are classified as non-detect, shaded in yellow are classified as inconsistent and 

shaded in green are classified as consistent. Data points that are circled have been identified as 

instances of measurement error. The consistent and non-detect vertical gradients are interpreted 

as indicating contrasts in Kv whereas the inconsistent (sometimes measurable) vertical gradients 

are likely due to transience in the flow system. 
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Fig. B-1. Vertical gradient time series for the Wisconsin MP-15 MLS.  
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Fig. B-2. Vertical gradient time series for the Wisconsin MP-16 MLS.  
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Fig. B-3. Vertical gradient time series for the Wisconsin MP-17 MLS.  
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Fig. B-4. Vertical gradient time series for the Wisconsin MP-18 MLS. 
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Fig. B-5. Vertical gradient time series for the Wisconsin MP-19S/D MLS. 
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Fig. B-6. Vertical gradient time series for the Wisconsin MP-21S/D MLS. 
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Fig. B-7. Vertical gradient time series for the California RD-31 MLS. 
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Fig. B-8. Vertical gradient time series for the California C16/C17 MLS.  
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Fig. B-9. Vertical gradient time series for the California RD-35C MLS.  
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Fig. B-10. Vertical gradient time series for the Ontario MW-24 MLS. 
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Fig. B-11. Vertical gradient time series for the Ontario MW-367-6 MLS. 
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APPENDIX C  
SUPPLEMENTAL TRANSIENT HYDRAULIC HEAD DATA FROM THE 

WISCONSIN SITE 

This appendix includes the transient hydraulic head data measured in selected monitoring 

intervals of the MLSs at the Wisconsin site that were not shown in Chapter 3.   
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Fig. C-1. a) Static and transient head profiles for the Wisconsin MP-19S/D location. b) 

Transient hydraulic head data collected for the MP-19S/D location using a transducer string. 

Rectangle on (b) indicates head response due to municipal well pumping. Note that only the 

sequence stratigraphic units associated with HGUs are shown. 
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Fig. C-2. a) Static and transient head profiles for the Wisconsin MP-16 location. b) 

Transient hydraulic head data collected for the MP-16 location using a transducer string. 

Rectangle on (b) indicates head response due to municipal well pumping. Note that only the 

sequence stratigraphic units associated with HGUs are shown. 

  



 

202 

 

 

Fig. C-3. a) Static and transient head profiles for the Wisconsin MP-17 location. b) 

Transient hydraulic head data collected for the MP-17 location using a transducer string. 

Rectangle on (b) indicates head response due to shut down on onsite pump and treat system. 

Note that only the sequence stratigraphic units associated with HGUs are shown. 
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APPENDIX D  
SUPPLEMENTARY TUNNEL CITY GROUP GEOLOGICAL, AND 

GEOPHYSICAL DATA 

 

This appendix includes the grain size, Munsell rock color, and ichnofabric index logs; natural 

gamma, resistivity, and neutron logs, and linear fracture intensity logs compared to the vertical 

gradients from the Wisconsin site not shown in Chapter 4.  
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Fig. D-1.  Grain size, rock color, ichnofabric index, and vertical gradients for the Tunnel 

City Group sandstone at the Wisconsin site. Note that only the sequence stratigraphic units 

associated with HGUs are shown. 
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Fig. D-2.  Geophysical responses for the HGUs of the Tunnel City Group at the Wisconsin 

site. Note that only the sequence stratigraphic units associated with HGUs are shown. 
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Fig. D-3.  Linear fracture intensity for the bedding parallel (dip less than or equal to 30 

degrees) and high angle (dip greater than 30 degrees) fractures for each HGU in the Tunnel City 

Group sandstone. Note that only the sequence stratigraphic units associated with HGUs are 

shown. 
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APPENDIX E  
SUPPLEMENTARY GROUNDWATER AND ROCK CORE 

CONTAMINANT PROFILES 

This appendix includes the groundwater and rock core contaminant profiles from the 

Wisconsin site not presented in Chapter 4. The unit for the rock core contaminant profiles is g/g 

of wet rock. For additional MP-7 rock core contaminant profiles see Austin (2005). The MP-18 

rock core contaminant profile was collected in Aug/Sept 2007 and the MP-19D and MP-21D 

rock core profiles were collected in Jun/July 2008. All of the groundwater contaminant profiles 

were collected in Jun/July 2009. A legend for the profiles is provided below. Note, no 

supplementary information is provided for the MP-18 MLS groundwater contaminant profiles 

because all analytes were non-detect in all monitoring zones sampled.  
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Fig. E-1. MP-19S/D groundwater contaminant profiles (Jun/July 2009). Note that only the sequence stratigraphic units 

associated with HGUs are shown.  
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Fig. E-2. MP-19S/D groundwater contaminant profiles (cont). 
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Fig. E-3. MP-19S/D groundwater contaminant profiles (cont). 
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Fig. E-4. MP-19S/D groundwater contaminant profiles (cont). 
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If the analyte was non-detect in all monitoring zones of the MP-19S/D MLSs, the profile is not 

provided. These analytes included: 

1,1,2,2-Tetrachloroethane 

2-Butanone 

2-Hexanone 

Bromoform 

Bromomethane 

Carbon Disulfide 

Cis-1,3-Dichloropropene 

Dibromochloromethane 

Trans-1,3-Dichloropropene 

Vinyl Acetate 
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Fig. E-5. MP-21S/D groundwater contaminant profiles (Jun/July 2009). Note that only the sequence stratigraphic units 

associated with HGUs are shown.  
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Fig. E-6. MP-21S/D groundwater contaminant profiles (cont.).  
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Fig. E-7. MP-21S/D groundwater contaminant profiles (cont.). 
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If the analyte was non-detect in all monitoring zones of the MP-21S/D MLSs, the profile is not 

provided. These analytes included: 

4-Methyl-2-pentanone 

Chlorobenzene 

Ethylbenzene 

m,p-Xylenes 

Toluene 

Bromodichloromethane 

Chloromethane 

Styrene 

1,1,2,2-Tetrachloroethane 

2-Butanone 

2-Hexanone 

Bromoform 

Bromomethane 

Carbon Disulfide 

Cis-1,3-Dichloropropene 

Dibromochloromethane 

Trans-1,3-Dichloropropene 

Vinyl Acetate 
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Fig. E-8. MP-19D rock core VOC profiles (Jun/July 2008). Note that only the sequence stratigraphic units associated with HGUs 

are shown.  
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Fig. E-9. MP-19D rock core VOC profiles (cont.). 
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Fig. E-10. MP-19D rock core VOC profiles (cont.). 
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Fig. E-11. MP-19D rock core VOC profiles (cont.). 
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If the analyte was non-detect for all samples collected from the MP-19D rock core, the profile is 

not provided. These analytes included: 

Chloroethane 

Trans-1,2-Dichloroethene 

1,1,2-Trichloroethane 

Chloroform 

Chlorobenzene 

1,2-Dichloropropane 

Chloromethane 

Styrene 

1,1,2,2-Tetrachloroethane 

2-Hexanone 

Bromoform 

Bromomethane 

Cis-1,3-Dichloropropene 

Vinyl Acetate 
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Fig. E-12. MP-21D rock core VOC profiles (Jun/July 2008). Note that only the sequence stratigraphic units associated with HGUs 

are shown.  
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Fig. E-13. MP-21D rock core VOC profiles (cont.). 
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If the analyte was non-detect for all samples collected from the MP-21D rock core, the profile is 

not provided. These analytes included: 

Vinyl Chloride 

Tetrachloroethene 

Trans-1,2-Dichloroethene 

1,1,2-Trichloroethane 

1,1-Dichloroethane 

Chloroethane 

Chloroform 

4-Methyl-2-pentanone 

Chlorobenzene 

m,p-Xylenes 

o-Xylene 

1,2-Dichloropropane 

Bromodichloromethane 

Chloromethane 

Styrene 

1,1,2,2-Tetrachloroethane 

2-Butanone 

2-Hexanone 

Bromoform 

Bromomethane 

Carbon Disulfide 

Cis-1,3-Dichloropropene 

Dibromochloromethane 

Trans-1,3-Dichloropropene 

Vinyl Acetate 
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Fig. E-14. MP-18 rock core VOC profiles (Aug/Sept 2007). Note that only the sequence 

stratigraphic units associated with HGUs are shown.  

If the analyte was non-detect for all samples collected from the MP-18 rock core, the profile is 

not provided. These analytes included: 

1,1,1-Trichloroethane 

1,1-Dichloroethene 

Carbon Tetrachloride 

cis-1-2-Dichloroethene 

trans-1,2-Dichloroethene 
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