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Abstract 38 

Hydrogeologic units (HGUs), representing subsurface contrasts in hydraulic conductivity, form 39 

the basis for all conceptual and numerical models of groundwater flow. However, conventionally, 40 

delineation of these units relies heavily on data sets indirect with respect to hydraulic properties. Here, we 41 

use the spatial and temporal characteristics of the vertical component of hydraulic gradient (i.e., vertical 42 

gradient) as the primary line of evidence for delineating HGUs for Cambrian-Ordovician sedimentary 43 

rocks at a site in Dane County, Wisconsin. The site includes a 16 km
2
 area encompassing a 3 km long 44 

mixed organic contaminants plume. The vertical gradients are derived from hydraulic head profiles 45 

obtained using high resolution Westbay multilevel systems installed at 7 locations along two, orthogonal 46 

4 km long cross-sections and monitoring to depths between 90 and 146 m with an average of 3-4 47 

monitoring zones per 10 m. These vertical gradient cross-sections reveal 11 laterally extensive HGUs 48 

with contrasting vertical hydraulic conductivity (Kv). The position and thickness of the Kv contrasts are 49 

consistently associated with sequence stratigraphic features (maximum flooding intervals and sequence 50 

boundaries) distinguished at the site using cores and borehole geophysical logs. The same sequence 51 

stratigraphic features are also traceable across much of the Cambrian-Ordovician aquifer system of the 52 

Midwest US. The vertical gradients and sequence stratigraphy were arrived at independently and when 53 

combined provide a hydraulically calibrated sequence stratigraphic framework for the site. This 54 

framework provides increased confidence in the precise delineation and description of the nature of HGU 55 

contacts in each borehole, reduced uncertainty in interpolation of the HGUs between boreholes, and some 56 

capability to predict HGU boundaries and thickness in offsite areas where high resolution hydraulic data 57 

sets are not available. Consequently, this HGU conceptual model will serve as a better basis for numerical 58 

simulations of groundwater flow and contaminant transport needed for continued risk assessment and to 59 

evaluate potential remedial technologies for the site. More broadly, the association between Kv contrasts 60 

and sequence stratigraphy demonstrated at this site provides valuable insight into the relationship between 61 

geology and hydraulic contrasts that can be transferred to other areas of the upper Midwest US and 62 
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perhaps elsewhere to strata deposited in similar settings.   63 
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1.  Introduction 64 

 The geometries and spatial distributions of hydraulic conductivity contrasts are often 65 

conceptualized as three-dimensional units (3D), referred to here as hydrogeologic units (HGUs).  HGUs 66 

form the framework for conceptual and numerical models of groundwater flow and contaminant transport. 67 

Furthermore, because HGUs are the basis for conceptual models, they also guide the installation of 68 

monitoring wells used to collect hydraulic and geochemical data needed to parameterize, calibrate, and 69 

validate these models. Consequently, developing robust methods for delineating HGUs is critical to 70 

evaluating and reducing uncertainty in these models.  71 

Delineating HGUs commonly involves relating hydraulic contrasts to a geologic framework. 72 

Traditionally, practitioners have relied heavily on lumped or split versions of lithostratigraphy to delineate 73 

HGUs. A reliance on lithostratigraphy likely stems from early definitions of “aquifer”, that equate these 74 

layers with a formation, group of formations, or part of a formation (Meinzer, 1923; Lohman et al., 1972) 75 

because of the general relationship between lithology and hydraulic conductivity. In addition, because 76 

lithostratigraphic descriptions are readily available for most study areas, it is a relatively convenient 77 

geologic framework on which to base HGUs.  78 

As focus shifted toward contaminant transport issues, a number of theoretical studies (e.g., 79 

Freeze, 1975; Smith and Schwartz, 1980; Smith and Schwartz, 1981; Degan, 1982; Gelhar and Axness, 80 

1983) combined with several key natural gradient field tracer tests (e.g., Mackay et al., 1986; LeBlanc et 81 

al., 1991; Boggs et al., 1992) showed the profound impact of small scale geologic/hydraulic 82 

heterogeneities on the paths and transport rates of contaminants. As a result, researchers began to look for 83 

higher resolution geologic characterization methods that focus on describing the geometry and spatial 84 

arrangement of depositional units to improve the delineation of HGUs beyond the traditional reliance on 85 

lithostratigraphy.  86 

Several early studies demonstrated the use of lithofacies models to improve delineation of HGUs 87 

for heterogeneous sediments deposited in fluvial, glacial, and glaciofluvial environments (e.g., Anderson, 88 
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1989; Poeter and Gaylord, 1990). Delineation of HGUs was improved in these environments because 89 

lithofacies models provided some ability to predict spatial trends in hydraulic conductivity based on 90 

sparsely distributed site specific geologic and hydraulic data. Similarly, Fogg (1986) used a large database 91 

of geologic information to qualitatively map the geometry and distribution of sand bodies deposited by 92 

meandering to sinuous streams in order to predict the distribution of hydraulic conductivity from much 93 

more sparsely distributed hydraulic data. The results of the study showed that accurate representation of 94 

the sand body interconnectivity was key to accurate representation of groundwater flow patterns.  95 

More recently, researchers have begun using sequence stratigraphic techniques to guide HGU 96 

delineation (e.g., Macfarlane et al., 1994; Ehman and Cramer, 1996; Sugarman and Miller, 1997; 97 

Weissmann and Fogg, 1999; Brunton, 2008; Velasco et al., 2012). Sequence stratigraphy focuses on 98 

identifying relatively conformable successions of genetically related strata providing a geometric 99 

characterization of depositional elements across various scales. Consequently, sequence stratigraphy can 100 

provide a better depiction of the 3D geometry of material units, which commonly have different hydraulic 101 

properties, than a traditional lithostratigraphic approach alone.  102 

Most of these studies focused on improving the geologic characterization of unconsolidated 103 

sediments in order to improve the delineation of HGUs. These HGUs were then parameterized with 104 

hydraulic data that was typically less resolved and more sparsely distributed than the geologic data. This 105 

approach is successful partly because the relationship between grain size/lithology and hydraulic 106 

conductivity is strong in unconsolidated sediments, thus supporting prediction of hydraulic properties on 107 

the basis of geologic data.  108 

Delineating HGUs in fractured sedimentary rocks involves added complexity because the lengths, 109 

apertures, and distribution/connectivity of fractures dominate the bulk hydraulic properties of units and 110 

these characteristics are not necessarily predictable from lithofacies or lithostratigraphy. Examples of this 111 

complexity are found in both the rock mechanics and hydrogeological literature. For example, outcrop 112 

studies of sedimentary rocks in the Midwest United States show complex relationships between 113 

stratigraphic horizons and mechanical interfaces (Underwood et al., 2003; Cooke et al., 2006; Anderson et 114 
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al., 2011; Runkel et al., 2014). This has important implications for fluid flow because vertical fractures 115 

terminate at mechanical interfaces, likely reducing vertical hydraulic connectivity (Underwood et al., 116 

2003; Meyer et al., 2008), and the spacing of mechanical interfaces controls the density of vertical 117 

fractures within the unit, which influences the bulk hydraulic conductivity of the unit. Hydrogeological 118 

studies of sedimentary rocks have found that the position and thickness of hydraulic contrasts are not 119 

predicted by lithostratigraphy or detailed lithologic data (Runkel et al., 2006; Tipping et al., 2006; Meyer 120 

et al., 2014).  121 

These complexities of fractured rock suggest the need for an HGU delineation approach that, in 122 

contrast with the current standard of practice, focuses first on direct hydraulic data that is not dependent 123 

on stratigraphic or lithofacies conceptual models. Meyer et al. (2008) and Meyer et al. (2014) proposed 124 

such an approach built on the premise that in a steady state flow system a change in hydraulic 125 

conductivity will be accompanied by a change in the hydraulic gradient, as was demonstrated numerically 126 

by Freeze and Witherspoon (1967). The magnitude of the change in gradient will depend on the 127 

magnitude of the hydraulic conductivity contrast and the position of the borehole in the flow system. 128 

Numerous depth-discrete and minimally blended (i.e., high resolution) measurements of hydraulic head 129 

are collected in vertical profile from a borehole using a multilevel system (MLS). The high resolution 130 

head profiles are then used to identify changes in the vertical component of the hydraulic gradient (i.e., 131 

vertical gradient) that in turn, indicate the position and thickness of units with contrasting vertical 132 

hydraulic conductivities (Kv) (Meyer et al., 2014). Meyer et al. (2008) provided the initial indication that 133 

high resolution head profiles could identify hydraulic contrasts in sedimentary rocks independent from 134 

existing geologic and hydrogeologic conceptual models and Meyer et al. (2014) demonstrated the 135 

reliability of the method in several different sedimentary rock and flow system settings.  136 

The current study builds on these previous studies by applying the high resolution head profile 137 

method to a contaminated sedimentary rock site in order to delineate HGUs. The objective of this 138 

experiment was to determine if the spatial and temporal characteristics of vertical gradients can be used as 139 

the primary line of evidence for the delineation of HGUs. The data collected at 7 locations across a 16 140 
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km
2
 area address two primary questions: (1) are vertical gradients identified in individual head profiles 141 

from multiple locations along two orthogonal two-dimensional (2D) sections laterally correlatable, 142 

indicating laterally extensive contrasts in Kv, and (2) what geologic framework best describes the 143 

distribution of these Kv contrasts in vertical cross sections?  The analysis and interpretation of these data 144 

along multiple 2D sections then provides a basis for interpretation of 3D HGUs.  145 

1.1. Study Area and Geologic Setting 146 

The study area, located about 20 km east of Madison, Wisconsin, is the site of groundwater 147 

contamination caused by a mixture of organic chemicals released into the subsurface prior to 1970 (Fig. 148 

1). These releases resulted in the accumulation of mixed organics dense non-aqueous phase liquids 149 

(DNAPLs) in Cambrian sandstone in the upper Tunnel City Group between 45 and 56 m bgs (see 150 

observed DNAPL source area (Fig. 1). Groundwater flow has created a dissolved phase plume extending 151 

2.8 km downgradient at its maximum observed extent in 2003 (Fig. 1). The site encompasses an area of 152 

roughly 25 km
2
 with low to moderate topographic relief defined by drumlins. The main surface water 153 

bodies at the site are a man-made pond constructed in 1994, primary north-south and east-west drainage 154 

ditches, wetland areas, and Koshkonong Creek. The local groundwater flow direction in the 155 

unconsolidated deposits and shallow bedrock is predominantly east toward Koshkonong Creek and the 156 

groundwater flow direction in the deep bedrock is more southerly (Bradbury et al., 1999).  157 

The bedrock hydrogeologic system monitored at the research site includes Upper Cambrian 158 

through Middle Ordovician fractured sandstone, siltstone, dolostone, and shale. These units are part of a 159 

laterally extensive package of strata deposited in an inland sea on a broad shallow shelf referred to as the 160 

Upper Mississippi Valley epeiric ramp (Runkel et al., 2007). These bedrock units extend across much of 161 

southern Wisconsin, south-eastern Minnesota, Iowa, northern Missouri, and Illinois forming the 162 

Cambrian-Ordovician aquifer system (Young and Siegel, 1992). The Cambrian-Ordovician aquifer 163 

system is relied upon heavily for municipal, industrial, and agricultural water supplies (Maupin and 164 

Barber, 2005) and more recently, the lowermost formation, the Mt. Simon Sandstone, is being evaluated 165 
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as a reservoir for carbon sequestration in the Illinois Basin (Leetaru and McBride, 2009; Zhou et al., 166 

2010). Historically, the bedrock underlying the study area has been described using lithostratigraphic 167 

nomenclature presented by Ostrom (1968) and later updated by the Wisconsin Geological and Natural 168 

History Survey (WGNHS, 2006) (Fig. 2). Site specific lithologic descriptions of the units are provided by 169 

Meyer et al. (2008). Four well documented regional unconformities, one in the Wonewoc Sandstone 170 

(Sauk II-III) (Runkel et al., 1998), one underlying the Prairie du Chien Group (Cambrian-Ordovician) 171 

(Runkel, 1994), one underlying the St. Peter Sandstone (Sauk-Tippecanoe) (Sloss, 1963), and one 172 

between the Paleozoic bedrock and Pleistocene unconsolidated deposits, have been identified in the study 173 

area (Fig. 2). A regionally extensive unconformity within the Prairie du Chien Group (Smith et al., 1993) 174 

may also be present but was not identified at the site.  175 

Runkel et al. (2007) developed a high resolution sequence stratigraphic framework for the lower 176 

Paleozoic bedrock deposited on the Upper Mississippi Valley epeiric ramp. Their approach used facies-177 

scale stacking patterns at dozens of individual outcrop and core locations, hundreds of borehole 178 

geophysical logs, and high resolution biozones to recognize and regionally trace key sequence 179 

stratigraphic features such as parasequences, maximum flooding intervals, and subaerial unconformities 180 

or their associated correlative conformities. Maximum flooding intervals are formed when relative sea 181 

level is high and the shoreline is at its maximum landward extent. Conversely, subaerial unconformities 182 

are formed when relative sea level is low and the shoreline is at its maximum seaward extent. These 183 

features were traced regionally, and used to define sequences and systems tracts across the Upper 184 

Mississippi Valley area (Fig. 3).  185 

Lower Paleozoic strata in this region are part of the northernmost extent of rocks of this age in the 186 

relatively stable interior of the North American central craton. The strata across most of the region are 187 

subhorizontal, and relatively undeformed, aside from localized gentle folds and high angle faults. 188 

Opening-mode fractures are the most widespread and, characteristic structural feature in the region 189 

(Underwood et al., 2003). The earliest development of these vertical systematic fractures is attributed to 190 

far-field stress transmission during the late Paleozoic Alleghanian Orogeny, resulting in a predominantly 191 
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northwest trending fracture set (Craddock et al., 1993; Apotria et al., 1994; McGarry, 2000). The origin of 192 

systematic fracture sets with different trends, commonly nearly orthogonal to the northwest set, is less 193 

certain, but also generally believed to be related to regional- to continental-scale stresses. Although most 194 

intensively studied in carbonate bedrock, these vertical systematic fractures are pervasive in all 195 

sedimentary bedrock of the region, including friable sandstone and shale.  They have long been observed 196 

in numerous surface exposures, in mines (Heyl et al., 1959) and, rarely, in deep (several tens to hundreds 197 

of meters) boreholes (Haimson and Doe, 1983; Runkel et al., 2003).  198 

Secondary porosity features such as fractures are commonly observed throughout the Cambrian-199 

Ordovician bedrock in continuous cores and boreholes both at the site and regionally (e.g., Runkel et al., 200 

2006; Swanson et al., 2006; Swanson, 2007; Meyer et al., 2008; Gellasch et al., 2012). In addition, 201 

enlargement of pores by dissolution is extensive enough in the Prairie du Chien Group, both at the site 202 

and regionally, that it is best classified as karstic (Palmquist, 1969; Smith and Simo, 1997; Meyer et al., 203 

2008). 204 

2.  Methods 205 

2.1. Borehole Characterization 206 

The study area has been the focus of intensive groundwater contamination investigations since 207 

1982 (Hydro-Search Inc., 1989; HSI GeoTrans, 1998; HSI GeoTrans, 1999; GeoTrans Inc., 2003). Due to 208 

the complexity of the site, research was initiated in 2003 where conventional and novel, high resolution 209 

characterization methods were tested in order to advance understanding of the processes controlling 210 

groundwater flow and contaminant transport. Between 2003 and 2008 twelve research boreholes (Fig. 1) 211 

were drilled to depths between 53 and 152 m bgs and comprehensively characterized using the Discrete 212 

Fracture Network (DFN) approach (Parker et al., 2012). Four of the boreholes, MP-6, MP-16, MP-17, and 213 

MP-18, were deliberately located outside the upper Tunnel City Group dissolved phase plume to allow 214 

more time for open borehole characterization without the risk of cross-connecting the plume zone with 215 
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units above or below. The remaining eight boreholes (MP-7, MP-19S, MP-19D, MP-5, MP-15, MP-21S, 216 

MP-21D, MP-8) were located along a west-east longsect of the plume from the source zone to the plume 217 

front. The MP-19 and MP-21 locations both included two, one shallow (S) and one deep (D), boreholes 218 

located within ~20 m of one another and are presented as a single borehole location/head profile in 219 

figures. This study relies on geologic and geophysical data collected from all of the research 220 

cores/coreholes and primarily on data collected from high resolution MLSs at seven locations across the 221 

site forming west-east and north-south cross-sections.  222 

The boreholes were continuously cored using a rotary rig and the HQ3 wireline coring technique, 223 

which 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 224 

of core was collected between 2003 and 2008 for this study. Cores were logged at a 5 cm scale for 225 

composition, Munsell color, grain size, sorting, rounding, ichnofabric index (Droser and Bottjer, 1986), 226 

cementation index (Aswasereelert, 2005), and sedimentary structures (Aswasereelert, 2005; Meyer, 227 

2013). Over 100 samples were collected from the core for measurements of matrix porosity and hydraulic 228 

conductivity. Porosity was measured using a gravimetric method (Collins, 1961) and permeability was 229 

measured using a nitrogen gas permeameter (ASTM, 2004). The depths and approximate dip of all 230 

fractures (excluding mechanical breaks) observed in the cores were also recorded. Additional qualitative 231 

data regarding the fractures were collected from the MP-16, MP-17, MP-18, MP-19S, MP-19D, MP-21S, 232 

and MP-21D cores. These data included whether the fracture was oriented parallel to bedding, if the 233 

fracture was associated with a lithologic change, whether the core was still in-tact, and if not, descriptions 234 

of the fracture plane roughness, how well the fracture planes fit back together, and any material filling the 235 

fracture plane or any mineral precipitation on the surface. 236 

A wide variety of downhole datasets were collected from all coreholes with the exception of MP-237 

15. A subset of these data are utilized and presented here. Natural gamma and formation resistivity and/or 238 

induction conductivity logs were used to interpret grain size, bulk mineralogical composition, and 239 

stratigraphic changes/contacts in each of the research boreholes. Acoustic and/or optical televiewer logs 240 

were collected in all of the research boreholes and used to characterize fracture intensity and orientation. 241 
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In addition, straddle packer hydraulic conductivity testing was performed in several key open boreholes. 242 

Slug tests were performed in the MP-6 borehole using a modified version of the method presented by 243 

Muldoon (1999) and constant head step tests were performed in the MP-16, MP-17, and MP-18 boreholes 244 

(Quinn et al., 2012). These tests provided values for the horizontal component of hydraulic conductivity 245 

(Kh) that add to the existing site database of Kh values derived from a wide variety of test and analysis 246 

methods (HSI GeoTrans, 1998; Austin, 2005; Meyer, 2005).  247 

The borehole and core data sets were used in several ways. All borehole and core data sets were 248 

utilized to design the high resolution MLSs as described in section 2.2. Detailed core logs, high resolution 249 

core photos, and natural gamma logs from our study area were used to characterize the sequence 250 

stratigraphic attributes of the site.  Features such as facies successions, parasequence stacking patterns, 251 

evidence for starved sedimentation, and surfaces of erosion provided the information necessary to 252 

discriminate multiple sequence stratigraphic units.  253 

2.2. Multilevel Design, Installation, and Data Acquisition 254 

Collection of depth discrete measurements from boreholes requires minimization of the bias caused 255 

by cross-connective flow in long open holes/well screens (e.g., Lerner and Teutsch, 1995). Dedicated 256 

MLSs provide a reliable and readily available way to obtain depth discrete data from boreholes. This 257 

study focuses on data collected from high resolution MLSs installed at seven locations along two 258 

orthogonal cross-sections (Fig. 1; purple triangles). Cherry et al. (2015) provide a recent comprehensive 259 

description of the attributes of the four MLSs commercially available in North America. The Westbay 260 

MP® MLS was chosen here because it accommodates the largest number of monitoring zones within the 261 

borehole dimensions typical of this study (Meyer et al., 2014) and it has been successfully applied in 262 

fractured rock settings for over three decades.  263 

In order to use high resolution head profiles to delineate HGUs, the head data must be independent 264 

from existing conceptualizations of the HGUs. In a standard monitoring approach, the available data 265 

would be use to infer HGU boundaries and then the MLS would be designed with a single monitoring 266 
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zone, often long screened, for each suspected HGU. This approach makes the data collected from the 267 

MLS dependent on the conceptual model of the HGUs used to design the MLS. For this study, the MLSs 268 

were deliberately designed as characterization tools independent from an existing conceptual model. The 269 

design approach included 5 basic components described by Meyer et al. (2014) and summarized here. (1) 270 

The raw geologic, geophysical, and hydraulic data sets collected from the cores and coreholes were used 271 

to infer potential HGU boundaries and important flowpathways. (2) Ideally, at least 3 monitoring zones 272 

were included within each potential HGU and monitoring zones were positioned on both sides of 273 

potential boundaries. (3) The lengths of the monitoring zones were minimized. (4) The total number of 274 

monitoring zones was maximized in order to resolve changes in head across short depth intervals. (5) All 275 

intervals of the borehole that were not being monitored were sealed.  276 

Many profiles of shut-in, absolute formation fluid pressure were collected from all of the MLSs 277 

throughout various seasons each year for between six and eleven years. The same Westbay MOSDAX 278 

downhole tool equipped with a pressure transducer was used to measure pressures for each profile which 279 

were then converted to hydraulic head using the average field measured atmospheric pressure at the time 280 

of the profile and the depth of each port (Meyer et al., 2014). The relative uncertainty of hydraulic heads 281 

collected from closely spaced monitoring intervals is ± 0.01 m (Meyer et al., 2008; Meyer et al., 2014). 282 

Vertical gradients were subsequently calculated for each head profile between every pair of adjacent 283 

monitoring zones by dividing the difference in hydraulic head between the two zones by the length of the 284 

packer seal (Meyer et al., 2014). Given the uncertainty in the hydraulic heads, vertical gradients with 285 

absolute values ≤ 0.02 m are not resolvable (Meyer et al., 2014).  286 

Each high resolution MLS includes between 16 and 45 adjacent monitoring intervals allowing for 287 

the calculation of 227 high resolution vertical gradients for each round of head profile snap shots. 288 

Consequently, collection of head profiles over multi-year periods resulted in a large database of vertical 289 

gradients (4,569) available for temporal and spatial analysis. The first step in using the vertical gradients 290 

for delineation of HGUs is determining which vertical gradients represent contrasts in Kv rather than 291 

transience in the flow system. This determination is made by evaluating the temporal behavior of the 292 
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vertical gradients using vertical gradient time series plots (Fig. 4, Meyer et al. (2014)). Each vertical 293 

gradient is assigned to one of three categories based on its temporal behavior as summarized below.  294 

 Resolvable (green bars in Fig. 4 and Fig. 5) – are resolvable in all head profile snap shots, generally 295 

maintain the same direction and similar magnitude through time, and indicate an interval of rock with 296 

low Kv relative to intervals with unresolvable vertical gradients 297 

 Unresolvable (grey bars in Fig. 4 and Fig. 5) – are not resolvable in any of the head profile snap shots, 298 

indicate an interval of rock with high Kv relative to intervals with resolvable vertical gradients 299 

 Sometimes resolvable (yellow bars in Fig. 4 and Fig. 5) – are sometimes resolvable in head profile 300 

snap shots, are typically small in magnitude, have magnitudes and directions that vary through time, 301 

likely represent flow system transience due to short term changes in the water table position or 302 

pumping or a minor Kv contrast 303 

Based on this categorization of gradients, Meyer et al. (2014) showed that the majority of vertical 304 

gradients at three different sedimentary bedrock sites in North America were either resolvable or 305 

unresolvable making them a highly reliable data sets for delineating contrasts in Kv. The current study is 306 

focused on using vertical gradients for HGU delineation: spatial evaluation of the temporally categorized 307 

vertical gradients and identification of a geologic framework that describes their 3D distribution.  308 

3.  Results and Discussion 309 

3.1. 3-D Vertical Gradient Characteristics and Intervals of Contrasting Kv 310 

The categorized vertical gradient profiles along the west-east (Fig. 4) and north-south (Fig. 5) 311 

cross-sections show excellent temporal and spatial consistency. Temporal analysis of each of the 227 312 

vertical gradients showed that 33% of the vertical gradients were resolvable, 51% were unresolvable, and 313 

16% were sometimes resolvable (Table 1). Spatially, the deeper bedrock units tend to be dominated by 314 

unresolvable vertical gradients (grey categorization) and the Tunnel City Group bedrock by resolvable 315 
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vertical gradients (green categorization) whereas the shallow bedrock has a higher number of sometimes 316 

resolvable (yellow categorization) vertical gradients (Fig. 4 and Fig. 5).   317 

Spatial evaluation of the cross-sections revealed eleven laterally extensive zones of distinct 318 

vertical gradient indicating 11 corresponding intervals of fractured rock with contrasting Kv (Fig. 4 and 319 

Fig. 5). For example, the downward vertical gradients observed at ~ 186 m above mean sea level 320 

(AMSL), in the middle of the Wonewoc Sandstone, were always resolved and of the same direction and 321 

similar magnitude for a minimum of 18 head profile measurements over a 6 year period at all 7 locations 322 

(Fig. 4 and Fig. 5). Similarly, vertical gradients between adjacent monitoring zones for the portions of the 323 

Wonewoc above and below the distinct gradient at ~ 186 m AMSL (Fig. 4 and Fig. 5; zones 3 and 5) 324 

were consistently unresolvable.  325 

The insights gained from site specific data (this study and Meyer et al. (2014)) can be used to 326 

construct a conceptual model of head and vertical gradient profiles for a generic flow system in layered, 327 

fractured, sedimentary rocks (Fig. 6). First, the consistency observed in the vertical gradient data suggest 328 

that Kv contrasts in sedimentary rocks are associated with distinct intervals of rock with relatively 329 

uniform bulk hydraulic properties at the scale of the MLS monitoring intervals. The bulk hydraulic 330 

conductivity of fractured rocks is controlled by the relative contributions of the fractures and the lithified 331 

rock matrix. The hydraulic conductivity of the rock matrix is commonly 1 or more orders of magnitude 332 

lower than the bulk hydraulic conductivity. Consequently, the contrasts in Kv are thought to be controlled 333 

by the properties of, and contrasts between, relatively dense and interconnected fracture networks 334 

associated with each unit (Fig. 6a). This is in contrast to conceptual models for fractured rock systems 335 

where groundwater flow is controlled by very few, large aperture fractures, which in turn, would be 336 

expected to result in erratic head and vertical gradient profiles, poor spatial correlation, and measurable 337 

vertical gradients throughout the profiles. In a steady state or quasi steady state flow system, contrasts in 338 

Kv refract flow and equipotential lines (Fig. 6a) resulting in persistent inflections in the head profiles with 339 

consistent vertical positions and thickness (Fig. 6b). These inflections can be examined as vertical 340 

gradients. The magnitude and direction of individual vertical gradients is controlled by the position of the 341 
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profile in the flow system (Fig. 6c). This generic conceptual model is presented here to help guide future 342 

studies of high resolution head and vertical gradient profiles at sites where similar dense and 343 

interconnected fracture networks exist.  344 

The eleven vertical gradient zones can be grouped into three broad domains based on their 345 

characteristics: deep bedrock, Tunnel City Group bedrock, and shallow bedrock. The following sections 346 

describe the specific characteristics of each vertical gradient zone and examine the association between 347 

intervals of contrasting Kv and the stratigraphic framework.  348 

3.1.1 Deep Bedrock 349 

Vertical gradients in the deep bedrock (Mt. Simon, Eau Claire, and Wonewoc formations; Fig. 2) 350 

share common characteristics. First, all of the resolvable vertical gradients are directed downward, which 351 

is in keeping with groundwater withdrawal by three municipal pumping wells located near the site and 352 

screened across the Mt. Simon, Eau Claire, and Wonewoc formations (wells 2, 3, 4; Fig. 1). The second 353 

characteristic of the vertical gradients in the deep bedrock is the prevalence of unresolvable vertical 354 

gradients. Of the 104 vertical gradients monitored in the deep bedrock between 2003 and 2014, 73% are 355 

unresolvable, 18% are resolvable, and only 9% are sometimes resolvable (Table 1).  356 

There are five distinct zones of vertical gradient in the deep bedrock traceable across the study 357 

area: 3 zones of unresolvable vertical gradients and 2 zones of resolvable vertical gradients (zones 1-5; 358 

Fig. 4 and Fig. 5). The zones of unresolvable vertical gradients in the deep bedrock include zones 1, 3, 359 

and 5 (Fig. 4 and Fig. 5). The lack of resolvable vertical gradients between adjacent monitoring intervals 360 

in these zones over the long monitoring periods suggests the bedrock associated with these three zones 361 

has higher Kv relative to the adjacent zones (zone 2, 4, and 6; Fig. 4 and Fig. 5) with resolvable vertical 362 

gradients.  363 

The zone 2 vertical gradients provide the most reliable indication of the presence and position of 364 

the Eau Claire aquitard, regionally described as a shale rich portion of the Eau Claire Formation 365 

(Bradbury et al., 1999; Aswasereelert et al., 2008). At the site, this lithostratigraphic unit differs from its 366 
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regional character in being dominated by fine-medium grained sandstone, with only subordinate, thin 367 

intervals of very-fine sandstone, siltstone, and/or shale (Fig. 7). However, the zone 2 vertical gradients 368 

that are downward at all locations with average magnitudes varying between -1.4 and -0.04 m/m clearly 369 

indicate a thin interval of decreased Kv within the Eau Claire Formation (Fig. 4 and Fig. 5). A resolvable 370 

vertical gradient is also observed near the top of the Eau Claire Formation at MP-6 and MP-15 but does 371 

not appear to be laterally consistent across either cross-section. The Eau Claire Formation is often 372 

delineated based on gamma log response and ranges in thickness at the site between 8 and 14 m, whereas 373 

the vertical gradient occurs across an interval less than about 1 m in thickness. This finding has important 374 

implications with respect to the integrity of this regionally important aquitard unit.  375 

Vertical gradient zone 4 occurs in the middle of the Wonewoc Sandstone separating the 376 

unresolvable vertical gradients of zones 3 and 5 (Fig. 4 and Fig. 5). All zone 4 vertical gradients are 377 

downward and the average magnitude observed at each location varies between -0.50 and -0.08 m/m. The 378 

zone 4 vertical gradients appear to occur across the contact between zones 3 and 5 rather than across a 379 

very thin lower Kv layer.   380 

3.1.2 Tunnel City Group Bedrock 381 

In contrast to the deep bedrock, where the majority of vertical gradients are unresolvable, 63% of 382 

the Tunnel City Group bedrock vertical gradients are resolvable (Table 1). In addition, unlike the vertical 383 

gradients in the deep bedrock, vertical gradients in the Tunnel City Group bedrock are both upward and 384 

downward in direction. There are 3 zones of resolvable vertical gradients in the Tunnel City Group 385 

bedrock (zones 6, 8, 9) and 1 zone of unresolvable vertical gradients (zone 7) (Fig. 4 and Fig. 5).  386 

Vertical gradient zone 6 occurs near, but not everywhere coincident with, the Wonewoc/Tunnel 387 

City Group contact and gradients associated with this zone are downward at all locations except the MP-388 

18 location where the gradient is generally upward (Fig. 4 and Fig. 5). The prevalence of downward 389 

vertical gradients in zone 6 is likely the combined result of the drawdown of the municipal wells (Fig. 1) 390 

and position in the flow system. The upward gradient observed for zone 6 at MP-18 suggests the location 391 
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is not substantially influenced by the drawdown of the municipal pumping wells and may be located more 392 

distant from primary recharge areas. The average magnitude of the downward vertical gradients in zone 6 393 

varies between -0.56 and -0.07 m/m and the average magnitude of the upward vertical gradients at the 394 

MP-18 location is 0.06 m/m.  395 

The unresolvable zone 7 vertical gradients occur near the middle of the Tunnel City Group 396 

bedrock and separate the resolvable vertical gradients of zone 6 and 8. The zone 6 and 8 resolvable 397 

vertical gradients indicate intervals of bedrock with relatively low Kv separated by the relatively higher Kv 398 

bedrock of zone 7. 399 

The upper half of the Tunnel City Group bedrock includes two zones of resolvable vertical 400 

gradients, zones 8 and 9, distinguished by their directions and magnitudes rather than being separated by a 401 

zone of unresolvable vertical gradient as observed throughout the rest of the section (Fig. 4 and Fig. 5). 402 

The zone 8 vertical gradients are generally downward at all locations except for the MP-18 location where 403 

the vertical gradient is generally upward. The average magnitude of the zone 8 downward vertical 404 

gradients varies between -0.54 and -0.06 m/m whereas the average upward gradient at MP-18 is 0.08 405 

m/m. Zone 9 represents a thin zone of resolvable vertical gradients in the uppermost Tunnel City Group 406 

(Fig. 4 and Fig. 5). In contrast to zone 8, Zone 9 resolvable vertical gradients are generally upward at the 407 

MP-19S/D, MP-21S/D, MP-17, and MP-18 locations and downward only at the MP-6 and MP-16 408 

locations. The average magnitude of the zone 9 upward and downward vertical gradients varies between 409 

0.13 and 0.19 m/m and -0.53 and -0.32 m/m respectively.  410 

Distinct vertical gradients associated with the contact between the Tunnel City Group and the St. 411 

Lawrence Formation are observed at the MP-6, MP-16, MP-19S/D, and MP-21S/D locations (zone 10; 412 

Fig. 4 and Fig. 5). The zone 10 vertical gradients are downward at MP-6 and MP-16 with average 413 

magnitudes varying between -2.33 and -1.74 m/m and upward at MP-19S/D and MP-21S/D with average 414 

magnitudes varying between 0.09 and 0.38 m/m. The zone 10 vertical gradients, like the zone 4 vertical 415 

gradients, may be representative of the Kv contrast at the contact between zone 9 and the shallow bedrock 416 

or they may be associated with a very thin unit with relatively low Kv near the Tunnel City Group/St. 417 
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Lawrence Formation contact. The resolution of the MLSs (spacing and length of monitoring zones) 418 

combined with the relatively large and resolvable vertical gradient in zone 9 make it difficult to reliably 419 

distinguish a possible zone 10 vertical gradient from those associated with zone 9. However, the contact 420 

between zone 9 and the shallow bedrock is an important geologic contrast at the site because it marks the 421 

shift from siliciclastic to carbonate dominated deposition and an important hydraulic contrast marking the 422 

shift from the large and resolvable vertical gradients in the upper Tunnel City Group to the sometimes 423 

resolvable and spatially variable vertical gradients of the shallow bedrock.  424 

3.1.3 Shallow Bedrock 425 

The vertical gradients in the shallow bedrock (including the St. Lawrence Formation, Prairie du 426 

Chien Group, and St. Peter Sandstone; Fig. 2) are distinct from both the Tunnel City Group bedrock and 427 

the deep bedrock units for two reasons. First, there are no laterally extensive zones of resolvable vertical 428 

gradient in the shallow bedrock (Fig. 4 and Fig. 5). This indicates a lack of Kv contrasts at the scale of the 429 

plume in the shallow bedrock. Second, a larger percentage of the vertical gradients in the shallow bedrock 430 

are sometimes resolvable (27%) compared to the Tunnel City Group bedrock (18%) and deep bedrock 431 

(9%) (Table 1). The occurrence of sometimes resolvable vertical gradients generally decreases with depth 432 

at the field site, which likely represents the natural dampening of shallow flow system transience with 433 

depth and the strong and relatively steady hydraulic influence of the deep municipal water supply wells. 434 

The vertical gradients suggest the shallow bedrock has relatively high Kv and flow is slightly more 435 

transient than in the deeper units.  436 

3.2. Characteristics of Sequence Stratigraphic Units 437 

The high resolution vertical gradient profiles provide direct hydraulic evidence for the position 438 

and thickness of Kv contrasts. The lateral correlation of these Kv contrasts between coreholes suggests a 439 

layered system of HGUs. However, the vertical gradient profiles do not provide direct information 440 

regarding the 3D geometry of these HGUs between the boreholes or in areas where high resolution head 441 
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profiles are not available. Consequently, a 3D geologic framework at the site scale (16 km
2
), and 442 

ultimately at the scale of a numerical groundwater flow model centered on the site and constrained by 443 

physically based boundary conditions (275 km
2
), is necessary to depict the 3D geometries of the HGUs 444 

and confidently inform the lengths/trajectories and groundwater residence times of flow paths, as 445 

illustrated hypothetically by Freeze and Witherspoon (1967).   446 

Comparison of the 11 vertical gradient zones discussed in section 3.1 with the lithostratigraphic 447 

delineation for the site shows that the position and thickness of the vertical gradient zones, and thus 448 

contrasts in Kv, are not reliably predicted by traditional lithostratigraphic subdivision of the bedrock on 449 

site. For example, zones 6, 8, and 9 are associated with resolvable vertical gradients and zone 7 is 450 

associated with unresolvable vertical gradients, and all are within the Tunnel City Group (Fig. 4 and Fig. 451 

5). Zone 2 in the Eau Claire Formation is much thinner than the formation, and the two thick zones of 452 

unresolvable vertical gradient in the deep bedrock, zones 1 and 3, each incorporate parts of at least two 453 

formations (Fig. 4 and Fig. 5). This lack of association suggests that the geologic characteristics 454 

responsible for the contrasts in Kv are not being adequately captured by the lithostratigraphic delineation.  455 

The poor correspondence between lithostratigraphic boundaries as well as more highly 456 

stratigraphically resolved measures of petrophysical properties (Meyer, 2013; Meyer et al., 2014) led us 457 

to examine whether an alternative geologic framework better captures the contrasts in Kv for the site.  In 458 

this context, the detailed lithologic data, core photos, and geophysical logs from the research coreholes 459 

were used to delineate key sequence stratigraphic features such as maximum flooding intervals (MFI) and 460 

unconformities or their associated correlative conformities (purple shading and thick pink lines 461 

respectively; Fig. 4 and Fig. 5), at each of the on-site borehole locations. Four upper Cambrian and lower 462 

Ordovician sequences were delineated at the site. Each sequence is bound by unconformities or their 463 

correlative conformities and includes one maximum flooding interval.  Specific characteristics of the 464 

maximum flooding intervals and sequence boundaries that separate the strata into depositional sequences 465 

and systems tracts at the site are presented below. 466 
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3.2.1 Maximum Flooding Intervals 467 

Maximum flooding intervals within successions that accumulated on texturally graded shelves, 468 

such as the Upper Mississippi Valley epeiric ramp, characteristically are composed of the finest-grained 469 

siliciclastic material because they were deposited when the shoreline was at its maximum landward 470 

position within a given sequence (Runkel et al., 2007). In the Cambrian/Ordovician siliciclastic bedrock 471 

at the site, the finest grained intervals are composed of feldspathic, very-fine grained sandstone and 472 

subordinate siltstone and shale deposited in relatively distal positions on the offshore shelf. Such intervals 473 

are identifiable in natural gamma logs by relatively high signatures Fig. 7. Stratification is generally poor 474 

in most MFI’s due to pervasive bioturbation as well as soft sediment deformation.  475 

Stacking patterns reflected on natural gamma logs signatures are also used to recognize MFIs, 476 

showing a staggered signature characteristic of retrogradationally and progradationally stacked 477 

parasequences below and above, respectively, the MFIs (Fig. 7). Features in the core indicative of 478 

condensed (siliciclastic starved) sedimentation are also common attributes of MFI’s (Posamentier et al., 479 

1988), and at the site, include intraclasts, glauconite, carbonate, and iron precipitates, and, more rarely, 480 

carbonate microbiolites that formed  in areas where siliciclastic input was especially limited (Runkel et 481 

al., 2007).  482 

There are four MFIs identified on site: in the lower Eau Claire Formation, in the lower Tunnel City 483 

Group, in the upper Tunnel City Group, and in the lower-most St. Lawrence Formation. The MFI in the 484 

Eau Claire Formation varies between 1.0 and 1.3 m thick at the site and is composed of very fine to fine 485 

grained sandstone (Fig. 7) with one very thin (< 0.5 m) bed of siltstone or shale present in the MP-17 and 486 

MP-18 cores (Fig. 8). The Eau Claire Formation is between 8 and 13.5 m thick here and generally 487 

includes between 1 and 3 prominent peaks in the gamma log with the MFI generally corresponding to the 488 

stratigraphically lowest peak (Fig. 7).  489 

The MFIs in Tunnel City Group bedrock are composed of very-fine to fine-grained silty sandstone 490 

(Fig. 7). These MFIs are also rich in intraclasts and glauconite (Fig. 8) and are typically poorly stratified,  491 
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which is reflected by increases in the disrupted sediment index (Fig. 7). The Tunnel City Group varies in 492 

thickness between 22 and 25 m whereas the lower and upper MFIs within the unit vary between 2.9 and 493 

3.1 m thick and between 5.7 and 6.2 m thick respectively (Fig. 7). The MFI in the lowermost St. 494 

Lawrence Formation is associated with a pronounced peak in the gamma log near the Tunnel City Group 495 

and St. Lawrence Formation contact (Fig. 7), corresponding to a thin interval of dolostone, rich in 496 

thrombolites and glauconite (Fig. 8).      497 

3.2.2 Unconformities 498 

Five sequence bounding unconformities/correlative conformities have also been identified at the 499 

field study area, one within the Wonewoc Sandstone, two within the Tunnel City Group, one underlying 500 

the Prairie du Chien Group, and one underlying the Readstown Member of the St. Peter Sandstone (Fig. 4 501 

and Fig. 5). An unconformity also separates the Paleozoic bedrock from Pleistocene sediments (Fig. 4 and 502 

Fig. 5).  503 

The unconformity in the Wonewoc Sandstone was identified at all borehole locations and 504 

corresponds to a sharp contact between a highstand systems tract (HST) composed in its uppermost part 505 

of terrestrial and marine shoreface facies and an overlying transgressive systems tract (TST) dominated 506 

by nearshore, tidally influenced facies. The latter contains substantially more very fine grained sandstone, 507 

siltstone, and shale, reflected by a small and sustained increase in the gamma logs (Fig. 7 and Fig. 8). 508 

This contact corresponds to the interregional Sauk II-Sauk III sequence boundary (Palmer, 1981), in the 509 

upper Mississippi Valley represented by a regionally extensive subaerial erosion surface in the Wonewoc 510 

Sandstone (Fig. 3) (Runkel et al., 1998; Runkel et al., 2007).  511 

Sequence boundaries are also present between the MFIs in the Tunnel City Group, in each place 512 

marking the contact between a high stand system tract (HST) and an overlying transgressive system tract 513 

(TST). As such, their approximate position on gamma logs is marked by a relatively thin interval that 514 

separates a progradational signature of parasequence stacks below from a retrogradational signature above 515 
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(Fig. 7). A more precise position of sequence boundaries in the Tunnel City Group, corresponding to 516 

individual surfaces, is problematic, in part because they are physically cryptic, especially at the scale of 517 

individual cores, and also because they may be correlative conformities at this paleodeopositional 518 

position. 519 

 Cores and open borehole geophysics indicate that the Ordovician Prairie du Chien Group directly 520 

overlies the Cambrian St Lawrence Formation across much of the site Fig. 4 and Fig. 5. The apparent 521 

absence of the Jordan Sandstone, widely present as an intervening unit elsewhere in the region, indicates 522 

the presence of a subaerial unconformity between the Prairie du Chien Group and St Lawrence 523 

Formation.  Removal of the Jordan Sandstone prior to deposition of the Prairie du Chien Group at the site 524 

is consistent with stratigraphic relationships noted by Runkel et al. (2007) in the nearby Madison 525 

Wisconsin area, near the Wisconsin arch.   526 

The most physically prominent unconformity within the bedrock succession at the site underlies the 527 

St Peter Sandstone. Evidence for the unconformity has been observed in the source area and at the MP-16 528 

location where the St. Peter Sandstone variably overlies strata ranging from the upper Tunnel City Group 529 

to the Prairie du Chien Group as a result of subaerial erosion (Fig. 5). The unconformity underlying the 530 

St. Peter Sandstone is an interregional unconformity known as the Sauk-Tippecanoe unconformity (Sloss, 531 

1963).  The contact between Cambrian/Ordovician bedrock and overlying unconsolidated Pleistocene 532 

sediment also is a high relief unconformity.  533 

3.3. Comparison of Vertical Gradient Zones to Sequence Stratigraphic Features 534 

Fig. 4 and Fig. 5 show that the sequence stratigraphic features at the Cottage Grove site closely 535 

correspond in position to the independently derived 11 vertical gradient zones. The most consistent 536 

correspondence appears to be in the correlation between low Kv intervals and MFI’s. The three MFIs 537 

associated with the Eau Claire and Tunnel City Group are associated with resolvable, and often large, 538 

vertical gradients that mark relatively low Kv intervals. Furthermore, the sequence boundary within the 539 
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Wonewoc Sandstone also corresponds to a low Kv boundary or surface. In contrast, systems tracts and 540 

sequences between these MFIs and sequence boundaries are associated with unresolvable vertical 541 

gradients delineating units with relatively high Kv.  542 

Application of sequence stratigraphy thus provides a 3-dimensional geologic framework for 543 

predicting Kv contrasts on site. An even greater understanding of the flow system, and correlation off-site 544 

to other areas, requires insight into the specific rock attributes of sequence stratigraphic features that 545 

create the Kv contrasts: i.e., understanding the cause and effect relationship that explains the strong 546 

correlation between sequence stratigraphic features and Kv contrasts. Meyer (2013) and Meyer et al. 547 

(2014) showed that the detailed lithologic data and bulk horizontal hydraulic conductivity data derived 548 

from straddle packer hydraulic testing in the boreholes did not consistently correspond with the vertical 549 

gradient zones. Changes in the measured values for the rock matrix porosity and matrix hydraulic 550 

conductivity do not correspond to the vertical gradient zones either. The poor correspondence is likely 551 

because the vertical gradients respond to changes in bulk Kv and those changes are controlled by changes 552 

in the characteristics of vertical or near vertical fractures. As the data above do not provide direct insight 553 

into the characteristics of vertical or near vertical fractures, fracture stratigraphy needs to be considered.  554 

3.4. Fracture and Mechanical Stratigraphy of Regional Lower Paleozoic Rocks 555 

In fractured rocks, the hydraulic conductivity of the matrix is typically several orders of 556 

magnitude less than that of the bulk hydraulic conductivity of the rock due to an interconnected fracture 557 

network. Consequently, the characterization of fractures in the context of stratigraphy, “fracture 558 

stratigraphy” (e.g., Laubach et al., 2009) has potential to provide insights into the 3D geometry of HGUs 559 

defined by hydraulic conductivity contrasts.  560 

The extent of fractures in a direction perpendicular to bedding is particularly relevant as a 561 

potential control on vertical gradients and Kv. However, independent physical evidence for such 562 

preferential termination horizons is difficult to acquire in subsurface investigations reliant on vertical or 563 

slightly inclined boreholes. Over 3,340 fractures interpreted as natural were observed in the rock cores 564 
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collected at the site and 1,286 fractures were identified in acoustic or optical televiewer image logs 565 

collected in the boreholes. Of fractures observed, 80% had dip angles ≤ 30 degrees and only 13% had dip 566 

angles > 60 degrees. An example of the rare occurrences of high angle fractures in these data sets is 567 

illustrated visually in the core photos where there are numerous bedding parallel or low angle fractures 568 

and nearly no high angle or vertical fractures (Fig.8). The small percentage of high angle fractures is at 569 

least partly due to the sampling bias associated with using vertical boreholes (Terzaghi, 1965). As a 570 

result, vertical borehole fracture data sets are not adequate to characterize the vertical or high angle 571 

fractures that are key to understanding the Kv contrasts inferred from the vertical gradient profiles. 572 

Therefore, improved understanding of the fracture stratigraphy must rely on fracture characterization 573 

studies of off-site outcrop analogues.   574 

A number of outcrop studies of the relatively undeformed lower Paleozoic bedrock of the central 575 

midcontinent region have provided fracture and mechanical stratigraphic context relevant to interpreting 576 

the vertical gradient profiles at the Wisconsin site. Underwood et al. (2003) and Cooke et al. (2006) 577 

showed that vertical fractures in a Silurian dolostone in northeast Wisconsin preferentially terminate at 578 

thin, cycle bounding organic horizons, and with lesser probability within thin mudstone interbeds (Fig. 579 

9a). These mechanical interfaces separate units of strata as thick as about four meters in which fractures 580 

more commonly cross multiple beds, some fully penetrating the entire unit. Runkel et al. (2014) identified 581 

preferential fracture terminations in the Cambrian Jordan Sandstone in southeastern Minnesota at the 582 

contacts between 0.5-1 m thick sandstone beds in three outcrop areas, at a consistent stratigraphic 583 

position. Vertical fractures above and below these interfaces commonly extend several meters across 584 

multiple beds. Observable features that might account for terminations at the key bed contacts include 585 

thin (<2cm), bioturbated and ductilely deformed shale-rich sandstone seams, and at one outcrop a bed 586 

parallel void network (Fig. 9a). Anderson et al. (2011) mapped fractures in outcrops of the Mifflin, 587 

Hidden Falls, and Magnolia members (in ascending order) of the Ordovician mixed siliciclastic Platteville 588 

Formation in south-eastern Minnesota. Fractures in the ~ 4 meter thick Magnolia and Mifflin members, 589 

many of which cross the full extent of the members, preferentially terminate within discrete, thinly 590 
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bedded intervals of about a half meter that represent the transitional contacts with the shale and silt-rich 591 

dolomudstone Hidden Falls Member (Fig. 9b). Runkel et al. (2014) also examined poorer exposures of St 592 

Lawrence-Tunnel City Group contact strata, and noted that prominent vertical fractures in well-cemented 593 

lower St. Lawrence Formation most commonly terminate at, or within 2 meters below, the contact with 594 

underlying much more poorly cemented, sandy and shaley Tunnel City Group (Fig. 9c).  595 

Some hydrologic characteristics of the Platteville and Jordan formations appear to reflect the 596 

subsurface hydraulic expression of the outcrop fracture patterns. For example, the interval of preferential 597 

fracture terminations at the top of the Hidden Falls member of the Platteville Formation corresponds to a 598 

well-documented preferential position of perched springs, as well as perched subsurface water table 599 

aquifers, in the Twin Cities Metro area (Anderson et al., 2011). Hydraulic head data from nested monitor 600 

wells and packer tests similarly indicate significant resistance to vertical flow across this termination 601 

horizon (Anderson et al., 2011).  Stratigraphically discrete measures of the hydraulic properties of the 602 

Jordan Sandstone are much more limited. However, Runkel et al. (2014), noted that a large vertical 603 

gradient measured using a high resolution MLS is constrained to within a relatively narrow stratigraphic 604 

interval consistent with the position of key fracture termination interfaces identified in outcrop 15 miles 605 

away.  606 

Distinct fracture patterns associated with shallow bedrock have also been observed regionally in 607 

outcrop and borehole studies for the lower Paleozoic rocks. In a study of the Cambrian strata near 608 

Minneapolis and St. Paul, Minnesota, Runkel et al. (2006) described nonsystematic fractures as “irregular, 609 

curved, to straight fractures that commonly intersect bedding at a lower angle than systematic fractures, 610 

appear more randomly distributed, are more variable in shape, and generally have apertures less than 1 611 

cm”. They also observed that nonsystematic fractures were more densely distributed in shallow bedrock 612 

(< 15 m from top of rock) conditions, and that systematic fractures have larger apertures than in 613 

conditions of deeper burial. These contrasts between shallow and deep conditions of burial result in 614 

distinct differences in hydraulic properties whereby bedrock in shallow conditions of burial has greater 615 

bulk hydraulic conductivity and decreased aquitard integrity compared to the same material under 616 
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conditions of deeper burial (Runkel et al., 2006; Green et al., 2012; Runkel et al., 2014). An increased 617 

density of non-systematic fractures and larger apertures of systematic fractures associated with the 618 

shallow bedrock interval at the Wisconsin site may explain, in part, the lack of resolvable vertical 619 

gradients observed in the shallow rock. 620 

Although all of the fracture stratigraphic characterizations summarized above are based on 621 

outcrops many tens of kilometers from the Wisconsin Site, the results provide some useful context to the 622 

interpretation of the vertical gradients at the site. Collectively, they show that the fracture patterns in both 623 

siliciclastic and carbonate bedrock in the central midcontinent, ranging in age from Cambrian to Silurian, 624 

appear to share the following general characteristics: 625 

 thick intervals with fractures that have propagated through multiple beds over vertical extents of a 626 

few to several meters  627 

 terminations of fractures can be preferentially located along much thinner intervals that separate 628 

these thicker units 629 

 terminations can be preferentially along a single, discrete surface, or dispersed in a more 630 

transitional manner 631 

  termination horizons can occur at predictable (correlatable) stratigraphic positions  632 

 Fractures are more extensively developed (greater density of nonsystematic fractures and larger 633 

apertures of systematic fractures) in conditions of shallow burial of bedrock 634 

 The fracture characteristics documented in outcrops can correspond to observable and 635 

measureable subsurface hydraulic properties 636 

3.5. Association Between Sequence Stratigraphic Intervals and Fracture Network 637 

Characteristics 638 

Understanding of the processes that dictate the characteristics of a fracture network has been a 639 

longstanding challenge, and recent research indicates the need to collectively evaluate the roles of 640 
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existing mechanical properties, tectonic and burial histories, and the evolution of material properties 641 

during diagenesis (Laubach et al., 2009). Such an investigation is beyond the scope of our current 642 

research. Here, we draw on previous studies (Helgeson and Aydin, 1991; Renshaw and Pollard, 1995; 643 

Rijken and Cooke, 2001; Underwood et al., 2003; Shackleton et al., 2005; Cooke et al., 2006) that have 644 

specifically assessed preferential termination horizons in relatively undeformed sedimentary rocks to 645 

consider how the materials associated with the sequence stratigraphic features at the study site may have 646 

provided the contrasts in rheologic properties and/or weak mechanical interfaces that hindered 647 

propagation of vertical fractures across those features. 648 

A number of physical characteristics associated with MFI’s and some sequence boundaries at the 649 

Wisconsin site are more conducive to terminating the propagation of fractures in comparison to the 650 

physical properties of intervening stratigraphic packages.  For example, transgressive or highstand 651 

systems tracts consist of stacked facies that gradually change in physical properties such as grain size 652 

(fining or coarsening upward) and mineralogy over meters of stratigraphic section. The changes in 653 

physical properties that might hinder the propagation of vertical fractures across these intervals are subtle 654 

and similarly transitional, leading to a greater likelihood that individual fractures with large heights will 655 

propagate across multiple beds.  Most of the traditional lithostratigraphic boundaries in the Cambrian 656 

strata of this region are positioned within such systems tracts, which could account for the lack of 657 

correspondence between head deflections and these lithostratigraphic contacts.   658 

In contrast, MFI’s are characterized by a number of features more conducive to terminating the 659 

propagation of fractures. Perhaps most importantly, natural gamma logs and cores show that the MFIs in 660 

the Tunnel City Group and Eau Claire Formation contain a higher percentage of shale and siltstone than 661 

strata above and below, as a matrix in coarser material and in discrete, contorted beds. Relatively ductile, 662 

very fine-grained siliciclastics are well known to cause fracture tip termination via distribution of stresses 663 

(Cooke et al., 2006).  The MFIs are internally a much more heterolithic assemblage of material compared 664 

to other parts of the section. They consist of an amalgamation of the distal (seaward) parts of 665 

parasequences, with a dense vertical spacing of multiple erosional discontinuities separating thin, 666 
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irregular beds that vary widely in composition, grain size, and cementation (Runkel et al., 2007).  667 

Intervals of thinly bedded strata with contrasting material properties (e.g. rigidity contrasts) and weak 668 

interfaces would inhibit propagation of vertical fractures from the thicker, more homogenous, adjacent 669 

units (Helgeson and Aydin, 1991; Renshaw and Pollard, 1995; Shackleton et al., 2005). Fractures of 670 

layer-limited height within the thinly bedded MFI’s may also have relatively narrow apertures compared 671 

to the taller fractures in adjacent units (Odonne et al., 2007). These characteristics would likely result in 672 

layers with relatively low Kv.  673 

Another possible control on preferential termination of vertical fractures in MFIs, and thus on 674 

reduced Kv associated with these intervals, is the presence of bed parallel “fractures” that could serve as 675 

weak mechanical interfaces. Vertical fractures are known to preferentially terminate at bed-parallel 676 

“fractures” in outcrops of lower Paleozoic carbonate and siliciclastic strata elsewhere in the region 677 

(Anderson et al., 2011; Runkel et al., 2014). There are some hydrogeologic indications that such bed 678 

parallel fractures are more densely clustered within MFI’s compared to other parts of the stratigraphic 679 

section.  MFIs corresponding to vertical gradient zone 6 and vertical gradient zone 10 are known to 680 

correspond to preferential development of high hydraulic conductivity bedding parallel fractures in 681 

southeastern Minnesota, within intervals that in a vertical direction serve as low Kv units (Runkel et al., 682 

2003; Runkel et al., 2006; Luhmann et al., 2011; Green et al., 2012; Runkel et al., 2014). Swanson et al. 683 

(2006) and Meyer et al. (2008) noted a correspondence between what we now know are parasequence 684 

boundaries, and the preferential presence of bedding plane fractures in the Tunnel City Group, HGU8 and 685 

HGU6, of southwestern Wisconsin. Because parasequence boundaries downlap into MFIs where they are 686 

densely clustered, bedding plane fractures may logically also be more densely clustered.   687 

The MFI in the lowermost St. Lawrence Formation at the Wisconsin site differs from underlying 688 

MFIs in being particularly uniformly well-cemented carbonate rock. It therefore may internally lack the 689 

weak interfaces characteristic of underlying MFIs. Presumably this would promote development of 690 

through-going vertical fractures across the lower St Lawrence. The distinct zone 10 vertical gradients 691 

across the St Lawrence-Tunnel City contact strata in some of the MLSs at the site may reflect preferential 692 
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termination of lower St Lawrence through-going fractures at or just below the contact within the 693 

underlying more poorly cemented shale and sandstone of the Tunnel City Group, in a manner similar to 694 

that displayed in outcrops of the contact between these formations (Runkel et al., 2014).  695 

The zone 4 vertical gradient within the Wonewoc Sandstone is the most difficult to relate to 696 

apparent contrasts in material properties or interfaces that might account for corresponding fracture 697 

attributes. If the vertical gradient occurs across a surface rather than a thin interval, it could be explained 698 

by fracture terminations at sandstone bed contacts similar to those documented within the Jordan 699 

Sandstone by Runkel et al. (2014). However, unlike the Jordan Sandstone termination interfaces, the 700 

cores and borehole geophysical logs at the Wisconsin Site do not reveal the presence of discontinuities 701 

(e.g. bedding plane “fractures”) or shale at the sequence boundary. Instead, like most sequence boundaries 702 

within sandstones of this region, the unconformity is cryptic, within a succession dominated by medium- 703 

to coarse-grained sandstone (Runkel et al., 1998; Runkel et al., 2007). Even though the sequence 704 

boundary appears physically cryptic, on a larger scale it does separate Wonewoc sandstone facies that 705 

subtly differ from one another in grain size, bedding, and texture.  This contrast may have been sufficient 706 

to cause the upper and lower Wonewoc to independently behave as discrete mechanical units, with 707 

limited fracture connection between them across the sequence bounding unconformity. This mechanism 708 

of poor hydraulic connection was proposed conceptually by Underwood et al. (2003). Meyer et al. (2008) 709 

presented evidence of the hydraulic effect with a measured head profile, which was then simulated 710 

stylistically using a discrete fracture network model. The high resolution vertical gradients associated 711 

with HGU4 and the new understanding of their association with a sequence bounding unconformity adds 712 

support for this type of vertical hydraulic discontinuity in fractured rocks.  713 

The vertical gradient data indicate the shallow bedrock can be treated as a single HGU at the 714 

scale of the plume. However, the shallow bedrock is not represented by a single sequence stratigraphic 715 

unit and the site data indicate smaller scale lithologic and possibly hydraulic heterogeneities within the 716 

shallow bedrock unit due to the influence of three overlapping unconformities within this interval 717 

(Cambrian-Ordovician, Sauk-Tippecanoe, Paleozoic-Pleistocene). The presence of these unconformities 718 
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limits the lateral continuity of stratigraphic units in the shallow bedrock. In addition, the subaerial 719 

weathering, erosion, and re-deposition of materials associated with the three overlapping unconformities 720 

have the potential to change secondary porosities thus affecting the 3D distribution of Kv. For example, 721 

the frequency of non-systematic, high angle fractures observed in cores and borehole image logs is much 722 

higher in the shallow rock units than in the deeper units. This may, in part, explain the lack of resolvable 723 

vertical gradients traceable across the plume in the shallow bedrock. In addition, karstic conditions have 724 

been observed in the Prairie du Chien Group in the region and at the field site (e.g., Palmquist, 1969; 725 

Smith and Simo, 1997; Tipping et al., 2006; Meyer et al., 2008) and younger sediment is commonly 726 

observed in these karst channels (Smith and Simo, 1997; Tipping, 2002). These geologic heterogeneities 727 

may result in smaller scale heterogeneities in physical properties and hydraulic characteristics and further 728 

detailed characterization of these heterogeneities is a topic of future research.    729 

The relationship between sequence stratigraphy and laterally extensive contrasts in Kv presented 730 

here provides confidence in interpolation of the HGUs at the plume scale (16 km
2
).  The correspondence 731 

between HGUs and sequence stratigraphic units also demonstrates potential for predicting the position of 732 

intervals with possible contrasts in Kv (such as important aquitards) beyond the area of the research site, 733 

because the same sequence stratigraphic units can be traced regionally across the Upper Mississippi 734 

Valley area (Runkel et al., 2007).  Recently collected data from a high resolution MLS in Cambrian strata 735 

in Minnesota, 400 km from the Wisconsin study area, shows similar relationships, such as an abrupt 736 

change in vertical gradient corresponding to a maximum flooding interval in the lower St Lawrence 737 

Formation (Runkel et al., 2014).  738 

Wider application of sequence stratigraphy to predict hydraulic properties will require a better 739 

understanding of the physical properties (i.e., the mechanical stratigraphy) that together with tectonics, 740 

burial history, and other factors, dictate fracture patterns.  For example, the physical properties of 741 

sequence stratigraphic features such as MFI’s and unconformities can be variable even within the deposits 742 

of an individual depositional basin, such as the Cambrian strata in this part of the cratonic interior (Runkel 743 

et al., 2007), and therefore their impact on fracture patterns could likewise be variable. Toward this goal, 744 
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we will continue to explore the relationships between hydraulic properties, fracture patterns, and 745 

mechanical properties at the Wisconsin Site, and more regionally in our future research. 746 

4.  Hydraulically Calibrated Sequence Stratigraphy for Delineation of Hydrogeologic Units 747 

In summary, comparison of the position and thickness of the Kv contrasts indicated by the vertical 748 

gradient zones to the sequence stratigraphic units shows a very strong spatial association between the two 749 

(Fig. 4 and Fig. 5). These two data sets were arrived at independently and when combined provide a 750 

hydraulically calibrated sequence stratigraphic framework for the site. This framework provides increased 751 

confidence in the precise delineation and description of the nature of HGU contacts in each borehole and 752 

interpolation of the HGUs between boreholes at the site scale. In addition, because sequence stratigraphic 753 

units are closely constrained with respect to time and depositional environments the hydraulically 754 

calibrated sequence stratigraphy developed for the site provides some capability to predict HGUs offsite 755 

in areas where high resolution hydraulic data sets are not available.  756 

Integration of vertical gradient zones and sequence stratigraphy allows for robust delineation of 757 

11 (1-10 and the shallow bedrock) HGUs corresponding to the 11 vertical gradient zones (Fig. 10). The 758 

name ‘shallow bedrock’ is retained for the eleventh HGU because the basis for its delineation is slightly 759 

different than for the other 10 units. The attributes of the sequence stratigraphic units and regional 760 

information regarding vertical fracture terminations provide additional information to describe the HGUs.  761 

HGUs 1, 3, 5, and 7 are composed of relatively thick sections of unresolvable vertical gradients 762 

associated with coarser grained, highstand and transgressive system tracts deposits between MFIs (Fig. 4 763 

and Fig. 5). The lack of vertical gradient between adjacent monitoring intervals within these four HGUs 764 

suggests relatively high Kv potentially due to well-connected, through-going, vertical fractures, as have 765 

been observed regionally in outcrops (Fig. 10).  766 

HGU9 is also associated with highstand and transgressive system tract deposits between MFIs. 767 

However, HGU9 is characterized by relatively large vertical gradients indicative of lower Kv (Fig. 4 and 768 
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Fig. 5). The strata associated with HGU9 are finer grained, finely laminated, and thinner than the strata 769 

associated with HGUs 1, 3, 5, and 7, which might account for their distinct hydraulic behavior.  770 

HGUs 2, 6, and 8 are characterized by resolvable vertical gradients associated with maximum 771 

flooding intervals (Fig. 4 and Fig. 5). The vertical gradients associated with these units indicate relatively 772 

low Kv compared to the adjacent units. The relatively low Kv may be attributed to fracture terminations 773 

within these units resulting in limited vertical fracture length and poor fracture connectivity within each 774 

unit (Fig. 10). 775 

Both HGU 4 and HGU 10 are conceptualized as surfaces (i.e., negligible thickness) where 776 

vertical fractures may terminate resulting in poor vertical hydraulic connectivity between the units above 777 

and below the surface (Fig. 10). HGU 4 is characterized by a resolvable vertical gradient associated with 778 

the sequence bounding unconformity in the middle of the Wonewoc Sandstone (Fig. 4 and Fig. 5).  The 779 

HGU 4 vertical gradients likely indicate poor vertical hydraulic communication between fracture 780 

networks across the unconformity separating HGU3 and 5. Similarly, the HGU 10 vertical gradients 781 

likely represent poor hydraulic communication between the fracture networks of the shallow bedrock and 782 

that of HGU9 in the upper Tunnel City Group (Fig. 10). The lateral continuity of these ‘surfaces based’ 783 

HGUs indicates they play an important hydraulic role in the flow system. Although important, they are 784 

extremely subtle and only evident due to the MLS design approach used here, which maximized the 785 

vertical resolution and specifically designed the position and lengths of seals and monitoring zones to 786 

minimize blending.     787 

The vertical gradient data support delineation of the shallow rock as a single HGU because there 788 

were no laterally correlatable zones of resolvable vertical gradient observed in the shallow rock. Rather, 789 

the shallow rock is characterized by unresolvable vertical gradients and an increased frequency of 790 

sometimes resolvable vertical gradients compared to the other units (Fig. 10). The lack of laterally 791 

correlatable resolvable vertical gradients is an important result because it indicates a lack of laterally 792 

extensive contrasts in Kv most likely due to the high frequency of non-systematic fractures in the shallow 793 

bedrock units and the poor lateral continuity of stratigraphic units due to the presence of three overlapping 794 
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unconformities. The multiple, overlapping unconformities in the shallow bedrock system result in the 795 

presence/absence of distinct lithostratigraphic units on a lateral scale much smaller than the plume or 796 

study site scale. Further characterization of these heterogeneities within the shallow bedrock HGU is a 797 

focus of future research. The increased frequency of sometimes resolvable vertical gradients in the 798 

shallow rock is consistent with the conceptual model for this flow system where transience in hydraulic 799 

head diminishes with distance from the water table due to decreased influence of recharge and due to the 800 

relatively steady hydraulic gradient applied to the deeper units by nearby municipal pumping wells.  801 

5.  Conclusions and Implications 802 

The objective of this experiment was to determine if the spatial and temporal characteristics of depth 803 

discrete measurements of the vertical component of hydraulic gradient (i.e., vertical gradient) can be used 804 

as the primary line of evidence for the delineation of hydrogeologic units (HGUs). To that end, multilevel 805 

systems with numerous, depth-discrete, minimally blended monitoring zones (high resolution) were 806 

installed at seven locations along two orthogonal cross-sections spanning a 16 km
2
 area which 807 

encompasses a mixed organic contaminants plume in fractured sedimentary rocks (i.e., at the ‘plume 808 

scale’). The results showed that the high resolution vertical gradients were highly reproducible over 809 

multiyear periods and reliably identified the position and thickness of intervals of rock with contrasting 810 

vertical hydraulic conductivity (Kv) in each hole. The position and thickness of these Kv contrasts 811 

occurred at the same stratigraphic position across the 16 km
2
 area but, most notably, they did not correlate 812 

with the thickness/boundaries of lithostratigraphic units indicating an alternative geologic model was 813 

needed to adequately represent the hydraulic contrasts. The high resolution geologic information collected 814 

from continuous cores and geophysical logging was further used to delineate sequence stratigraphy for the 815 

site. We observed that the contrasts in Kv were strongly associated with key sequence stratigraphic units 816 

(i.e., maximum flooding intervals and unconformities). The vertical gradients and sequence stratigraphy 817 

were arrived at independently and when combined supported robust delineation of 3-D HGUs for the site. 818 
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These sequence stratigraphic units are distinguishable throughout the Cambrian-Ordovician aquifer 819 

system of the Midwest US suggesting a potential ability to predict Kv contrasts in areas where high 820 

resolution head profiles are not available.   821 

These findings are important for several reasons. Consistency of the Kv contrasts over a 16 km
2
 area 822 

strengthens the high resolution head profile method for delineating HGUs (Meyer et al., 2014). The 11 823 

HGUs delineated here refine the previous HGU conceptual model for the site (Meyer et al., 2008) and 824 

improve the lithostratigraphically based HGUs previously documented for this area of Dane County, 825 

Wisconsin (Bradbury et al., 1999; Krohelski et al., 2000). In a broader context, this paper clearly shows 826 

how high resolution hydraulic head data can be used to identify the key geologic features responsible for 827 

Kv contrasts. The HGU framework delineated using this approach essentially represent a ‘hydraulically 828 

calibrated geologic framework’. This is a distinctly different approach to the traditional reliance on a 829 

geologic framework first without independent hydraulic confirmation which, in sedimentary rock, often 830 

leads to cross-connection between distinct units resulting in blended measurements with unknown biases 831 

in hydraulic and geochemical data and possible redistribution of natural solutes and contaminants. A 832 

hydraulically calibrated geologic framework, serves as an improved basis for predictions of groundwater 833 

and solute travel paths and times by numerical models, which are increasingly important for analysis of 834 

environmental and health risks. The refined hydrogeologic unit framework also provides a means to 835 

consistently interpret historical hydraulic and geochemical data sets from existing cross-connecting 836 

monitoring wells on site. This will in turn also guide the placement of monitoring well/multilevel system 837 

screens used to collect new, minimally blended data that can be used for calibration of numerical models 838 

and evaluation of remediation system performance. 839 
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Table 1. Summary of vertical gradient characteristics 1092 

Broad Domain 
Total # 

Gradients
1
 

Resolvable Unresolvable 
Sometimes 

Resolvable 

Total 

% 

Up 

% 

Down 

% 

Total 

% 

Total 

% 

All 227 33 20 80 51 16 

Deep Bedrock 104 18 0 100 73 9 

Tunnel City Group Bedrock 71 63 29 71 18 18 

Shallow Bedrock 52 23 17 83 50 27 

 1093 

1
 The values presented in this table are derived from all of the head profiles measured for each MLS 1094 

between their installation date (2003-2008) through December 2014. Head profiles were measured several 1095 

times per year throughout the various seasons for between 6 and 11 years.  1096 

 1097 

 1098 

 1099 

  1100 
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Figure Captions 1101 

Fig. 1. Maps showing the site location, source area, plume extent, and distribution of coreholes and 1102 

different types of wells on site. 3.05 (10 ft) contour interval shows distribution of drumlins on site. 1103 

Municipal well #4 is off the map 1.4 km to the north.   1104 

 1105 

Fig. 2. Generalized site lithostratigraphic column showing the average thickness of each unit and the 1106 

general stratigraphic position of major unconformities and correlative conformities identified at the site 1107 

(updated from Meyer et al. (2008)). (*) The unit is not always present at the site. (**) Site data do not 1108 

provide clear evidence for the Jordan Formation. Trempealeau is abbreviated as ‘Tremp.’.  1109 

 1110 

Fig. 3. (a) Map showing the regional extent of the Cambrian-Ordovician aquifer system found on site. (b) 1111 

Sequence stratigraphic cross-section through part of the Cambrian-Ordovician aquifer system (location 1112 

shown in (a)) providing a regional sequence stratigraphic context for the rocks at the site. Note that 1113 

maximum flooding intervals and unconformities are traceable throughout the depositional basin spanning 1114 

from central Wisconsin to eastern Nebraska.  1115 

 1116 

Fig. 4. Lithostratigraphy, sequence stratigraphy, and high resolution head and vertical gradient profiles for 1117 

5 locations along a west-east cross-section. The stratigraphic positions of the vertical gradients are 1118 

consistent along the cross-section and strongly associated with the independently derived sequence 1119 

stratigraphic units. Combination of the two data sets results in delineation of 11 HGUs.      1120 

 1121 

Fig. 5. Lithostratigraphy, sequence stratigraphy, and high resolution head and vertical gradient profiles for 1122 

3 locations along a north-south cross-section. The stratigraphic positions of the vertical gradients are 1123 

consistent along the cross-section and strongly associated with the independently derived sequence 1124 

stratigraphic units. Combination of the two data sets results in delineation of 11 HGUs. 1125 
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 1126 

Fig. 6. A conceptual model illustrating the characteristics of head and vertical gradient profiles at 1127 

different positions in a generic steady state flow system with layers of contrasting Kv. The head profiles 1128 

inflect across contrasts in Kv resulting in contrasts in vertical gradient occurring at the same stratigraphic 1129 

position across the flow system. The magnitude and direction of the vertical gradients in a given profile 1130 

are determined by the position within the flow system.  1131 

 1132 

Fig. 7. The stratigraphic positions and thicknesses of MFIs were delineated in each hole based on the shift 1133 

from retrograding to prograding facies indicated by peaks in the gamma log combined with core data 1134 

indicating finer grained sandstones and/or siltstone/shale, poorly stratified sediment (high SDI), and other 1135 

indications of sediment starved conditions. The gamma log shows a small, consistent increase in the 1136 

middle of the Wonewoc Sandstone separating the nearshore, tidally influenced facies above the 1137 

unconformity from terrestrial and marine shoreface facies below. The MP-6 lithostratigraphy applies to 1138 

all other boreholes except MP-16. 1139 

 1140 

Fig. 8. Core photos showing examples of the physical attributes of the maximum flooding intervals (green 1141 

boxes), the unconformity (sequence boundary, black box) in the Wonewoc Sandstone, and the strata 1142 

adjacent to these sequence stratigraphic units. The MFIs in the Tunnel City Group and Eau Claire 1143 

Formation are characterized by an increased density of features typical of sediment starved conditions 1144 

such as: (1and 2) intraclasts (arrows) in glauconite rich matrix, (3 and 4) poorly stratified sediment with 1145 

some well-preserved burrows (arrows), and (5) intraclasts (arrow) and a thin glauconite rich lamination 1146 

(box).  1147 

 1148 

Fig. 9. Schematic summary of vertical fracture terminations reported for the Cambrian-Ordovician 1149 

sedimentary rocks in the upper Mississippi Valley (Underwood et al., 2003; Cooke et al., 2006; Anderson 1150 

et al., 2011; Runkel et al., 2014). (a) Terminations at a surface, weak interface at bed contact or bed 1151 
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parallel “fracture”, or within very thin (cm) shale. (b) Terminations staggered across an interval that could 1152 

include relatively ductile shale, multiple weak interfaces, and/or bed parallel “fractures”. (c) Terminations 1153 

of the most extensively through-going fractures in uniformly well cemented unit above are staggered, 1154 

tapered across an interval that could include relatively ductile shale or poorly cemented sandstone.  1155 

 1156 

Fig. 10. Schematic summarizing the geologic, vertical gradient, and inferred Kv characteristics of the 1157 

hydrogeologic units delineated for the site. HGUs 2, 6, and 8 are MFIs characterized by resolvable 1158 

vertical gradients indicating relatively low Kv. HGU 9 is a thin interval of finer grained, finely laminated 1159 

sandstones also characterized by resolvable vertical gradients indicating relatively low Kv. HGUs 1, 3, 5, 1160 

and 7 are relatively thick packages of coarser grained, highstand and transgressive system tract deposits 1161 

characterized by unresolvable vertical gradients indicating relatively high Kv. HGUs 4 and 10 are 1162 

conceptualized as surfaces where vertical fractures may terminate resulting in poor vertical hydraulic 1163 

connectivity between the units above and below the surface. 1164 
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