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ABSTRACT 

 

FRACTURE NETWORK CHARACTERIZATION OF AN AQUITARD SURFACE WITHIN 

THE WONEWOC SANDSTONE USING DIGITAL OUTCROP PHOTOGRAMMETRY 

AND DISCRETE FRACTURE NETWORK (DFN) MODELLING  

 

Christopher A. Morgan       Advisors: 

University of Guelph, 2019          Dr. Beth Parker 

          Dr. Jessica Meyer 

          

 

At a research site in South-Central Wisconsin, head profiles from high-resolution multilevel 

monitoring wells indicate the presence of a laterally continuous aquitard surface where head 

loss occurs near the middle of the Wonewoc Sandstone. Fracture data from continuous rock 

cores, down-hole geophysical logging and hydraulic testing were correlated with fracture 

measurements from six outcrops to evaluate whether the head loss is caused by poor vertical 

connectivity between fracture networks in the upper and lower portions of the aquifer. Outcrop 

observations indicate that ~90% of joints terminate at, or near the contact between the Ironton 

and Galesville Members of the Wonewoc, at the same vertical position as where the head loss 

is observed in the MLS. Numerical modelling using the fracture data was able to reproduce the 

head gradients observed at the site and showed that the aquitard surface is highly sensitive to 

fracture termination percentage near the Ironton-Galesville contact. 
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1.0 INTRODUCTION 
Bedrock aquifers underlie much of the Earth’s land surface and serve as a critical source of 

fresh water for industry, agriculture, and private and municipal water supply. The presence of 

fractures and other preferential flow features within these aquifers has a profound impact on the 

movement of water and contaminants through them (Feenstra et al. 1996; NASEM 2015). 

However, studying and understanding the hydraulics of fractured rock systems is complicated. 

Fracture apertures are extremely small and their connectivity is difficult to observe or predict 

using conventional hydrogeological characterization tools and methods. Delineation of 

hydrogeologic units based on grain size and lithology is ineffective when fracture network 

connectivity and transmissivity (i.e. apertures) ultimately control the system’s hydraulics. 

Furthermore, the predictive capabilities of conceptual and numerical models that have been 

developed for fractured rock systems are often limited by difficulties in collecting the data 

necessary to describe the fracture network characteristics (Berkowitz 2002). This study provides 

an example of how detailed outcrop and borehole characterization methods can be combined to 

parametrize 3-dimensional fracture networks representing site conditions. Numerical simulations 

using these data provide the opportunity to improve understanding of flow and transport within 

fractured sandstone aquifers and understand how vertical fracture terminations influence 

vertical hydraulic conductivity and contaminant transport (Meyer et al. 2008). The following 

sections briefly outline the basics of flow and transport in fractured rock and discuss the 

difficulties in collecting 3-dimenstional fracture data needed to perform numerical modelling of 

fractured rock systems.  

1.1 Flow and Transport in Fractured Rock 

In fractured rock systems, flow and transport is governed by physical and chemical interactions 

between fluid transported within discrete fracture features and the rock matrix. In most 

instances, the hydraulic conductivity of the fracture features is higher than that of the matrix, 

forming discrete preferential flow paths capable of rapidly transporting contaminants. As a 

result, understanding fracture conductivity and network connectivity is critical to understanding 

flow and transport through fractured rock systems (Berkowitz 2002; Feenstra et al. 1996). 

Fracture conductivity is a function of aperture and roughness, while network connectivity is 

controlled by fracture spacing, length and orientation.  

In cases where dense non aqueous phase liquids (DNAPL) are present, fracture aperture and 

the DNAPL head (the thickness of pooled DNAPL in groundwater) will also control migration of 

that contaminant through the subsurface (Keuper & McWhorter 1991). Physical, biological and 

chemical properties of the rock matrix also influence transport in fractured rock through the 

processes of sorption, degradation, diffusion and back diffusion (Parker et al. 1994, 1997). 

Several examples highlight the importance of understanding fracture network characteristics for 

conceptualizing flow and developing discrete fracture network (DFN) models in fractured rock 

systems. In a series of 2-D simulations by Parker & Chapman (2006), a groundwater plume was 

simulated for two discrete fracture networks with the same bulk hydraulic conductivity, but very 

different fracture network characteristics (Figure 1-1). Where the simulated fracture network was 

dense, the plume was strongly attenuated in a relatively short distance due to large surface area 

for matrix diffusion. In the sparser fracture network, the plume moves rapidly beyond the model 
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boundary and formed discrete intervals with high dissolved phase concentration much further 

from the DNAPL source.  

 

Figure 1-1: Simulated groundwater plumes in 2-D fracture networks with the same bulk hydraulic 
conductivity. In the densely fractured simulation (left), the plume from is retarded compared to the 
sparely fractured simulation (right), despite the same bulk hydraulic conductivity (unpublished 
data obtained from Parker & Chapman, 2006).  

The importance of network connectivity between vertical fractures and bedding parallel features 

is also discussed in Cooke et al. (2006) and demonstrated numerically using a numerical DFN 

model (FRACTRAN) in a study by Meyer et al. (2008).  In the Meyer et al. (2008) study, fracture 

aperture, density, and length were systematically shortened near mechanical interfaces based 

on findings from a previous study by Underwood et al (2003). Simulated steady-state head 

distributions from the model showed sharp inflections in the head profiles near the mechanical 

interfaces, confirming that poor vertical connectivity between fracture networks can form 

surfaces or intervals with relatively low vertical hydraulic conductivity.  

These results from the Parker & Chapman (2006) modelling and the Meyer et al. (2008) study 

provide compelling evidence that highlight the sensitivity of fracture rock systems to changes in 

fracture network characteristics. For this reason, collection and implementation of field-informed 

fracture information is critical to the development of accurate site conceptual models and 

numerical DFN models that can effectively represent site-specific flow and transport conditions 

in fractured rock systems. 

1.2 Describing and Simulating Fracture Networks in Rock 

Several modelling codes have been developed to simulate groundwater flow and contaminant 

transport through discrete fractures (Tang et al. 1981; Sudicky & McLaren 1992; Therrien and 

Sudicky, 1996). However, these numerical DFN models have historically had two fundamental 

limitations: a significant demand for computing power and the quality of the field-derived 

information that is used to inform the models. The DFN-M approach (Parker et al. 2012) has 

been developed to acquire complementary datasets that provide the information necessary to 

improve site conceptual models and develop discrete fracture network (DFN) models for 

numerical simulations in fractured sedimentary rock systems. 

Generating discrete fracture networks require discretization to an exceptionally small scale, 

therefore even small models require enormous amounts of processing power and processing 

time. As a result, most DFN modelling typically focuses on small subdomains rather than entire 

flow systems. Some researchers have sought to deal with this limitation by using outputs from 
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more efficient EPM models to inform boundary conditions of localized DFN models for a source 

zone or small plume (Chapman et al. 2013). 

A second major limitation of DFN modelling is the enormous amount of data necessary to 

generate a “ground-truthed” model. As was discussed in Section 1.1 Flow and Transport in 

Fractured Rock, adequately capturing fracture network and matrix properties is critical to 

developing DFN models. Much of these data can be obtained from continuous rock core, 

geophysical measurements and hydraulic testing in vertical boreholes, but these methods 

provide limited information on vertical fracture features (termination, spacing, etc.) and the 

length of bedding parallel partings.  

Two methods provide means to fill this data gap: inclined boreholes and outcrop studies. Unlike 

vertical boreholes, inclined boreholes are oriented oblique to vertical fracture sets, and are 

therefore better suited to resolve vertical fracture spacing and orientation (Munn 2012). 

However, multiple inclined boreholes are necessary to adequately resolve systems with multiple 

vertical fracture sets that are oriented oblique to one-another (Terzaghi 1965). Like vertical 

boreholes, inclined boreholes cannot resolve fracture lengths and rarely intersect fracture 

terminations. Inclined boreholes may also make instrumentation more difficult for other types of 

measurements (geophysics, monitoring wells, etc.).  

Alternatively, outcrop fracture surveys provide a cost-effective means to collect vertical fracture 

information and measure fracture lengths. Outcrop surveys do not require complicated drilling 

and can be completed in a relatively short period of time. Importantly, outcrop fracture surveys 

are the only method that provides the opportunity to observe fracture terminations and associate 

them with lithologic, structural or stratigraphic features. Traditionally, fracture data from outcrops 

has been captured using scan-lines or window mapping, which is completed using a geologic 

compass and measuring tape. However, these traditional techniques are ineffective where the 

outcrops are inaccessible by foot. In instances where traditional mapping techniques cannot be 

used, other remote sensing techniques can be used to record outcrop fracture information.   

1.2.1 Close Range Terrestrial Photogrammetry (CRTP) 

Close range terrestrial photogrammetry (CRTP) is a remote sensing method that can collect 3-D 

fracture data from outcrops using standard survey equipment and a digital camera. The 3-D 

data is derived using stereoscopy, a mathematical technique that uses triangulation to 

determine the 3-D position of an object from two or more slightly offset images of that object.    

Historically, stereophotogrammetrical surveys were completed using complex camera 

equipment mounted beneath an aircraft to collect topographic data, but recent advances in 

computing capabilities and digital cameras have drastically expanded the range of uses for the 

technology. An early adoption of photogrammetry for joint surveys in mines and outcrops was 

completed by Wickens and Barton (1971), where the technology was successfully tested using 

staged targets in a laboratory. Since then, development of commercially available 

photogrammetry software (e.g. Sirovision™, 3DM Analyst™) has allowed rapid adoption of the 

technology by workers with limited background in remote sensing. Several recent studies have 

highlighted the capabilities of modern CRTP technology for mapping joint sets in outcrops and 

mines (Haneberg 2008; Pate & Haneberg 2011; Stohr et al. 2011; Sturzenegger et el. 2009a). 
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In this context, CRTP may provide the opportunity to collect much the fracture data necessary to 

assess fracture network connectivity and prove inputs for groundwater simulation using DFN 

models.  

1.3 Fracture Terminology 

The terminology used to describe fractures in fractured rock studies has been complicated by 

parallel development of the discipline by the geotechnical, oil and gas, structural geology, and 

groundwater fields. As a result, there are numerous conflicting ways to describe fracture 

features in literature. For this study, the following is terminology is used: 

Discontinuity is used as a general term to describe all linear and planar features that are 

observed in outcrop where the normal sedimentary rock structure (i.e. bedding) is 

discontinuous. The term discontinuity is commonly used in the geotechnical engineering field. 

Use of discontinuity does not distinguish the linear/planar features by orientation or the geologic 

process that generated them, so it is inclusive of all mapped structural features. The 

photogrammetry software used in this study, Sirovision™, also uses the term discontinuity for all 

planar features.  

Discontinuities are then subdivided into two groups: subvertical joint sets and bedding parallel 

partings. The term subvertical joint set is used to represent fractures with dips ≥60°. The 

subvertical joints cross-cut bedding and are extensional in nature, with little or no lateral 

displacement along their cleavage plane. Bedding parallel partings (BBPs) are used in the study 

to describe all discontinuities that are roughly parallel to bedding (dips <25°). BPPs are used as 

a general term rather than fractures, because the origin of the bedding parallel features is near 

impossible to distinguish (preferential erosion along lithologic contacts, release of pressure 

during deglaciation, etc.) 

The angle between the planer discontinuity surface and horizontal is called dip, or dip angle in 

the study. Some plots used in the study generated with FracMan™ are cumulative distribution 

plots showing plunge, which is the reciprocal of dip (plunge = 1/dip angle).   

In the study, linear dimensions of fractures are described in terms of trace length, height, and 

length. Trace length is used as a general term to describe the measured length of a 

discontinuity. For subvertical joints, the trace length can be considered the height of the fracture, 

while length is used to represent the distance that the feature extends perpendicular to the 

outcrop surface. The ratio between the height and length is called the elongation ratio. For 

BPPs, the measured trace length represents the measured distance of the fracture trace along 

the outcrop surface, while length is again used to describe the distance that the BPP extends 

perpendicular to the outcrop surface. 

1.4 Motivation and Research Questions 

This study is part of an ongoing investigation at a contaminated industrial site in south-central 

Wisconsin (Figure 2-1), where mixed DNAPL contaminants were released prior to 1970 into a 

fractured bedrock aquifer system (GeoTrans Inc. 2003). Since 2003, Dr. Beth Parker has led a 

large research investigation at the site, using high-resolution characterization methods from the 
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DFN approach (Parker et al., 2012) to improve the understanding of the contaminant behavior 

and flow system. 

Early studies at the site focused on understanding the distribution of contaminants in the 

DNAPL source zone within the upper portion of the Tunnel City Group (approximately 150-80 ft 

bgs) (Austin 2005) and evaluating the processes controlling migration of the longest dissolved 

phase plume, also in the upper Tunnel City Group (Meyer 2005). Several subsequent studies by 

Meyer et al. (2008, 2014, 2016) utilized high-resolution vertical head data to identify contrasts in 

vertical hydraulic conductivity (KV) and refine the geometry of hydrogeologic units (HGU) at the 

site.  

One intriguing hydrogeologic unit occurs near the center of the Wonewoc Sandstone, where 

abrupt head loss is observed in wells spanning the study site across a surface less than 1 m 

thick (Meyer et al. 2008, 2014). Close examination of core and geophysical logs (acoustic, 

gamma, resistivity, etc.) do not indicate the presence of any lithological feature that would serve 

as an aquitard near the position of the head loss (Meyer et al. 2014). Nor do fracture logs 

indicate any distinct increase in fracture intensity near the contact that could suggest the 

presence of a mechanical barrier or laterally continuous bedding parallel fracture. Rather the 

position of the sharp gradient appears to be closely associated with the lithostratigraphic 

member contact, and/or the sequence boundary, which coincide at the Cottage Grove site 

(Meyer et al. 2016).  

Meyer et al. (2008) hypothesized that the sharp gradient that is observed near the middle of the 

Wonewoc is caused by a poor hydraulic connection between fracture sets in the upper and 

lower Wonewoc units. This concept was described in a study by Cooke et al. (2006) who 

documented the concept of compartmentalized flow units within fractured dolostone in Western 

Wisconsin. Stylistic DFN modelling by Meyer et al. (2008) showed that poorly connected vertical 

fracture networks could produce sharp inflections in head, like those observed at the Cottage 

Grove Site. However, the existing monitoring network of vertical boreholes at the site is 

incapable of adequately resolving termination patterns of vertical fractures, and therefore cannot 

be used to test the hypothesis of Meyer et al. (2008) and Meyer et al. (2016) with respect to the 

head loss near the center of Wonewoc Sandstone. 

Several recent studies have also highlighted the importance of discrete fracture flow through 

sandstone units within the Cambrian-Ordovician aquifer system of the American Midwest, 

including the Wonewoc Sandstone (Anderson 2002; Gellasch et al. 2013; Runkel et al. 2006; 

Sellwood et al. 2015; Swanson et al. 2006). In these studies, bedding parallel partings (BPPs) 

have been shown to have transmissivities that are orders of magnitude higher than the matrix 

(Gellasch et al. 2013; Swanson et al 2006). Most of these studies relied on data collected from 

open vertical boreholes that are poorly suited to observe subvertical fracture features. Without 

vertical fracture data, it is impossible to construct realistic numerical DFN models of the 

Wonewoc Sandstone capable of recreating flow system conditions. 

Finally, the presence of human enteric viruses within deeply screened municipal supply wells 

suggests that there are preferential vertical flow paths through the Wonewoc Sandstone and the 

underlying Eau Claire Aquitard (Borchardt et al. 2007; Hunt et al. 2010; Bradbury et al. 2013;). 
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Advective porous media transport calculations for these wells indicate that short-lived human 

enteric viruses would not make it to the deeply screened wells without the presence of discrete 

flow features (Borchardt et al. 2007). Although natural fractures are just one of the possible 

vertical transport pathways listed, data necessary to evaluate the potential contribution of 

vertical fracture networks in the Wonewoc Sandstone was not available at the time of these 

studies.  

In this context, this study seeks to improve understanding of flow and transport within the 

Wonewoc Sandstone by testing the hypothesis of Meyer et al. (2008). This is done by collecting 

and compiling the data necessary to improve the conceptual hydrogeological model of 

Wonewoc Sandstone and develop a numerical DFN model for the formation. A focus is on 

vertical fracturing within the Wonewoc Sandstone, which has been poorly documented in 

previous literature. The following series of research questions guided data collection, 

processing, and analysis throughout the project. 

Q1: Are distant outcrops of the Wonewoc Sandstone comparable to the subsurface 

Wonewoc at the Cottage Grove study site? 

To utilize fracture data from distant outcrops (~200km away), it is assumed that the surficial 

outcrops included in the study are stratigraphically equivalent to the subsurface Wonewoc 

Sandstone at the study site in Dane County, Wisconsin. Therefore, prior to developing a 3-D 

DFN of the Wonewoc Sandstone, a fundamental goal is to determine whether fracture data 

collected from the studied outcrops can be associated, with confidence, to the subsurface at the 

study site.  

Q2: Can close range terrestrial photogrammetry (CRTP) be used to collect measurements 

of fracture spacing, length and orientation and observe termination patterns at a 

resolution acceptable for DFN modelling of groundwater flow? 

Many of the Wonewoc outcrops are exposed as tall (>10m) vertical faces that are poorly 

accessible for conventional fracture mapping. To overcome this obstacle, CRTP was used to 

measure fracture spacing, length and orientation from six Wonewoc outcrops. Fracture 

measurements (spacing, length, orientation) collected using CRTP should be at an accuracy 

that is acceptable for the purposes of DFN modelling.  

Q3: a) Is there evidence for systematic fracturing within the Wonewoc Sandstone? b) If 

so, how do fracture patterns compare to other joint studies in the region?   

Regional joint studies of the Paleozoic strata of the Midwest suggests that systematic fracturing 

should be present in the Wonewoc Sandstone. If so, the orientation of vertical fracture sets in 

the Wonewoc should be consistent with trends observed in other fracture studies of the 

Cambrian-Ordovician strata across the American Midwest and at the study site (e.g. Ribeiro 

2016).   

Q4: Are fracture termination patterns associated with the lithostratigraphic and/or 

subsequence boundary in the Wonewoc Sandstone? 
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The lithostratigraphic contact between the Ironton and Galesville Members, the Sauk II-III 

subsequence boundary, and the position of abrupt head loss all coincide at the Cottage Grove 

site near the center of the Wonewoc Sandstone (Meyer et al., 2016). According to the 

hypothesis of Meyer et al. (2008), subvertical fractures in the Wonewoc Sandstone are 

expected to preferentially terminate at, or near the sequence boundary and/or the 

lithostratigraphic contact.  

Q5: a) Can numerical DFN simulations of the Wonewoc Sandstone, informed from 

outcrop and borehole fracture statistics, recreate the vertical head gradients that are 

observed in multilevel systems MLS at the Cottage Grove Site? b) How sensitive are the 

gradients to the frequency of fracture terminations near the center of the unit? 

A DFN model informed by fracture network data from the Wonewoc Sandstone should recreate 

the sharp vertical gradient at the same position as where head loss is observed in MLS from the 

Cottage Grove site. To evaluate the hypothesis of Meyer et al. (2008), no low KV layer will be 

added in the DFN model, so any head loss that is observed near the center of the unit will result 

entirely from fracture network properties. Sensitivity analysis will be conducted to evaluate the 

sensitivity of the Kv distribution to the frequency of vertical fracture terminations at a specific 

horizon.  
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2.0 SITE DESCRIPTION  
Fieldwork completed for this study was conducted in two areas of Wisconsin, geographically 

separated by over 200 km (Figure 2-1). The subsurface work was completed at a contaminated 

site located in Cottage Grove, Wisconsin, while most of the outcrop component was completed 

in the drift-less region of western Wisconsin where clear outcrops of the Wonewoc are 

accessible.  

 

Figure 2-1: Map of outcrops and the Cottage Grove study site within the state of Wisconsin, USA. 
The location of the Cottage Grove study site (green diamond) in Dane County (red) is shown in 
relation to the four locations where outcrop work was completed (coloured triangles). The 
distance between the study site and the outcrops in the drift-less area varied between 200-300km. 
The A-B cross section of Dane County is shown in Figure 2-3. 

The Cottage Grove site is located 20 km east of Madison and is a complex contaminated site 

that originates from several chemical releases prior to 1970 (GeoTrans Inc. 2003). During this 

period, a large volume of mixed contaminants, including dense non-aqueous phase liquids 

(DNAPL), entered the subsurface and accumulated in the underlying Cambrian sandstone at a 

depth of 45-56 m (GeoTrans Inc. 2003). Most of the DNAPL mass settled within the upper 

portion of the Tunnel City Group, approximately 10-15 m above the top of the Wonewoc 

Sandstone (Figure 2-2). Like other fractured rock sites, the transport and fate of DNAPL 

contaminants at the Cottage Grove site is controlled by the orientation and interconnectivity of 

the fracture networks (Feenstra et al. 1996), and by the fracture aperture and driving head of the 

pooled DNAPL (Keuper & McWhorter 1991). Groundwater flow through the source zone at the 

site has since formed a large dissolved phase plume, that extended for a maximum distance of 

2.8 km from the observed DNAPL source in 2003 (Meyer 2005).  
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Since 2003, Dr. Beth Parker and Dr. John Cherry have operated a research program at the site 

focused on refining the site conceptual model using the DFN-M approach (Parker et al. 2012). 

The DFN-M approach represents an advancement over the 20 years of prior work at the site, by 

utilizing high resolution (temporal and spatial) data sets to design depth discrete monitoring 

wells that minimize vertical cross-connection between hydrogeologic units and are used quantify 

contaminant concentrations and fluxes. Work completed by the research group has included the 

installation of 31 high-resolution multilevel systems (MLS) that were designed to provide depth-

discrete measurement of hydraulic head and groundwater chemistry. 

2.1 Geological Setting 

The bedrock beneath the Cottage Grove site is composed of Cambrian and Ordovician 

sandstone, dolostone and shale that were deposited along a shallow, gently sloping region 

called the Upper Mississippi Valley (UMV) epeiric ramp. The present-day extent of the UMV 

spans 100’s of kilometers across southern Minnesota, south-western Wisconsin, northern Iowa, 

eastern Nebraska, and South Dakota (Runkel et al. 2007). Slow subsidence and extremely 

gradual basin bathymetry on the UMV resulted in the deposition of laterally extensive “sheet” 

sandstone that can be traced for 10’s to 100’s of kilometers across the basin (Runkel et al. 

2008, 2007).  

Most of the outcrops included in this study are in the drift-less region of Western Wisconsin, 

where there is little evidence of glaciation within the past 20,000 years (Mickelson et al. 1982). 

In the absence of glacial sediments, the Cambrian and Ordovician strata of the UMV are well 

exposed along roadcuts, in river valleys, and at nearby ‘frac sand’ mines. These include the 

Blair Mine, the Galesville type section and the Black River Falls roadcut (Figure 2-1). A fourth 

outcrop was studied at the Fry Hills Mine, which is located just north of the drift-less region.  

2.1.1 The Wonewoc Sandstone 

The focus of this study, the Wonewoc Sandstone, is an extremely mature quartz sandstone that 

was deposited during the late Cambrian (Ostrom 1968). At the contaminated site, the Wonewoc 

is approximately 30 m thick and is intersected at roughly 75 m below the ground surface. In 

South-Central Wisconsin, the Wonewoc is underlain by the Eau Clair Formation and is 

conformably overlain by sandstone of the Tunnel City Group (Ostrom 1978). Historically, and for 

the purposes of this study, the Wonewoc can be subdivided into two lithostratigraphic members, 

the Ironton and the Galesville, based on subtle, but distinct lithological changes.  A 

representative stratigraphic column for the geologic and hydrogeologic units at the Cottage 

Grove site is presented in Figure 2-2. 
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Figure 2-2: Generalized lithostratigraphic column for the Cottage Grove Study site. Major 
lithologic units (Ostrom 1978) and hydrogeologic units (Meyer et al., 2016) for the site are shown. 
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The lowermost member of the Wonewoc, the Galesville, is a fine to medium grained quartz 

sandstone that is extremely mature, both texturally and mineralogically (Emrich 1966). In 

outcrop, the Galesville primarily consists of large (decimeter to meter scale) trough cross-

stratification, with occasional upper plane beds (laminated) or massive bedding. Despite the 

presence of primary bedding structures, there is negligible variation in grain size and 

cementation throughout the entire Galesville interval. As a result, natural exposures of the 

Galesville tend to occur as large (>10 m) vertical faces. The textural maturity, large scale cross-

bedding and scarcity of fossils has led researchers to interpret the lower Wonewoc (Galesville) 

as eolian and/or littoral sand that were deposited by braided rivers and winds along a 

continuous shoreline (Emrich 1966; Ostrom 1978; Stenzel 1983). Upon reaching the shoreline, 

sands were redeposited by wave and tidal processes along the extensive, gradually dipping 

UMV platform.  

The Ironton Member is a medium to coarse grained sandstone that was deposited directly 

above the Galesville sandstone (Emrich 1966; Ostrom, 1978). Like the Galesville, the Ironton is 

mineralogically mature and is composed almost entirely of quartz (Emrich 1966). Primary 

sedimentary structures in the Ironton consist of thinly bedded (5-10 cm) trough cross sets, upper 

plane beds, wave ripples, and thin shale laminations. In outcrop, the Ironton can be 

distinguished from the Galesville by a dramatic increase in bioturbation, the presence of dark 

red staining, variable cementation, and the occurrence of the thin shale laminations. The Ironton 

interval has been interpreted as a shallow marine deposit, where sands were reworked by tide 

and wave processes on the shallow UMV shelf (Emrich 1966; Ostrom 1978; Stenzel 1983). The 

heavily bioturbated sand and shale laminations represent brief periods of relatively low energy 

and slower sedimentation, where fines could fall out of suspension and organisms could 

recolonize the substrate.  

The Sauk II-III subsequence boundary also exists within the Wonewoc Sandstone, marking a 

point in time where the UMV transitioned from a period of regression to a period of 

transgression (Runkel et al., 1998). In the 1998 study, Runkel et al. placed the position of the 

subsequence boundary at the base of the coarsest bed within the Wonewoc Sandstone on the 

basis that this bed was deposited as a lag during the transgressive-regressive event. Review of 

geophysical logs and rock core from the Cottage Grove site, indicates that the position of the 

sequence boundary coincides with the lithostratigraphic contact between the Ironton and 

Galesville members at the site (Meyer et al., 2016).  

2.1.2 Fracture Genesis in the Wonewoc Sandstone 

The origin of jointing within the Cambrian strata of the Midwest United states is unclear and still 

debated. Several possible stress mechanisms may have contributed to the development of the 

fracture networks that are observed in the Wonewoc Sandstone. These include: extensional 

jointing parallel to regional tectonic stresses, hydraulic fracturing caused by over-pressure of 

pore fluids during sedimentation and consolidation, and cleavage parallel to bedding during 

glacial unloading or erosion (Mandl 2005). Studies across the Midwest United States 

consistently observe two major joint sets that are oriented roughly orthogonal to one another in 

the NE and NW directions (Haimison 1978; Holste & Foote 1981; Engelder 1982; Roffers 1996). 
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The contemporary regional stress field across the central United States is characterized by NE 

to ENE maximum horizontal compressive stress that is thought to be caused by tectonic ridge 

push forces extending from the mid-Atlantic spreading center (Zoback & Zoback 1989). This 

present-day stress field could explain the presence of the NE joint set, as extensional joints that 

opened parallel to the primary horizontal stress. 

The NW joint set may be attributed to stresses originating from the Appalachian orogeny during 

the Paleozoic (Roffers 1996).  The Appalachian orogeny predates the contemporary stress field, 

suggesting that the NW set likely formed prior to the NE set. This proposed timing relationship is 

supported by a study by LaPoint and Hudson (1985), who observed that the NE set 

preferentially terminated against the NW set in eastern Wisconsin.  

A final potential source of stress may originate from the glaciation that much of Wisconsin 

experienced during the past 100,000 years. The loading and subsequent unloading of the ice 

sheets could have provided stresses necessary to form new joints or enlarge existing ones. 

Although the outcrops included in this study were situated in the drift-less area of western 

Wisconsin where there is no record of recent glaciation, the Cottage Grove site is situated near 

the edge of the latest Wisconsin ice margin and therefore experienced glacial loading and 

unloading in the recent past (Mickelson et al., 1982; Mickelson, 1983) 

2.2 Hydrogeological Setting 

The Cambrian sandstone of the Midwest form a regionally significant aquifer system that is used 

extensively for private and municipal water supply (Emirch, 1966; Young, 1992; Runkel et al., 

2003). This is the case in Dane County, WI (Figure 2-3), where the Wonewoc Sandstone is 

used in conjunction with the underlying Mt. Simon Formation to provide water for the 

municipality of Madison and the town of Cottage Grove (Bradbury, 1999; Parsen et al., 2016).   

 

Figure 2-3: Cross-section of Dane County, WI, looking north. Municipal and private supply wells 
are commonly screened in or across the Wonewoc Sandstone in Dane County. High-resolution 
monitoring systems have been installed across the Wonewoc at the Cottage Grove study site 
(grey arrow) as part of an ongoing groundwater contamination study. Cross-section modified from 
Brown et al., 2013.  

Historically, the Ironton and Galesville Members have been grouped together to form a single 

Ironton-Galesville, or Wonewoc Sandstone, aquifer unit (Bradbury, 1999). This approach is 

unsurprising given that there is no obvious lithological feature that would indicate the presence 
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of an aquitard between the two members (e.g. shale or extremely cemented interval). This 

arrangement is also used in the most recent Dane County flow model (Parsen et al. 2016), 

where the Wonewoc is represented by a single thick porous media layer that is underlain by a 

thin (0.1 ft) high conductivity layer near its lower contact with the Eau Claire Formation. Prior to 

this most recent amendment to the Dane County model, the Wonewoc was grouped together 

with all other Paleozoic strata above the Eau Claire Formation to form a single “upper bedrock 

aquifer” (Bradbury et al. 1999). 

However, the hydraulic properties of the Paleozoic strata of southern Wisconsin, including the 

Wonewoc Formation, are much more complex than the regional flow models would elude to. 

This is demonstrated in a series of studies by Meyer et al. (2008, 2014, 2016), where vertical 

head profiles collected from high-resolution multilevel systems (MLS) at the Cottage Grove site 

identified 11 laterally continuous hydrogeologic units (Figure 2-2) with contrasting vertical 

hydraulic conductivity (KV) within the Paleozoic section at the site (Meyer et al. 2008, 2014, 

2016). When compared with core and geophysical data from the site, the positions of the 

hydrogeologic units could be associated with sequence stratigraphic features (maximum 

flooding intervals and sequence boundaries) that are traceable across much of the Cambrian 

Ordovician aquifer system (Meyer et al. 2016). 

A sharp inflection is observed near the center of the Wonewoc Sandstone in head profiles from 

the MLS at the Cottage Grove site that indicates the presence of a low KV surface or interval 

(Meyer et al. 2008, 2014). Core and fracture logs do not provide any evidence that indicates 

existence of a lithological unit or mechanical barrier near the position of the head loss that would 

serve as an aquitard surface (Meyer et al. 2014). As a result, the Wonewoc has been 

conceptualized as two hydrogeologic units, that are well connected internally, but poorly 

interconnected (Meyer et al. 2016). The Meyer et al. (2016) hypothesis was that the cause of 

the head gradient was hydraulic disconnect between fracture networks in the upper and lower 

hydrogeologic units, like the compartmentalized fractured units that are described in Cook et al. 

(2006) and are hypothetically illustrated in DFN simulations by Meyer et al. (2008). 

Vertical head profiles from MLS at the Cottage Grove site also indicate that the Wonewoc is 

poorly connected vertically to adjacent hydrogeologic units. Above the Wonewoc, an interval of 

head loss is observed across the lower marine flooding interval (MFI) in the overlying Tunnel 

City Group. Below, a large head gradient is observed across a thin interval near the base of the 

shaley Eau Claire Formation, a regionally significant aquitard surface (Meyer et al. 2014, 2016). 

For this reason, the Wonewoc has been isolated as a separate hydrogeologic unit from the 

Tunnel City Group and the lower portion of the Eau Claire Formation in both the site specific 

and the regional Dane County flow models (Matrix Solutions Inc. 2016; Parsen et al. 2016). This 

provides a useful boundary for the purposes of this study, whereby observations can be focused 

on fracturing within the Wonewoc Sandstone and near the upper and lower boundaries with 

adjacent hydrogeologic units in the Tunnel City Group and the Eau Claire Formation. 
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3.0 METHODOLOGY 
Data analyzed in this study were collected from 12 boreholes that were drilled and instrumented 

as part of an ongoing groundwater contamination study at the site between 2003 and present 

day. Much of the borehole data used in this study site was collected prior to this study by Dr. 

Beth Parker’s research group at University of Waterloo and the University of Guelph. A 

summary of the previous work is provided in Appendix IV. 

The discrete fracture network matrix (DFN-M) approach (Parker et al. 2012) for fractured rock 

characterization in sedimentary rocks was applied at the site resulting in borehole data sets that 

include a combination of core, geophysical, and hydraulic measurements, all at high vertical 

spatial resolutions.  This existing network of vertical boreholes at the Cottage Grove site provide 

a wealth of data about the characteristics of low angle bedding parallel partings found within the 

Wonewoc Sandstone.  An outcrop component was added to the study to accommodate for 

limitations imposed by the available boreholes at the site, which are poorly suited to studying 

vertical fracture networks in the Wonewoc for several key reasons: 

1.  The Wonewoc is poorly cemented and has a tendency to disaggregate when drilled, so 

it is difficult to determine if fractures observed in core are natural or caused by drilling 

2. Soft sands of the Wonewoc have a low acoustic impedance, so acoustic televiewer logs 

(ATV) are poorly suited for picking fractures compared to other more competent rocks 

3. The vertical orientation of existing boreholes at Hydrite are biased against observation of 

high-angle fracture sets (Terzaghi 1965) 

4. Fracture termination patterns are rarely observed in 1D boreholes.  

 

The following section of the paper summarizes the borehole and outcrop methods that were 

used to acquire lithological, fracture, and hydraulic data for the Wonewoc Sandstone. The 

comprehensive set of methods used in this study provide multiple lines of evidence that are 

used to inform the hydrogeological conceptualization of the Wonewoc Sandstone and to 

develop a numerical model of the fracture networks within it.  

3.1 Borehole Data Acquisition and Analysis 

Several types of borehole data (Table 3-1) were analyzed as part of this study to provide 

subsurface information about lithologic contrasts and fracturing in the Wonewoc Sandstone. 

Twelve of the boreholes used in this study were located at the Cottage Grove site, while the 

remaining three were from the Blair and Fry Hills frac-sand mines.   

Boreholes from the Cottage Grove study site, denoted with MP- prefix, provided the highest 

resolution subsurface data sets available. Of the twelve boreholes, eight were drilled and logged 

as part of previous studies at the site between 2003 and 2008 (Austin 2005; Meyer 2005, 2013). 

Three boreholes (MP-23D, MP-24D, MP-25D) were cored and instrumented as part of this study 

during the summer and fall of 2017. All the research boreholes, excluding MP-15 (drilled with air 

rotary), were drilled using a mud rotary drilling rig with a HQ3 wireline coring system, which 

produces a near-continuous rock core. Lithological parameters and rock core fractures were 

logged directly in the field prior to sampling for volatile organic compounds (VOCs).  
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Grain size data and natural gamma logs from boreholes at two ‘frac’ sand mines were also 

made available for this study. These data were collected by the operators of the mine sites as 

part of ongoing mine operations. The grain size data provided by the mines was presented on 

percent mass passing (US Sieve Size) for 1.5 m (5 ft) aggregate samples collected during 

production drilling. 

Table 3-1: Analyzed Subsurface Data Sets – By Borehole 
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MP-5 Cottage Grove Yes Yes Yes   Yes 

MP-6 Cottage Grove Yes Yes Yes OTV Packer Yes 

MP-7 Cottage Grove Yes Yes Yes   Yes 

MP-8 Cottage Grove Yes Yes Yes ATV  Yes 

MP-16 Cottage Grove Yes Yes Yes ATV Both Yes 

MP-17 Cottage Grove Yes Yes Yes ATV Both Yes 

MP-18 Cottage Grove Yes Yes Yes ATV Both Yes 

MP-19D Cottage Grove Yes Yes Yes ATV  Yes 

MP-21D Cottage Grove Yes Yes Yes ATV Flute-K Yes 

MP-23D Cottage Grove Yes Yes Yes ATV  Yes 

MP-24D Cottage Grove Yes Yes Yes ATV  Yes 

MP-25D Cottage Grove Yes Yes Yes ATV  Yes 

BH-P4 Blair Mine Yes      

BH-B18 Blair Mine  Yes     

BH-S2 Fry Mine Yes      

3.1.1 Rock Core Lithological and Fracture Logs 

Core logs were collected for all twelve of the Cottage Grove boreholes. Eight of the boreholes 

(MP-5, MP-6, MP-8, MP-16, MP-17, MP-18, MP-19D, MP-21D) were continuously cored 

through the entire Wonewoc interval. The remaining four boreholes (MP-7, MP-23D, MP-24D, 

MP-25D) were cored only partially through the Wonewoc Sandstone to protect the integrity of 

the Eau Claire Aquitard near the DNAPL source zone. Only 6 m of Wonewoc was cored in MP-

7, while MP-23D, MP-24D and MP-25D were all cored to approximately 3 m above the top of 

the Eau Claire Formation.  

3.1.1.1 Lithological Logging 

Most lithological logging was completed in the field as each 1.5 m (5 ft) core run was retrieved. 

Lithological features were logged in detail (2-3 cm resolution), recording numerous parameters 
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including: grain size (Wentworth 1922), sorting, roundness, sedimentary structures, sediment 

disturbance (modified from Droser & Bottjer 1986), and cementation. Munsell color was also 

recorded using a Munsell Rock Color Chart to ensure that colors could be reliably compared 

between boreholes and different loggers. Logging was completed on paper field sheets 

specifically designed to facilitate detailed, consistent, and complete logs in the amount of time 

allowed by the concurrent VOC sampling (Figure 3-1). The field logging sheets were 

subsequently digitized and then migrated into a database for plotting and analysis. 

 

Figure 3-1: Lithological Logging Field Data Sheet. An example of the purpose-designed field 
logging sheets used to record lithological parameters from core at the Cottage Grove study site. 

3.1.1.2 Core Feature Logs 

Core fracture logging was completed in the field as each 5 ft (~1.5 m) core run was retrieved. 

Fracture logs completed between 2003 and 2005 (MP-5, MP-6, MP-7, MP-8) identified the 

depth of each fracture and classified the features into one of three categories: horizontal, 

oblique, and vertical. Fracture logs collected after 2005 (MP-16, MP-17, MP-18, MP-19D, MP-

21D, MP-23D, MP-24D, MP-25D) were recorded using a modified logging template that added 

several other qualifiers: feature start/end depth, approximate dip (relative to core axis), feature 

type (fracture, vug, bedding parallel parting, etc.), if the fracture is healed, roughness, fit, if the 

feature is mud/clay filled, and if the fracture is oxidized. Dip direction was not recorded, as the 

orientation of the core was unknown.  

An additional qualifier was used to indicate core fractures that were deemed “mechanical”; 

suggesting that logger thought the discontinuity was caused by the drilling, retrieval and logging 

process. When uncertain about the origin of the fracture (e.g. natural vs mechanical), features 

would be logged as “natural”. Prior to analysis of the fracture data, features marked as 

mechanical were removed from the data set so that they would not influence the calculation of 
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linear fracture intensity (P10) and other statistical measures. A total of 1896 “natural” fractures 

were measured from 333.7 m of Wonewoc core at the site. 

3.1.1.3 Grain Size Logs for the Blair and Fry Hills Mines 

Grain size logs from the Blair and Fry Hills mines were collected prior to this study and were 

made available by operators of the mines. These grain size logs record the percentage of 

sediment mass passing though, or caught by, a series of decreasing sieve sizes (standard US 

mesh). Sampling intervals for these logs were typically 5 ft thick (~1.5m), representing a much 

lower vertical resolution than the grain size logs at the Cottage Grove site. The grain size logs 

from the mine sites (by % passing standard US mesh) were sorted into Wentworth (1922) grain 

size classes (e.g. fine, medium, coarse) to be easily compared to grain size logs collected at the 

Cottage Grove site.  

3.1.2 Borehole Geophysical Logs 

3.1.2.1 Natural Gamma Logs 

Natural gamma logging was completed in each of the eleven boreholes at the Cottage Grove 

site. To obtain highly resolved gamma logs (1-3 cm sampling density), logging was completed at 

a slower rate (0.8 m/min) than is commonly used in industry. Noise within the gamma logs was 

minimized using a moving average filter; which calculates an averaged gamma measurement 

with depth over a 3-cm window. When necessary, a multiplication factor (1.25) was used to 

correct for dampening of the response when the gamma probe was situated within steel casing.  

Gamma logging records the natural gamma radiation emitted by the formation immediately 

surrounding the borehole. In geological media, gamma radiation is emitted primarily by 

radioactive potassium, uranium and thorium. In most clastic sedimentary rocks, including the 

Cambrian sandstone of the Upper Mississippi Valley (UMV), potassium is the most prominent 

contributor to gamma radiation (Odom 1975), where it is typically found in clay and potassium 

feldspar. This relationship between mineralogy, grain size and gamma emissions make natural 

gamma logs a particularly valuable tool for delineation of lithological contrasts and cross-

borehole correlation.  

Several studies have demonstrated the utility of using natural gamma logs as a tool for 

delineating geological contrasts in the sandstone of the UMV. In a study of Upper Cambrian 

sandstone in Wisconsin and Minnesota, Odom (1975) showed that the abundance of feldspar is 

linearly related to the proportion of very fine sand and silt. Since K-feldspar contains gamma 

emitting potassium, the relationship observed by Odom (1975) allows gamma logs to be used to 

directly record changes in mineralogy, and indirectly record changes in grain size. In regional 

studies by Runkel et al. (1998, 2007), natural gamma logs were a primary tool that was used to 

map facies associations and sequence stratigraphic features across the entire UMV. Natural 

gamma logs were also used to identify and compare lithofacies within the Tunnel City Group 

sandstone in a study by Swanson (2007). 

3.1.2.2 Image Logs (ATV & OTV) 

Nine acoustic televiewer (ATV) and one optical televiewer (OTV) log were assessed as part of 

this study. Most of the image logs (MP-6, MP-8, MP-16, MP-17, MP-18, MP-19D, MP-21D) were 
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collected and analyzed prior to 2017 by others at the research group at the University of 

Waterloo (Meyer 2005) and later at the University of Guelph (Meyer 2013). During the analysis, 

several parameters were recorded for each fracture, including: fracture type (major open 

fracture, minor open fracture, continuous fracture, discontinuous fracture, etc.), fracture depth, 

dip, dip direction, and aperture (when applicable). ATV logs collected for this study had a 

vertical sampling resolution of 0.00026 m (2.6 mm) and a horizontal resolution of 2.5 degrees. 

385 fractures were measured from ATV and OTV logs covering 285.3 m of the Wonewoc at the 

site. 

ATV logs collect magnetically oriented records of the borehole wall by emitting acoustic pulses 

from the tool. Upon return of the pulse, the tool measures the amplitude and travel-time of the 

response, which provides information about the acoustic impedance of the surrounding 

formation and the diameter of the borehole (ALT 2010). Amplitude data are plotted as vertically 

continuous images and are used to measure fracture parameters (depth, orientation) and 

lithologic changes (cementation, bedding). On amplitude logs, fractures appear as sinusoidal 

waves with exceptionally low acoustic impedance (relative to the formation). Fractures are 

manually logged from ATV amplitude logs by fitting sinusoids to fractures images (ALT 2010).  

In poorly consolidated sediments, including several intervals within the Wonewoc Sandstone, it 

is difficult to identify fractures because there is a negligible contrast in acoustic impedance 

between the rock comprising the borehole wall and the fractures. The acoustic impedance of the 

Wonewoc Sandstone is exceptionally low (compared to other lithological units at the site) 

because it is poorly cemented. 

Rather than an ATV log, an OTV log was collected for MP-6. OTV logs collect a vertically 

continuous 360-degree image of a borehole wall using a wireline-mounted digital camera with a 

light source. Compared to ATV logs, OTV logs can provide additional information about the 

subsurface, such as staining, sediment colour and potential indications of hydraulic activity (e.g. 

bubbles from fractures). However, the quality of the image from the OTV tool is severely limited 

by the presence of suspended sediment in the borehole fluid. 

3.1.3 Hydraulic Testing and Head Profiling 

3.1.3.1 Flute T and Straddle Packer  

Previous studies at the Cottage Grove site completed Flute transmissivity (T) and straddle 

packer testing in five of the Cottage Grove boreholes open across the Wonewoc Sandstone 

(Meyer 2005; Parker & Cherry 2009). These data provide depth-discrete measurements of 

transmissivity that can be used to infer characteristics about hydraulic properties of the fracture 

network.   

Flute T tests including the Wonewoc section were conducted at MP-16, MP-17, MP-18 and MP-

21D. Flute T tests were completed by lowering a blank polyethylene liner into the borehole and 

simultaneously measuring the rate of the liner’s decent and the tension on the liner. Changes in 

the rate of descent (corrected for the applied head) indicate that a feature contributing to the 

bulk hole transmissivity was covered by the descending liner. When plotted, the Flute T results 
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show intervals of abrupt change in descent rate (e.g. a fracture or group of fractures) and 

intervals of gradual decrease in descent rate (matrix or poorly transmissive fractures).  

Straddle packer testing was also completed in four boreholes that are screened across the 

Wonewoc at the Cottage Grove site: MP-6, MP-16, MP-17, and MP-18 (Parker & Cherry 2008). 

Transmissivity values were calculated research staff from Dr. Parker’s research group at the 

University of Guelph using a combination of slug, constant head step, and short-term pumping 

tests in 1-5 m vertical test intervals. Used qualitatively, transmissivity values higher than 

associated rock matrix suggest the presence of hydraulically active fractures. Transmissivity 

values from the packer testing combined with fracture information from core and image logs 

were also used to calculate hydraulic apertures of fractures using the cubic law (Snow, 1968).  

Equation 1: Cubic Law for Calculating Hydraulic Aperture (Snow, 1968) 

𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝐴𝑝𝑒𝑟𝑡𝑢𝑟𝑒 (2𝑏) = (
(12𝜇𝑇)

𝜌𝑔𝑁
)

1
3

 

Where: 

 𝜇 = 𝑓𝑙𝑢𝑖𝑑 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦   

𝑇 = 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑣𝑖𝑡𝑦  

𝜌 = 𝑓𝑙𝑢𝑖𝑑 𝑑𝑒𝑛𝑠𝑖𝑡𝑦  

𝑔 = 𝑔𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛   

𝑁 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒𝑠 𝑖𝑛 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 

The number of fractures used in the cubic law calculation was the arithmetic average of the core 

and image-derived fractures (ATV/OTV) for each test interval. Averaging the core and ATV data 

was considered a reasonable assumption, since it has been observed that core logs tend to 

overestimate, and optical logs tend to underestimate the true fracture intensity (Munn 2012; 

Fomenko 2015).  

3.1.3.2 Laboratory Porosity and Permeability Testing 

Laboratory measurements of porosity and permeability were completed by students and staff 

from Dr. Parker’s research group at University of Guelph and University of Waterloo on 

subsamples of Wonewoc Sandstone core collected from boreholes MP-5, MP-6, MP-7, MP-8, 

MP-16, MP-17, MP-19D, and MP-21D. Porosity measurements were completed using either 

pycnometry or the Archimedes imbibition method (IRSM 1977). Rock matrix permeability 

measurements were completed using a standard test method for permeability of rocks (ASTM 

1990) and were converted to equivalent water-saturated hydraulic conductivity. A total of 25 

porosity and 19 permeability measurements were used to provide an estimate of the rock matrix 

permeability and porosity for the Ironton and Galesville members of the Wonewoc Sandstone. 

3.1.3.3 Multilevel Design and Hydraulic Head Profiles 

All twelve boreholes at the Cottage Grove site included in this study are instrumented with 

multilevel systems (MLS). FLUTe™ MLS were installed in MP-5 and MP-7, a Waterloo™ MLS 

was installed in MP-8, and Westbay® MLS were installed in the remaining boreholes. For each 
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well, all available data sets (geophysical, geological, rock VOC) were combined in a single 

montage file using WellCAD software. Using these data, each of the MLS was specifically 

designed to minimize vertical blending between hydrogeologic units and collect high-resolution 

head measurements and water chemistry samples. The designs heeded to the 5 components of 

a high-resolution monitoring system outlined by Meyer et al. (2014): 

1. Placement of monitoring intervals to sample important hydraulic features and minimize 

vertical blending of heads between zones of different hydraulic head 

2. Placement of three or more monitoring zones within an inferred hydrogeologic unit, 

including zones with lower hydraulic conductivity 

3. Minimizing monitoring interval thickness to reduce the impact of blended hydraulic head 

4. Maximizing the number of monitoring intervals to resolve the distinct positions of vertical 

head gradients and contrasts in vertical hydraulic conductivity (KV) 

5. Sealing of any unmonitored intervals within the borehole 

 

Quarterly head profiling of the MLS has been completed at the Cottage Grove site since 2003. 

Water level measurements were manually collected from the Waterloo™ and FLUTe™ MLS 

using a coaxial electric water level tape. Head profiling of the Westbay® MLS was completed 

using a specifically designed MOSDAX® probe that measures formational fluid pressure at each 

monitoring interval. The MOSDAX® probe used at the Cottage Grove site included an onboard 

strain gauge pressure transducer with a range of 250 psi, providing a relative accuracy for 

hydraulic head measurements of ±0.01 m between nearby monitoring intervals. The raw 

pressure data collected by the tool were processed to provide equivalent depth to water 

measurements using the known port depths and barometric pressure at ground surface.  

 

From the head measurements, vertical gradients were calculated between each pair of adjacent 

monitoring intervals in each MLS using equation 2: 

 

Equation 2: Vertical Gradient Calculation 

 

 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 =
∆ℎ

𝐿
=

ℎ2−ℎ1

𝐿
    

 

Where h1 represents the head in the shallower interval, h2 is the head in the deeper interval, and 

L is the length of the packer seal between the two monitoring intervals. By using the packer seal 

for L, it was assumed that the gradient is formed across the entire length of the seal, while it 

may result from a thinner sub-interval. In this instance, the magnitude of the gradient would be 

larger than the one calculated using the entire packer thickness. Since two measurements 

(accuracy ±0.01 m) of head are used to calculate vertical gradients, gradients with magnitudes 

less than ±0.02 m/m are considered not resolvable using this method (Meyer et al. 2014).  

3.2 Outcrop Data Acquisition and Analysis 

Eight outcrops of the Wonewoc Sandstone were visited during a preliminary reconnaissance trip 

in September 2017 to evaluate their potential for fracture mapping and stratigraphic logging. 

These eight outcrops were identified from historical literature (Ostrom 1978a, 1978b; Stenzel 
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1983) and from recommendations provided by Dr. Runkel, a Paleozoic geologist from the 

Minnesota Geological Survey who has worked extensively with Cambrian strata of Wisconsin, 

including the Wonewoc Sandstone. The eight outcrops were assessed based on the following 

criteria: 

 

1. Is the outcrop geologically consistent with the subsurface Wonewoc Sandstone at the 

Hydrite Cottage Grove site?  

a. Are both the Ironton and Galesville members of the Wonewoc Sandstone 

present? 

b. Are the sedimentary facies consistent with those observed in rock core at 

Hydrite? 

c. Is the inferred contact between the upper (HGU5) and lower (HGU3) Wonewoc 

members exposed? 

2. Is there good exposure of the fracture networks at the outcrop? 

3. Do the fractures appear to be natural, or are they induced by human activities? 

4. Is the outcrop readily accessible for geological and natural gamma logging? 

5. Is the outcrop suitable for digital photography and photogrammetry? 

 

Another important consideration was to ensure that the selected outcrops provided opportunity 

to observe all regionally significant joint sets, which roughly trend NW, NNW and NE (Ribeiro 

2016). This was necessary to ensure that the simulated DFN model was not biased by the 

selected outcrop orientations.  

Of the eight outcrops, six were selected for further work based on the criteria outlined above. 

Two outcrops are located 6 km NW of Black River Falls, WI, as roadcuts along the north and 

south side of interstate I94. Another two outcrops are in a Frac Sand mine located 4 km NW of 

Blair, WI. A fifth outcrop that only contained the Ironton Member is in a frac sand mine 50 km 

north of Eau Clair, WI. The final outcrop that was selected for further work is a natural exposure 

of the entire Wonewoc Sandstone that is located along the eastern bank of the Beaver Creek in 

Galesville, WI. The Galesville outcrop is the type section for the Galesville Member of the 

Wonewoc Formation (Ostrom, 1978).  

When the selected outcrop orientations are plotted on a rose diagram (Figure 3-2) at least one 

of the outcrops is oriented roughly perpendicular to each of the regional joint sets. Both Black 

River Falls (BRF) outcrops are oriented perpendicular to the NE-trending set, whereas the 

Galesville outcrop is oriented perpendicular to the NW-trending set. Multiple exposures at the 

Blair Mine and the Fry Hills Mine are oriented oblique to regional trends, and thus provide an 

opportunity to observe the interaction of both regional joint sets at each locality.  
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Figure 3-2: Outcrop Locations and Regional Joint Studies (Modified from Ribeiro, 2016). Locations 
of outcrops for the Wonewoc study (triangles) are shown in relation to several regional fracture 
studies (grey rose diagrams) and the Cottage Grove site location (black square). The strike of the 
outcrop faces is plotted on a rose diagram. Outcrop colours are: Galesville (red), Black River Falls 
(blue), Blair Mine (green), and Fry Hills Mine (purple). Black lines with dots indicate the direction 
of major in-situ horizontal stresses measured from geomechanical testing using hydrofracturing 
and overcoring (Haimison, 1978) 

Five of the six of the selected outcrops (Appendix I) are in the Driftless region of southwestern 

Wisconsin, approximately 200-300 km from the study site. The sixth, the Fry Mine, is located 

just north of the Driftless region and is covered by thin a layer of glacial sediments.  At each 

outcrop, a combination of traditional outcrop techniques (compass measurements, 

sedimentological logging, etc.) and/or close range terrestrial photogrammetry (CRTP) was used 

to record geological information and fracture information (Table 3-2). The subset of methods 

that were utilized at a given outcrop depended on whether the outcrop was exposed for digital 

photography and if the outcrop could be accessed on foot. 
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Table 3-2: Completed fieldwork by Outcrop 
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Galesville Yes  Yes  Yes Yes  

Blair Mine (North-
East) 

Yes Yes  Yes Yes  Yes 

Blair Mine (East) Yes Yes  Yes Yes  Yes 

Fry Hills Mine Yes Yes  Yes   Yes 

Black River Falls 
(North) 

Yes Yes Yes  Yes Yes Yes 

Black River Falls 
(South) 

Yes Yes Yes  Yes Yes Yes 

Woodhill Yes       

Whitehall Yes       

3.2.1 Traditional Outcrop Mapping 

Traditional outcrop mapping methods were applied at the Galesville and Black River Falls 

outcrops, including a full suite of sedimentological logs, natural gamma logs and manual 

fracture measurements. Direct foot access to the Blair Mine and Fry Hills Mine outcrops was 

limited, so remote sensing techniques were required to collect fracture data at these outcrops. 

3.2.1.1 Sedimentological Logging 

Sedimentological logging was completed for three of the outcrops to record vertical profiles of 

several key lithological parameters, including: grain size, sorting, sedimentary structures, and 

bioturbation intensity. Sedimentological logs from both Black River Falls outcrops and the 

Galesville outcrop were collected directly from visual observations at the outcrop face.  

3.2.1.2 Natural Gamma Logging 

Natural gamma logs were measured for both Black River Falls outcrops and the Galesville 

outcrop using a GeoMetrics GR101A portable gamma scintillometer. Gamma measurements 

were collected at 20 cm intervals, with five measurements collected for each interval. The 

reported gamma count for each vertical position was calculated by removing the maximum and 

minimum measurements and then averaging the remaining three values. 

A combination of natural gamma logs, sedimentological logs, and grain size results from select 

boreholes at the Blair and Fry Hills Mines, were used to correlate the outcrop data with 

subsurface information from boreholes at the Cottage Grove study site.  
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3.2.1.3 Manual Outcrop Fracture Mapping 

198 fractures were manually measured from the Black River Falls and Galesville outcrops. 46 of 

the fractures from the Black River Falls outcrops were also surveyed using close range 

terrestrial photogrammetry (CRTP). For these 46 fractures, the manual compass measurements 

were collected to assess the accuracy of the CRTP measurements by comparing the digital and 

manually collected measurements.   

Manual fracture logging was completed using a scanline approach, whereby fracture positions 

and properties (trace length, dip, dip direction) were recorded where they intersected the 

scanline using a measuring tape and Friberg compass (accuracy of ±2.5° for the dip angle and 

±0.5° for the dip direction). Qualitative information was also recorded for each fracture including 

termination/abutment relationships. Multiple scanlines were completed at each outcrop to 

ensure adequate spatial and orientational coverage of the fracture network. As each scanline 

was completed, fractures were traced onto a hand-drawn map of the outcrop to provide a visual 

record of the fracture pattern. These fracture maps were also used to identify fractures that were 

captured in multiple scanlines.  

3.2.2 Close-Range Terrestrial Photogrammetry 

Close range terrestrial digital photogrammetry (CRTP) was used to survey outcrops at the Blair 

Mine, Fry Hills Mine and Black River Falls localities. CRTP combines stereopair photographs to 

construct a digital elevation model (DEM). Once georeferenced, the DEM model can be used to 

map geological contacts and collect measurements of fracture properties, such as orientation, 

spacing and length. CRTP was used in this study to collect fracture measurements from 

outcrops that were poorly accessible or unsafe to manually survey using traditional fracture 

mapping methods (Table 3-2). 

3.2.2.1 Photogrammetry Field Procedures 

CRTP surveys were completed for this study in April 2018 at five outcrops distributed between 

the Blair Mine, Fry Hills Mine and Black River Falls localities (Table 3-3). The Blair Mine 

outcrops included both the Ironton and the Galesville Members, providing the most-complete 

section for stereophotography. At the Fry Hills Mine, only the Ironton Member was exposed 

above the base of the excavation and the water table. Both members of the Wonewoc 

Sandstone can be observed at the Black River Falls locality; however, heavy tree cover meant 

that only the Galesville interval could be surveyed using digital photogrammetry.  

Table 3-3: Outcrops included in photogrammetry surveys 

Locality Outcrop Description Ironton Member Galesville Member 

Present Surveyed Present Surveyed 

Blair Mine North-Eastern 
Exposure 

Yes Yes Yes Yes 

Blair Mine Eastern Exposure Yes Yes Yes Yes 

Fry Hills Mine Wonewoc Exposure Yes Yes   
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Black River 
Falls 

North of I94 Yes  Yes Yes 

Black River 
Falls 

South of I94   Yes Yes 

 

Prior to collection of field data, a survey plan that outlined the position and orientation of camera 

points was developed to achieve the best possible data quality, while compensating for site-

specific difficulties (accessibility, lighting, etc.). The distance from the camera to the outcrop was 

then calculated, such that the entire vertical section would be visible in each image. The spacing 

between camera locations was then calculated (1/6 to 1/7th of the camera-outcrop offset 

distance) to ensure optimal image overlap for stereoscopy. Using these parameters, camera 

locations were identified, staked and then surveyed using a Total Station (TOPCON ES-103-

PSLBG).  

Collection of the stereophotography (left/right pairs) was completed using a 16.2-megapixel 

camera (Nikon D7000) with a combination of a 50mm f/1.8 and a 28mm f/2.8 lens. Use of the 

two lenses provided flexibility to ensure that the field of view was well suited to height of, and 

distance to each outcrop. The camera equipment was mounted to a geared head, which 

allowed for precision adjustment of the camera. The vertical tilt and orientation of the camera 

was recorded for each photo using a compass. All images were shot in NEF, Nikon’s proprietary 

raw file format, to ensure that no loss occurred from in-camera processing and image 

compression (e.g. JPEG). 

 

Figure 3-3: Total Station Set-up. a) Total-station set-up to survey outcrop and camera control 
points b) outcrop photographs were annotated in Microsoft Paint™ so that outcrop control points  
(e.g. OP4) could be identified on 3-D models in Sirovision™ 

Topographic surveying was completed using a reflectorless total station (Topcon ES-

103/PSLBG). The longitude, latitude and elevation of the total-station was surveyed using a 

handheld GPS at a horizontal accuracy of +/-5m. Once set-up, the total station was used to 

survey the position of ground control points, camera locations, and outcrop control points and 

check points (Figure 3-3a). Outcrop control points are used to georeferenced the DEM model, 
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whereas check points are used to assess error in the model. The position of each point was 

described and then digitally mapped in the field onto a 2-D image of the outcrop using Microsoft 

Paint® (Figure 3-3b). This proved to be highly valuable when trying to locate the points during 

construction and analysis of the digital outcrop models in the office.  

Preliminary processing of the stereophotography was completed at the end of each field day to 

ensure that the photos were of acceptable quality, and that the left/right pairs would successfully 

mesh to form 3-D images. All remaining processing and analysis of the photogrammetry data 

was completed in the office at a later date.  

3.2.2.2 Photogrammetry Model Construction and Georeferencing 

Image processing, 3-D mosaic construction, and fracture mapping was completed using 

Sirovision 6.1™, a commercially available photogrammetry software from Datamine™. 

Sirovision™ was chosen for this study because the software can be used to generate 3-D 

outcrop models, georeference the models to real-world coordinates, map fractures, and 

complete fracture set analysis within a single program. The procedure for data processing and 

analysis is summarized in the following section. 

First, stereopairs of the raw Nikon electronic format (NEF) images were uploaded into the 

Sirovision™ software and converted to a TIF file format. During the uploading process, pre-built 

calibration files were used to correct the images for camera and lens distortion, according to the 

photography equipment that was used (e.g. Nikon D7000 with a 28mm f/2.8 lens).  

Four match-points were then selected on the stereopairs to define the area that was be 

converted into a 3-D image (Figure 3-4a). One match-point was placed in each corner of the 

image, ensuring that features like the sky and foreground would be cut out. Once all four points 

were defined on both images, a single 3-D image was generated by a matching process run by 

the software. During the matching process, a dialogue box and matching graphic showed how 

well the paired images matched (Figure 3-4b). Image matching success was typically between 

93-98%, except where occlusion (poorly orientated faces relative to camera lenses) and thick 

vegetation were present. This process was repeated until every set of stereopairs were 

converted into their respective 3-D images (Figure 3-4c). Since no single 3-D image could cover 

the entire area of an outcrop, several overlapping 3-D images were typically assembled together 

to form a single 3-D mosaic of a given outcrop. For example, two 3-D images were combined to 

form the outcrop mosaic shown in Figure 3-4d. The number of 3-D images used to form the final 

outcrop mosaics ranged from two to seven images. 
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Figure 3-4: Sirovision Image Processing Workflow. a) match-point selection and cropping b) image matching process with parts of the 
image that could not be matched shown in blue. 3D data in unmatched (blue) sections was interpolated between matched points by 
Sirovision c) 3-D outcrop image d) scaling and orienting outcrop using outcrop control points (blue squares). 
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Next, the 3-D mosaics were georeferenced using a combination of three or more control points 

on each outcrop (Figure 3-4d). Despite the availability of less time-intensive georeferencing 

methods, this approach was selected because it provides the highest accuracy of orientation 

and spatial referencing (Sturzenegger et al., 2009b).  

Prior to mapping of geological features and joints, error in the georeferenced 3-D models was 

assessed using total station survey measurements. Total station data are assumed to be the 

true value, because of the extremely high accuracy of the tool (TOPCON 2013). This was 

considered a reasonable assumption because achieving absolute global positioning was not the 

goal of the study, but rather to collect relative spacing and orientation measurements between 

fractures. Absolute error was assessed by comparing true values of check points from survey 

data measured with the total station to associated points on a 3-D model of the same outcrop. 

Since the check points are not used to georeference the model, any difference between the true 

value and the simulated point on a model represents the absolute model error. Relative error 

was also calculated, whereby the distance between two control points on a model was 

compared to the distance between the same two points measured with the total station.  

Orientation error was also assessed by comparing the orientation of a vector between two 

points on the model to a vector generated between the same two points from the Total Station 

survey data. Analysis of orientation error, as well as absolute and relative error, was useful for 

identifying issues that arose during the process of image matching, meshing, and mosaic 

construction (Section 4.2an alternative sequence stratigraphic marker that may be used to 

estimate the position of the sequence boundary is the transgressive surface. A transgressive 

surface forms as the first significant flooding surface in a sequence and can coincide with the 

position of a sequence boundary in proximal regions of a sedimentary basin (SEPM n.d.). These 

transgressive surfaces are common in slowly subsiding cratonic settings (UGA Stratigraphy Lab 

2000) and are identified in the rock record by an abrupt basinward shift in sedimentary facies. 

When these criteria is used, the position of the transgressive surface and associated sequence 

boundary coincide with the lithostratigraphic contact between the Ironton and Galesville 

members.  
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4.2 Validation of Sirovision Discontinuity Measurements).  

3.2.2.3 Photogrammetry Feature Mapping and Fracture Set Analysis 

A total of 534 fractures were manually mapped on 3-D outcrop mosaics in Sirovision™ 6.1 using 

the add plane and add trace tools. Using the add plane tool, fractures were mapped by selecting 

several points on the face of an exposed fracture plane. These points are used by the software 

to automatically generate a plane of best fit for the fracture.  In contrast, the add-trace tool was 

used to map fractures that appeared as traces, rather than exposed surfaces in the model. 

Using the add-trace tool, fractures were mapped by selecting several points along the trace of 

each fracture. These points were then used to automatically generate a plane of best fit for the 

trace. For each mapped fracture, dip, dip direction, centroid x,y,z, and trace length (diameter of 

the fitted plane) were recorded. 

3.3 Numerical DFN Simulation 

2D numerical groundwater flow simulations were completed using HydroGeoSphere™ (HGS), a 

numerical modelling code originally developed by Therrien & Sudicky (1996) that is provided 

commercially by Aquanty Ltd. (Waterloo, ON). Using HGS, discrete fracture networks were 

stochastically generated within a homogeneous and permeable porous matrix allowing for flow 

simulations that include flow through both the matrix and the fractures.  

The purpose of the numerical modelling was to evaluate if fracture network characteristics and 

termination patterns informed by site data could reproduce the style and magnitude of vertical 

head gradients that are observed in high-resolution head data from Westbay™ MLS screened 

across the Wonewoc Sandstone at the Cottage Grove site. 

 

3.3.1 DFN Modelling Inputs 

Site-specific matrix permeability and porosity values used in the model were calculated from 

laboratory measurements conducted on Wonewoc Sandstone core collected at the study site 

(Table 3-4).. A complete list of the core permeability and porosity values used in this study is 

provided in Appendix II. 

Table 3-4: Wonewoc Sandstone Matrix Properties for DFN Modelling 

HGU Arithmetic Mean 
Matrix K (m/s)1 

Arithmetic Mean 
Matrix Porosity2 

Ironton Member (HGU5) 8.2x10-7 0.15 

Galesville Member (HGU3) 6.1x10-6 0.21 
1Matrix hydraulic conductivity was calculated using 19 measurements from Wonewoc Sandstone core collected at the study site 

(ASTM 1990). A complete list of measured hydraulic conductivity values is provided in Appendix II. 
 2Matrix porosity was calculated using a combination of 25 pycnometry and imbibition (Archimedes) measurements from rock core at 

the Cottage Grove site (IRSM 1977). A complete list of measured porosity values is provided in Appendix II.  

Discrete fractures in the model were stochastically generated in HGS using inputs that were 

informed by fracture statistics calculated during the borehole and outcrop study component of 

this thesis (Section 4.3). 



30 
 

Bulk hydraulic conductivity (K) measurements were also used during the DFN modelling to 

calculate hydraulic fracture apertures from hydraulic testing that was completed at the Cottage 

Grove site prior to this study (Parker & Cherry 2009). The calculated hydraulic apertures were 

compared to simulated apertures to evaluate the reasonableness of the model to actual site 

conditions. A complete list of measured bulk hydraulic conductivity values and the analysis that 

were completed for hydraulic testing interval in the Wonewoc Sandstone from the Cottage 

Grove site are provided in Appendix III. 

Hydraulic apertures were calculated for this study from hydraulic conductivity values using the 

cubic law equation (Snow 1968; see Section 3.1.3). Hydraulic testing data from MP-6 was not 

used because the testing at this borehole was completed using a single packer inflation 

technique and there was likely leakage around the packers. As a result, K values and the 

calculated hydraulic apertures for MP-6 are likely underestimated. 

Specified head boundary conditions were applied the top, bottom, left, and right edges of the 

model domain. The specified head boundary conditions were applied as linear gradients using 

measured head values from MLS at the study site. Linear gradients were calculated using the 

top and bottom head values from the Fall 2017 head measurements in MP-6 and MP-19D. MP-

19D is approximately 1000 m downgradient of MP-6.  

3.3.2 DFN Modelling Process 

Development of the DFN model was completed in three steps: first, fracture set intensity and 

length distributions for the subvertical and BPP sets were adjusted until they approximated 

those observed from outcrop and borehole data. The reasonableness of the length and intensity 

distributions was assessed by comparing the borehole and outcrop data to measurements of 

linear intensity (P10) and mean trace length collected from the simulated fracture networks.  

Once the fracture intensities and lengths were consistent with the field data, apertures of the 

vertical and BPP sets were adjusted to fit simulated head profiles to profiles observed in high-

resolution MLS screened across the Wonewoc Sandstone at the Cottage Grove site. The final 

step of modelling was completed to evaluate the sensitivity of head profiles to the percentage of 

fractures that terminate at the horizon where the head gradient is observed in the Cottage 

Grove MLS.  

3.3.3 DFN Simulation Parameters 

Two domain sizes were used for the DFN modelling: a small (30 m by 500 m) domain and a 

larger (1000 m by 30 m) domain. Comparison of simulated head outputs from the two domains 

showed that the modelling results were not sensitive to domain length, so the smaller domain 

size (500 m) was used for much of the modelling to minimize simulation times.  

The flow simulations were run as transient simulations for durations exceeding 100 years. Water 

balance outputs from the simulations showed that the model reached steady state after 

approximately 3 days, so head profiles collected at the end of the simulations represented head 

distributions under steady state conditions.  



31 
 

For the 500 m domain, the model had 344,544 nodes, 169,871 elements, and an average mesh 

spacing of 0.4 m in the z direction and 0.2 m in the x direction. With this discretization, typical 

run times for a complete simulation, including fracture generation, flow simulation, and 

generation of output files was around 120 minutes.  
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4.0 RESULTS AND DISCUSSION 
The results of each major component of this study and an accompanying discussion are 

presented in the following section. First, it is shown how the outcrop data could be confidently 

correlated to the Wonewoc Sandstone in the subsurface at the Cottage Grove site. This is 

followed by a thorough analysis of the photogrammetry measurements that were collected, 

including validation of the method’s accuracy. A third section presents the fracture network 

statistics generated from the outcrop and borehole study, including an assessment of the 

fracture termination patterns and a discussion of the geologic events that may have generated 

the major joint sets.  

A fourth section presents results from the DFN modelling, showing that the head profiles 

observed in MLS at the study site could be reproduced using the fracture statistics and fracture 

termination patterns that were collected during the outcrop and borehole study. A sensitivity 

analysis is also completed using the DFN model to evaluate the percentage of fractures that 

must terminate at the Ironton-Galesville contact to retain the sharp head loss that is observed 

across that surface. 

4.1 Stratigraphic Characterization of the Wonewoc Sandstone and 

Correlation of Outcrop and Borehole Datasets 

A primary line of evidence used for correlation were sedimentological logs that were collected at 

both the Cottage Grove site and the Wonewoc outcrops (e.g, Figure 4-1). Except for the Fry 

Mine, each of the outcrops contained both the Ironton and Galesville Members of the Wonewoc.  
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Figure 4-1: Black River Falls North – Sedimentological Log. Sedimentological logs provided a 
primary line of evidence for identifying the position of the lithostratigraphic and sequence 
stratigraphic contacts within the Wonewoc Sandston. A combination of grain size, sorting and 
sedimentary structures were used to delineate stratigraphic contacts.  
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The Galesville Member (HGU3 at the study site) was characterized by extremely mature quartz 

sandstones with 20-50 cm-scale cross-bed sets that were observed at the outcrop locations and 

in boreholes at the Cottage Grove site (Figure 4-2). The overlying Ironton Member (HGU5 at the 

study site) was characterized by thin to medium (5-20 cm) bedded quartz sandstones with thin 

shale laminations, variable cementation and abundant bioturbation (Figure 4-2). Bioturbation 

within the Ironton was typically composed of vertical burrowing structures that were particularly 

apparent at the outcrop exposures.  

 

Figure 4-2: Sedimentary features of the Ironton and Galesville members. a) and b) medium to 
thickly bedded very-mature quartz sandstone of the Galesville Member. c) The Galesville Member 
tended to disaggregate when cored and had no shale laminations. d) thin shale laminations that 
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are common in the Ironton Member (blue arrow). e) weak-moderately bioturbated (blue arrow) 
quartz sandstone in the Ironton Member f) Teal coloured shale laminations and disseminated fines 
in Ironton Member core. 

The Ironton Member was differentiated from the Galesville by a combination of the following 

parameters: an increase in bioturbation, an increase in the mean grain size, the presence of thin 

shale drapes/laminations, and/or a decrease in the thickness of cross-bed beds. Subdivision of 

the Wonewoc outcrops into lithostratigraphic members across the study area relied on the 

presence of a combination of these criteria (Meyers 1981), supported by an associated 

response in the natural gamma profile.  

A comparison of natural gamma signatures from Wonewoc outcrops and boreholes from the 

study site consistently show a distinct stacking pattern that varies only in magnitude and vertical 

thickness (Figure 4-3). The absolute magnitude of the gamma signatures varies significantly 

between borehole and outcrop logs, but this variation can be accounted for by different 

measurement techniques (wireline probe vs handheld scintillometer) and different amounts of 

exposure to the rock itself by the measurement tools. Since natural gamma is a passive 

measurement, gamma counts on logs collected from boreholes are higher than logs collected 

from outcrops because the borehole tool is completely surround by the gamma-emitting rock. 

Cross-sections across the Upper Mississippi Valley (Runkel et al. 1998, 2007) also show that 

the relative thicknesses of the Ironton and Galesville Members varies across the study area, 

which is consistent with the findings from this study. 
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Figure 4-3: Comparison of gamma logs from outcrop and Cottage Grove borehole locations. 
Profiles are tethered on the inferred Ironton-Galesville contact (rather than by elevation) to align 
similar stratigraphic units. Note: the gamma log for the Blair Mine was collected from a borehole 
located approximately 100 and 300 m from the two outcrops at that site. The transition from the 
Galesville into the Ironton Member is defined by an abrupt spike in gamma count, which 
corresponds with the presence of thin shale laminations and disseminated fine sediments within 
the Ironton. Lithologically, this transition is marked by a shift from large-scale cross-bedded 
sandstones of the Galesville into bioturbated, thinly-bedded marine sandstone of the Ironton 
(Ostrom, 1978). Outcrops were located over 200 km from the Cottage Grove site. 
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The lowermost section of the Wonewoc was observed at the Galesville outcrop, where an 

abrupt decrease in gamma cps corresponds to a sharp erosional contact between quartz 

sandstone of the Galesville Member and silty sandstone of the underlying Eau Claire Formation. 

Directly above this contact, a variable gamma signature is caused by the presence of Eau Claire 

siltstone intraclasts within the mature quartz sandstone of the Galesville Member. These 

observations are consistent with a previous description of the outcrop by Ostrom (1978), who 

indicated the presence of an erosive contact between the Eau Claire and lower Wonewoc. The 

transition from the Galesville Member to the Ironton Member is well defined in gamma profiles 

by a subtle but abrupt increase in gamma counts, caused by the presence of disseminated fines 

and thin shale beds within the Ironton Member. Gamma counts within the Ironton are much 

more variable than the underlying Galesville Member, corresponding to varying shale content 

within the unit. In both the outcrop and borehole data, the lower half of the Ironton tends to show 

a subtle increase in gamma with depth. The upper contact between the Ironton and the Tunnel 

City Group was observed at the Blair Mine, where the gamma count rapidly increases, caused 

by the arrival of feldspar-rich glauconitic sandstone of the Tunnel City Group. 

Combined, natural gamma and sedimentological logs collected from the outcrops provided 

ample evidence to confidently pick lithological contacts and associate these contacts with the 

subsurface sections observed in boreholes at the Cottage Grove site. Natural gamma logs 

collected from outcrops were particularly useful for identifying the contact between the 

lithostratigraphic members, which was sometimes difficult to observe in the weathered outcrops. 

The outcrop gamma logs showed very consistent stacking patterns to the corresponding 

gamma logs collected from the Cottage Grove boreholes.   

Generally, sedimentary facies and bedding thicknesses observed in the outcrops were also 

consistent with observations of the Wonewoc Sandstone from boreholes at the Cottage Grove 

site. In both core and outcrop, bedding in the Ironton was typically 5-20 cm thick and composed 

of mature cross-bedded quartz sandstone interbedded with thin (mm-scale) discontinuous 

green-grey silt and shale laminations. Cementation throughout the Ironton was variable, ranging 

from poorly to well cemented. In the Galesville, cementation was poor to moderate in both core 

and outcrop, and there was negligible change in grain size throughout. The thickness of bedding 

within the Galesville in boreholes tended to range between 10-20 cm, smaller than the 20-50 cm 

typically observed in outcrop. This discrepancy in bedding thicknesses may reflect the difficulty 

of observing cross-bedding in 6 cm diameter core that tends to disaggregate when drilled and 

where there is negligible grain size variation.  

In contrast to the visibly distinct lithologic associations, it was difficult to identify a discrete 

surface that could confidently and consistently be considered the subsequence boundary at 

each of the Wonewoc outcrops. Recent studies of the Sauk II- Sauk III subsequence boundary 

in rocks of the Upper Mississippi Valley (UMV) placed the boundary at the base of the coarsest 

bed in the Wonewoc Sandstone, on the basis that it was developed as an erosional lag during a 

regressive-transgressive shift in deposition that separated a decameter-scale fining upward 

sequence from a underlying coarsening upward sequence (Runkel et al. 1998, 2007).  
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At the Cottage Grove site, the position of this boundary is coincident with the lithostratigraphic 

contact between the Ironton and Galesville members and the contact between two 

hydrogeologic units (HGU3 and HGU5) (Meyer et al. 2016). However, at the outcrops included 

in this study, the position of the coarsest bed did not consistently coincide with the 

lithostratigraphic member contact (Figure 4-3).  

At the Black River Falls and Galesville outcrops, the coarsest bed within the Wonewoc 

Formation was located approximately 10-13 m above the interpreted Galesville-Ironton contact 

(e.g., Figure 4-4). At the Blair Mine, where detailed sedimentological logs were unavailable, 

geologic correlation made using gamma logs and grain size results indicate that the position of 

the sequence boundary roughly coincided with the position of the Ironton-Galesville contact. 

 

Figure 4-4: Lithostratigraphic Contact and Subsequence Boundary at OC-27: Black River Falls 
(North). At this outcrop the lithostratigraphic contact between the Ironton Member and Galesville 
Member was observed at approximately 13 m below the Sauk II-III subsequence boundary. 

The inconsistency between the lithostratigraphic boundary and the subsequence boundary in 

outcrop may be explained by several factors. First, many of the sedimentary structures that are 

observed near the lithostratigraphic boundary form in tidal, fluvial and wave dominated shoreline 

environments that can occur laterally adjacent to one another. Therefore, it is possible to 

observe a lithological change (e.g. fluvial to shallow marine) in the absence of a basin-wide 

transgression and a resulting change in grain size. In such a circumstance, the contact between 

the Ironton and Galesville Members may be identified based on an observed change in 

sedimentary structures, but the precise location of the sequence boundary may be higher or 
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lower in the Wonewoc strata when identified according to the position of coarsest bed as is 

described by Runkel et al (1998).  

Other evidence that is commonly used to identify erosional unconformities and associated 

sequence boundaries, such as weathering profiles, erosive surfaces, or diagnostic fossils are 

also generally absent in the super-mature Wonewoc sandstone (Runkel et al 1998). None of 

these features were observed in the Wonewoc outcrops that were included in this study, so 

identification of the sequence boundary was based entirely on grain size. The absence of these 

other diagnostic features at the outcrops may in part reflect their relative position to the Cottage 

Grove study site when the Wonewoc Sandstone was deposited during the late Cambrian. At this 

time, the study site was located above the Wisconsin Arch, a positive structural feature, while 

the outcrops were in a more distal part of the basin (Figure 4-5). As a result, sediments at the 

outcrops may not have experience as prolonged or as severe of a period of subaerial exposure 

and erosion as the sediments Hydrite site and may have had less opportunity to develop 

diagnostic features indicative of a sequence boundary.  

At Cottage Grove site above Wisconsin arch, falling sea level may have eroded deeper into the 

exposed sediments and develop more pronounced erosional features. This may explain why 

sandstone intraclasts are observed in some boreholes at the Cottage Grove site, but were not 

observed at any of the outcrops. 

 

Figure 4-5: Outcrop locations and the position of the Cottage Grove study site relative to regional 
structural features during the Late Cambrian. Modified from Runkel et al. 1998. 

In the absence of other evidence that can be used to delineate the sequence boundary, the 

inconsistency in the position of the Ironton-Galesville contact and the sequence boundary at the 

studied outcrops is likely a relic of the narrow criteria that was used to distinguish its 
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stratigraphic position based entirely on grain size. The interpreted position of the sequence 

boundary at the studied outcrops is an informed estimate but should be considered with some 

degree of uncertainty given the lack of sedimentological evidence beyond grain size 

measurements.  

Considering these difficulties, an alternative sequence stratigraphic marker that may be used to 

estimate the position of the sequence boundary is the transgressive surface. A transgressive 

surface forms as the first significant flooding surface in a sequence and can coincide with the 

position of a sequence boundary in proximal regions of a sedimentary basin (SEPM n.d.). These 

transgressive surfaces are common in slowly subsiding cratonic settings (UGA Stratigraphy Lab 

2000) and are identified in the rock record by an abrupt basinward shift in sedimentary facies. 

When these criteria is used, the position of the transgressive surface and associated sequence 

boundary coincide with the lithostratigraphic contact between the Ironton and Galesville 

members.  
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4.2 Validation of Sirovision Discontinuity Measurements 

The quality of discontinuity data collected using close range terrestrial photogrammetry (CRTP) 

was dependent on many factors including: stereomodel resolution, the discontinuity mapping 

process, and the overall accuracy of the stereomodel relative to the true world. In the following 

section, the quality of discontinuity data collected from CRTP in this study is assessed. First, 

limitations and biases resulting from stereomodel resolution and mapping procedures are 

presented. This is followed by a thorough evaluation of error in spatial and orientational 

measurements that were collected from the stereomodels.   

4.2.1 Stereomodel Resolution and Discontinuity Identification 

Using a 16-megapixel Nikon D7000 with a combination of 28 mm and 50 mm lenses, image 

resolution for the surveyed outcrops was between 5 and 8 mm/pixel, or 15,625 to 20,000 

pixels/m2 (Figure 4-6). Resolution from the eastern Blair Mine outcrop was lower (~14mm/pixel) 

than other outcrops because the survey was shot at a significant distance using a short focal 

length lens (28mm). The northern Black River Falls outcrop was also shot at a large distance (to 

avoid setting up on interstate I94), but a 50mm lens was used, so the resolution was still 

comparable to the other surveys. The number of spatial points on each stereomodel is equal to 

the number of pixels that remain after cropping the image (placing match points). Considering 

this, the lower limit for identifying discontinuities in each stereomodel could be determined by 

the model’s resolution, where discontinuities with an apparent aperture thinner than the model 

resolution are unlikely to be observed. The resolution of around 5-8 mm that was obtained in 

this study is large compared to fracture apertures of 10’s to 100’s of microns that have been 

shown to participate in flow and contaminant transport. However, most fractures were partially 

exposed as surfaces at the surveyed outcrops and could still be mapped despite having 

apertures that were thinner than the photo resolution.  
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Figure 4-6: Stereomodel resolution and model extent can be determined based on the focal length 
of the camera and the distance between the outcrop and the camera location for 28 mm and 50 
mm lens. Black lines indicate the linear extent of an outcrop in an image given the camera-outcrop 
offset distance. The green lines indicate the pixel resolution of the digital photos and resulting 
stereomodels.  

Using window sampling, where all discontinuities within a field of view are sampled), both 

subvertical and low-angle discontinuities are captured during the mapping, effectively avoiding 

orientational sampling bias (Terzaghi, 1965). Discontinuities mapped on the stereomodels were 

cross-referenced with traces from digital outcrop photographs to minimize the potential of 

missing discontinuities during mapping process. 

A cumulative probability plot of Sirovision™ discontinuity measurements from the study (Figure 

4-7) indicates that discontinuities with trace length values less than 0.5 m are not represented in 

data collected from the stereomodels. A cut-off value of 0.5 m is consistent with the findings of a 

study by Sturzenegger et al., (2008), who suggested that a practical lower limit for fracture 

lengths mapped using CRTP is between 0.2 and 0.6 m. Since the focus of this study was to 

describe the main joint sets influencing flow through the Wonewoc Sandstone, the bias of the 

CRTP data towards more continuous fracture features (>0.5m) is considered to have a 

negligible impact on the findings since the longer fractures will contribute more to fracture 

network connectivity than the shorter ones. 
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Figure 4-7: Cumulative probability of discontinuities mapped in Sirovision™ by trace length. A 
cut-off value (dashed line) of 0.5m represents the shortest fractures that were captured using 
CRTP. 

Discontinuities that cross-cut bedding could be confidently identified and mapped using 

Sirovision™, while bedding parallel partings were difficult to distinguish from sedimentary 

layering or preferential weathering caused by subtle lithological contrasts. These difficulties are 

present in all outcrop studies, but are particularly notable using CRTP, because secondary 

evidence used to identify fractures, such as infill, roughness or oxidation, cannot be observed at 

the scale of the stereomodels. This is complicated by the fact that bedding parallel partings 

often develop along mechanical contrasts, such as lithological contacts. For this reason, 

complementary borehole data was necessary to obtain reasonable estimates of the position and 

spacing for bedding parallel fractures. However, similar issues also arose during coring, where 

poorly cemented coarser-grained laminations within the Wonewoc Sandstone were 

preferentially washed-out, increasing the number of apparent fractures for a given core interval. 

4.2.2 Stereomodel Discontinuity Orientation and Scale 

Outcrop measurements collected using close range terrestrial photogrammetry (CRTP) were 

thoroughly assessed to validate the method’s capabilities to accurately record the orientation 

(dip, dip direction) and position (x,y,z) of discontinuities.  The error accumulated during the 

photogrammetry process can be subdivided into three main categories: survey error, model 

error, and measurement error.  

Survey error, or drift, was determined by surveying a single location twice: once at the start of 

the survey and once at the end, after all the points have been measured. Total survey error was 

calculated by taking the square root of the sum of the squared easting, northing and elevation 

errors. The total survey error therefore represents the total linear drift that occurred between the 

start and the end of the outcrop survey. Total error ranged from 0.007 m to 0.102 m, which was 

deemed acceptable for the purposes of the study (Table 4-1). At all the outcrops, the easting 
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and northing error was less than 10 cm. Accuracy could be improved by using a fixed prism on 

a tripod rather than handheld staff. One exception was the Black River Falls (South) outcrop, 

where total survey error was 3.455 m. At this outcrop, most of the drift (3.454 m or 99 %) was in 

the z-direction, suggesting that the source of error was likely a vertical input mistake, such as 

using the wrong height for the prism staff at the time of the measurement. A duplicate 

measurement was not collected at the end of the north-eastern Blair Mine survey, so survey 

error could not be calculated for that outcrop.  

Table 4-1: Accumulated Survey Error by Outcrop  

Outcrop ID 
Easting Error 

(m) 
Northing Error 

(m) 
Elevation Error 

(m) 
Total Error 

(m) 

Black River Falls (North) 0.090 -0.047 0.009 0.102 

Black River Falls (South) -0.048 0.055 3.454 3.455 

Blair Mine (East) 0.002 -0.004 -0.007 0.008 

Blair Mine (North-East) N/A N/A N/A N/A 

Fry Mine 0.000 -0.007 0.000 0.007 

Total Error = √(𝐸𝑎𝑠𝑡𝑖𝑛𝑔 𝐸𝑟𝑟𝑜𝑟2 + 𝑁𝑜𝑟𝑡ℎ𝑖𝑛𝑔 𝐸𝑟𝑟𝑜𝑟2 + 𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 𝐸𝑟𝑟𝑜𝑟2) 

The second type of error, model error, is caused by the creation and georeferencing of a 

stereomodel and can be described in terms of absolute and relative error (Stohr et al. 2011). 

Absolute error is the difference between a survey point (absolute) and its associated position in 

the model, while relative error is the difference in the distance between two survey points and 

the distance between those same two points in the stereomodel. To complete these error 

calculations, it was assumed that the survey points collected using the Total Station represented 

the true x,y,z positions.   

Absolute error was calculated using the 15-26 survey points that were available for each 

outcrop stereomodel (equation 3). Absolute error ranged from 0.12 to 2.93 m, with an average 

of 0.73 m across all points from the stereomodels (Table 4-2).  

Equation 3: Absolute Error Calculation for Digital Outcrop Models 

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐸𝑟𝑟𝑜𝑟 = √(𝑥𝐴𝑀𝑜𝑑𝑒𝑙 − 𝑥𝐴𝑆𝑢𝑟𝑣𝑒𝑦)
2

+ (𝑦𝐴𝑀𝑜𝑑𝑒𝑙 − 𝑦𝐴𝑆𝑢𝑟𝑣𝑒𝑦)
2

+ (𝑧𝐴𝑀𝑜𝑑𝑒𝑙 − 𝑧𝐴𝑆𝑢𝑟𝑣𝑒𝑦)
2
 

The observed absolute error can be attributed to several sources. While efforts were made in 

the field to survey points that were easy to identify, mapping these points in the stereomodel 

could only be accurate to within ±0.1 m. This accuracy reflects the difficulty of identifying the 

locations of survey points on a stereomodel that could only be located using the zoom feature 

controlled by the software. An attempt was made to overcome this limitation by marking the 

outcrops using either chalk or a paintball gun to make the points easier to identify. 

The accuracy also reflects practical limitations transcribing the position survey point onto a 

digital image for reference. In practice, the marker showing the position of the survey point on 

the digital image would be several cm in size. Secondly, since prisms could not be attached to 

the outcrop faces, averaging of the laser signal from an uneven surface likely caused further 

error in measurements from the total station. An additional source of error may be caused by 

drift that occurred between collection of survey points. Since multiple points are necessary to 
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orient and scale of each stereomodel, any drift that accumulated during collection of these 

points would be reflected as absolute error in the model. This could explain why the largest 

absolute errors were observed at survey points near the edges of the stereomodels where any 

mis-orientation of the model would result in preferentially larger error with distance out from the 

control points.  

Table 4-2: Absolute Stereomodel Error 

Outcrop ID 
Average 

(m) 
Standard 
Deviation 

Minimum 
(m) 

Maximum 
(m) 

Black River Falls (North) 0.818 0.470 0.206 2.015 

Black River Falls (South) 0.657 0.447 0.117 2.019 

Blair Mine (East) 0.811 0.655 0.192 2.399 

Blair Mine (North-East) 0.751 0.793 0.149 2.926 

Fry Mine 0.630 0.613 0.095 2.299 

Average 0.733 0.596 0.152 2.331 

 

Relative error was calculated for each possible combination of survey points for each 

stereomodel. Depending on the number of survey points that were available, the total number of 

point-to-point combinations ranged from 210-650 per outcrop.  

Equation 4: Relative Error Calculation for Digital Outcrop Models 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐸𝑟𝑟𝑜𝑟 = |
 𝐿𝑒𝑛𝑔𝑡ℎ 𝐴𝐵𝑇𝑟𝑢𝑒 −  𝐿𝑒𝑛𝑔𝑡ℎ 𝐴𝐵𝑀𝑜𝑑𝑒𝑙

 𝐿𝑒𝑛𝑡ℎ 𝐴𝐵𝑇𝑟𝑢𝑒
| ∗ 100% 

The average relative error (difference between true and model distance) for all outcrops 

included in the study was 0.405 m (Table 4-4). When the error was normalized to true distance 

between the two survey points, the average relative error represented only 1.88% of the true 

distance. This occurs because the error is scalable and the distances between survey points 

were typically in the range of 10’s of meters. Therefore, despite seemingly high average relative 

error (0.405 m), once normalized the relative error only represents <2% of the true distance on 

average. This finding confirms that the stereomodels accurately represent real point-to-point 

distances and can be used with confidence to measure fracture spacing and trace length. 

Table 4-3: Relative Stereomodel Error 

Outcrop ID 
Average 

(m) 
Standard 
Deviation 

% of True 
Distance (Avg.) 

Minimum 
(m) 

Maximum 
(m) 

Black River Falls (North) 0.512 0.433 2.080 0.003 1.646 

Black River Falls (South) 0.403 0.330 2.211 0.003 1.525 

Blair Mine (East) 0.448 0.404 1.920 0.000 1.895 

Blair Mine (North-East) 0.467 0.459 2.066 0.001 2.493 

Fry Mine 0.194 0.166 1.123 0.000 0.723 

Average 0.405 0.358 1.880 0.001 1.656 

 

Error in the orientation of discontinuities within stereomodels was assessed by comparing the 

orientation of a vector between two survey points to a vector between the same two points in 
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the model. Dip and azimuth error were calculated for vectors representing every possible 

combination of survey points in each stereomodel. Results (Table 4-4) indicate that the models 

were accurately oriented with respect to true outcrop orientation, with an average dip error of 

1.06° and an average azimuth error of 2.21°. Infrequent errors larger than 5 degrees typically 

occurred when survey points used for the calculation were situated close to one another, 

effectively amplifying any positional (absolute) error that may result from mapping their locations 

in Sirovision™.  

Table 4-4: Stereomodel Orientation Error 

Outcrop ID 

Dip Error (degrees) Azimuth Error (degrees) 

Average 
Standard 
Deviation Minimum Maximum Average 

Standard 
Deviation Minimum Maximum 

Black River Falls (North) 0.71 0.69 0.00 2.84 1.26 1.18 0.03 5.84 

Black River Falls (South) 0.86 1.16 0.01 9.10 2.20 2.49 0.00 17.43 

Blair Mine (East) 1.19 1.23 0.01 5.55 1.55 2.08 0.00 9.49 

Blair Mine (North-East) 1.55 3.05 0.00 31.21 1.63 1.86 0.01 14.47 

Fry Mine 1.01 0.83 0.01 3.96 3.51 3.44 0.02 20.55 

Average 1.06 1.39 0.01 10.53 2.03 2.21 0.01 13.56 

 

Finally, the accuracy (or measurement error) of discontinuity orientations (dip, dip direction) 

measured from Sirovision™ were evaluated by comparing them to measurements manually 

collected using a Freiberg compass. Due to accessibility issues, only the Black River Falls 

outcrops were suitable for both compass and photogrammetric measurements. A total of 46 

compass/Sirovision™ discontinuity pairs were collected between the two Black River Falls 

outcrops (Figure 4-8).  The average dip and dip direction error for 39 measured sub-vertical 

discontinuities were 3.1° and 7.1°, respectively. Low angle discontinuities (dip<25°) typically had 

much higher error than the sub-vertical features, averaging 7.2° for dip and 19.6° for dip 

direction. Higher error for the low angle features may partially be explained by sensitivity of the 

Freiburg compass when measuring low-angle features, where large changes in dip direction are 

caused by subtle movement of the compass.  
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Figure 4-8: Measured Fractures at the Black River Falls Outcrops. Traces are shown for 
discontinuities that were mapped using photogrammetry (Sirovision™) or both photogrammetry 
and manually using a geological compass.  

Several sources of error can account for much of the discrepancy that was observed between 

the model and manual compass measurements, including: stereomodel error, compass 

accuracy and variability along the discontinuity surfaces. As was discussed earlier in this 

section, orientational error of the stereomodels averaged 1° in dip and 2° in dip direction, 

therefore some discrepancy between model and real-world compass measurements is 

expected. Secondly, the reported accuracy of the Freiburg compass that was used to collect the 

manual measurements was ± 2.5° for dip and dip direction (FPM Holding GmbH n.d.). The 

Freiberg compass was selected for the study because it is widely used within the structural 

geology profession and can obtain both strike and dip angle in a single measurement.  

Perhaps most significant, variability along discontinuity surfaces can contribute to the 

discrepancy that was observed between Sirovision™ and the manual compass measurements, 

because the compass values are point measurements, while Sirovision™ reported orientations 

represent a plane of best fit for the entire discontinuity surface. In fact, Sturzenegger et al. 

(2009) argues that orientations measured from 3-D models are more representative of true 

orientations because they account for variability along discontinuity surfaces rather than point 

measurements. Accounting for potential sources of error, these results confirm that the 

orientation of digitally mapped discontinuities from the stereomodels are consistent with real-

world orientations. This conclusion is supported by findings from several other studies 

(Haneberg 2008; Sturzenegger et al. 2009; Becker et al. 2018) where comparison of manually 

and digitally derived discontinuity orientations had comparable magnitudes of dip and dip 

direction error to what was observed in this study.   

In summary, a thorough assessment of the digital discontinuity data confirms that 

photogrammetry-derived measurements from stereomodels can be considered accurate to true-

world orientation and scale. For the purposes of this study, the absolute position of fractures 

was less important than their relative positioning (i.e. spacing and trace length). Therefore, 

despite a high average absolute error, low relative error (<2% of true distance) confirmed that 
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linear measurements of discontinuity properties (spacing, trace length) from outcrop 

stereomodels could be used with confidence. Likewise, an evaluation of model orientation error, 

including a comparison of stereomodel and compass measurements, confirms that discontinuity 

orientations measured using CRTP were acceptable for the purposes of this study.  

4.3 Fracture Set Parameter Estimation from Outcrop and Borehole Data 

Fracture statistics were determined for opening-mode, subvertical joint sets and bedding parallel 

fracture sets within the Wonewoc Sandstone. The following section describes how the fracture 

statistics were calculated and provides a robust analysis of the results. 

4.3.1 Wonewoc Fracture Networks (Fracture Stratigraphy)  

Prior to analyzing specific discontinuity sets, discontinuity data for the Wonewoc Sandstone was 

subdivided into two fracture networks based on outcrop observations of fracture terminations 

and borehole fracture logs. Outcrop observations consistently showed two distinct fracture 

networks that coincide with the upper (Ironton) and lower (Galesville) Wonewoc Members 

(Figure 4-9a). Sub-vertical discontinuities in the Galesville Member often extend across the 

entire thickness of the unit and terminate near (<1m) the contact with the overlying Ironton 

Member. In contrast, subvertical discontinuities in the Ironton were more variable in length, 

commonly terminating at lithological contrasts within the unit.  

 

Figure 4-9: Evidence for subdivision of fracture data according to lithostratigraphic members of 
the Wonewoc Sandstone. a) Sirovison mapped fractures in outcrop (NE Blair Mine) reveal two 
distinct fracture sets: a vertically continuous lower (Galesville) set that terminate near the member 
contact, and an upper (Ironton) set with variable length that terminate at several horizons 
throughout the unit. b) ATV and core fracture data from Cottage Grove Boreholes reveal a change 
in fracture intensity across the Ironton-Galesville contact. 

Fracture termination patterns were assessed visually during outcrop mapping and were backed 

up quantitatively using a modified version of the analysis method used in fracture studies by 

Cooke et al. (2003) and Runkel et al. (2014). Using this method, vertical intervals where there 

was preferential termination of vertical fractures were identified by plotting the number of 

fractures that terminate within a 2 m interval, alongside the termination percentage within that 
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same interval (Figure 4-10). The 2 m intervals that were used for the analysis in this study were 

larger than 0.1 m and 0.6 m bins used in the Cook et al. (2003) and Runkel et al. (2014), 

respectively. A 2 m interval roughly approximates the vertical spacing between monitoring 

intervals in the high-resolution MLS installed at the Cottage Grove study site.  Therefore, a 2 m 

bin spacing was considered a useful interval size to compare fracture termination patterns from 

outcrops with head profiles from the high-resolution MLS.  

Equation 5: Fracture Termination % Calculation 

𝑇𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 % =
 # 𝑇𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑛𝑔 𝐹𝑟𝑎𝑐𝑡𝑢𝑟𝑒𝑠

# 𝑇𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑛𝑔 𝐹𝑟𝑎𝑐𝑡𝑢𝑟𝑒𝑠 + # 𝐶𝑟𝑜𝑠𝑠𝑖𝑛𝑔 𝐹𝑟𝑎𝑐𝑡𝑢𝑟𝑒𝑠
∗ 100 % 

 

Figure 4-10: Fracture termination plots for the Blair Mine and Galesville outcrops. Plots show the 
number of fractures that terminate within a 2m interval, plotted alongside the percentage of 
subvertical fractures that terminate within each interval. At all thee outcrops, a high number of 
fracture terminations and termination percentage >75 was observed at the contact between the 
Ironton and Galesville Members of the Wonewoc Sandstone.  

At the Blair Mine 87 % of subvertical fractures terminated at or near (<1 m) the contact between 

Galesville and Ironton Members. Similar observations were made at the Galesville section and 

Black River Falls outcrops, where 86 % and 88 % of subvertical fractures terminated near (<1 

m) the Ironton-Galesville contact, respectively.  
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At the Blair Mine outcrop, most subvertical fractures terminated at the top of the exposure, near 

the lithostratigraphic contact (<1 m) between the Ironton Member and the Tunnel City group. 

This was the only outcrop where a good exposure of the upper contact was available. The lower 

contact with the Eau Claire Formation was observed at the Galesville Section (OC-30). At this 

exposure, most subvertical fractures terminated near the contact (<2 m) between the base of 

the Galesville Member and top of the Eau Claire Formation. Seepage from the outcrop occurred 

along semi-continuous bedding parallel partings at or just above the Galesville-Eau Claire 

contact (Figure 4-11), suggesting a contrast in vertical hydraulic conductivity at this horizon.  

 

Figure 4-11: Seepage and fracture termination near Galesville-Eau Claire contact at OC-30. a) & b) 
seepage is observed from semi-continuous bedding parallel partings near the Galesville-Eau 
Claire contact. c) preferential termination of subvertical fractures (blue traces) occurs near the 
Galesville-Eau Claire contact. 

Subdivision of the Wonewoc Sandstone into two mechanical units (i.e. fracture units based on 

distinct fracture characteristics) is also supported by ATV and core fracture logs from Cottage 

Grove boreholes, which show an abrupt change in fracture intensity (count/m) near the Ironton-

Galesville contact (Figure 4-9b). The quality of ATV and core fracture logs are worse for the 

Galesville Member than the Ironton Member because there is less fine-grained material and 

poorer cementation within the Galesville interval. These issues make it difficult to identify natural 

fractures in ATV and core fracture logs of the Galesville, so borehole fracture intensities within 

the Galesville should be used with some caution. However, the change in quality of the logs 

across the Ironton-Galesville contact provides additional information about the mechanical 

contrasts between the two units and supports the subdivision of the Wonewoc into the two units 

with distinct fracture networks.  

Optical televiewer (OTV) logs could be used to overcome some of the limitations of ATV and 

core fracture logs in poorly cemented sandstone like the Wonewoc Sandstone. OTV logs were 

not used for most of the boreholes in this study, but the functionality of OTV logging has been 

demonstrated in several other recent studies from South-Central Wisconsin, where high-quality 

image logs from boreholes with open intervals of the Wonewoc Sandstone were collected using 

an OTV tool (Bahr et al. 2011; Sellwood et al., 2015). A drawback, however, is that OTV logs 

typically have lower spatial resolution than ATV logs and are limited by the clarity of water within 

the borehole.  

Subdivision of the Wonewoc Sandstone into two mechanical units with distinct fracture networks 

corresponding to the Ironton and Galesville Members can also be justified based on lithological 
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descriptions of the two units. In core and in outcrop, the Galesville member is texturally 

homogeneous with negligible variation is grain size and bedding style throughout. The absence 

of textural contrast throughout the Galesville likely supports the propagation of vertical joints 

across the entire thickness of the unit (Ladeira & Price 1981). Unlike the Galesville, the Ironton 

is texturally variable, with fluctuating degrees of cementation, bioturbation and shale content 

throughout (Emrich, 1966; Ostrom, 1978). These textural contrasts may serve as mechanical 

contrasts that cause preferential termination of vertical discontinuities within the Ironton unit  

The distinct change in sedimentary structures that occurs at the transition between the two units 

likely provides the mechanical contrast required terminate fractures near this contact. This 

conceptual model of two distinct mechanical units agrees with hydraulic head measurements 

from the study site, where a sharp change in hydraulic head is also observed across the 

lithostratigraphic contact between the Ironton and Galesville Members. 

In contrast to the association between lithostratigraphy and fracture termination patterns, the 

sequence boundary does not seem to influence fracture termination patterns. No preferential 

termination of fractures was observed at the thin and subtle grain size contrast that occurs at 

the interpreted position of the sequence boundary in the studied outcrops. In other studies 

where fracture terminations patterns have been associated with stratigraphy (Cook et al. 2006; 

Al Kharusi 2009), there has been a more significant contrast in grain size and rock 

cohesiveness across the stratigraphic contacts. 

4.3.2 Subvertical Joint Sets 

4.3.2.1 Subvertical Joint Set Orientation 

Subvertical joint sets were identified by stereonet analysis of outcrop discontinuity data in 

FracMan™ (Golder Associates Ltd. 2017). Discontinuities dipping ≥ 60° were classified as 

subvertical joints. A 60° cut off was used because there was an inflection in the cumulative 

distribution plot, representing a change in the frequency of measured discontinuities according 

to dip (Figure 4-12). 65% of all discontinuity measurements had dips ≥ 60°, while only four 

measurements had dips between 60 and 40°. Prior to stereographic contouring, a correction 

was applied to the discontinuity data to compensate for bias resulting from the orientation of the 

outcrops (Terzaghi, 1965). By applying a Terzaghi correction (Equation 6), the weighting of 

discontinuities was adjusted, whereby the weighting factor (w) increases as the strike of a 

discontinuity approaches the orientation of the surveyed face. A maximum weighting factor of 

2.9238 was used, corresponding to an offset angle (α) of 20 degrees (Terzagi 1965). Use of a 

maximum weighting factor ensured that discontinuities with an offset angle less than 20 degrees 

did not become exceedingly large as α approached 0.  
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Figure 4-12: Cumulative distribution plot of outcrop discontinuity by dip. A dip of 60° was used as 
a cut off to separate subvertical discontinuity data. This is considered a reasonable cut-off given 
65% of all mapped outcrop discontinuities dip ≥ 60°, while only four measurements have dips 
between 60-40°.  

Equation 6: Terzaghi Weighting Factor Calculation (Terzaghi 1965) 

𝑊𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑤) =
1

𝑠𝑖𝑛 𝛼
                 𝑓𝑜𝑟 𝛼 ≥ 20° 

Two iterations of stereographic contouring were completed: once with the uncorrected 

discontinuity data and a second time using Terzaghi corrected values. For the second round of 

contouring, discontinuities striking within 20 degrees of the outcrop orientation were assumed to 

be biased and were not included, since within this blind zone (α ≤20°) the number of sampled 

discontinuities is typically not enough to apply the correction accurately (Golder Associates Ltd. 

2017; Terzaghi 1965; Yow 1987;). A Terzaghi correction was not applied to discontinuity 

measurements from the north-eastern Blair Mine outcrop because the orientation of the 

exposure changes nearly 90 degrees across its length. In this case use of the correction (which 

assumes a consistent outcrop orientation) would bias the data by increasing the weighting of 

fractures that are parallel to the orientation of the section that was chosen for the correction.  

Except for the two plots from the Fry Hills Mine, there was negligible variation between the 

uncorrected and Terzaghi corrected stereonets (APPENDIX I: Outcrop Profiles). At the Fry Hills 

mine, 11 of the observed fractures strike roughly EW, the same orientation as the outcrop. So 

when fracture data from within the blind zone (α ≤20°) was removed, all 11 of the EW trending 

fractures were not included in the Terzaghi corrected stereonet.  

The Terzaghi corrected stereonet and rose plots of outcrop discontunity data reveal three 

subvertical joint sets within the Wonewoc Sandstone (Figure 4-13a): Northeast (NE), Northwest 

(NW) and East (E) striking. These findings are supported by ATV fracture data from the Cottage 
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Grove site, where the same three sets are observed (Figure 4-13b). The subvertical joint sets 

identified from this study are congruous with structural trends and regional stress fields 

identified in several other studies from the Midwestern United States (Haimson, 1978; Holste & 

Foot, 1981; Zoback & Zoback, 1989; Roffers, 1996; Ribeiro, 2016).  

Of the three joint sets, the NE set was the most prominent in both outcrop and ATV data. This 

prominence reflects the siginificance of the NE set in relation to the regional stress field (Zoback 

& Zoback, 1989), but is also likely influenced by the orientation of the outcrops, which were 

mostly oriented parallel to the NW set. It proved to be difficult to find outcrops that were 

optimally oriented to intersect the NW set, since there was a propensity for the Wonewoc to 

weather parallel to the NW orientation at the outcrops that were visited.  

 

 

Figure 4-13: Subvertical Discontinuity data for the Wonewoc Sandstone. Stereonet and rose 
diagrams show subvertical (dip>60°) discontinuities in the Wonewoc Sandstone. Contoured 
stereonets show discontinuities plotted as poles. Three subvertical joint sets are observed: NE, 
NW and East trending, of which the NE is the most prominent in both the (a) outcrop and (b) 
borehole ATV data. The NW-SE set is difficult to distinguish in plots of all data but is more 
apparent when looking at individual outcrop data (e.g. Appendix I: Outcrop Profiles -Galesville 
Type Section). This difficulty occurs because most outcrops were oriented parallel to the NW set, 
and were therefore biased against observing that orientation set. 

The mean orientation (dip, dip direction) of each joint set was calculated from stereonet plots of 

discontinuity data for each Wonewoc lithostratigraphic member at each surveyed outcrop (Table 

4-5). For manually collected compass measurements, this process was completed in 

FracMan™ using a statistical optimization algorithm called Interacted Set Identification System 

(ISIS). Using ISIS, discontinuity measurements are assigned to orientation sets based on their 

similarity (in orientation) to other discontinuities assigned to the same orientation set (Figure 
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4-14). Using these data, a revised mean orientation is calculated for each set, and the process 

is repeated for a specified number of iterations (FracMan™ default of 50 used in this study). A 

similar process was completed in Sirovision™ to calculate mean set orientation from CRTP 

outcrop measurements. Standard deviation (dip, dip direction) and Fisher distribution 

coefficients (K) were also calculated for each set to describe the dispersion of the discontinuity 

measurements about the mean set orientation (Table 4-5). Fisher (K) can be interpreted based 

on its magnitude, where large K’s indicate that the orientations are confined to a small region of 

the stereonet while small K’s indicate more variance in the joint orientations from the set’s mean 

orientation (Fisher, 1953).  

Table 4-5: Orientation statistics for subvertical joint sets in the Wonewoc Sandstone 

HGU Joint Set 
Mean Dip 
(degrees) 

Mean Dip Direction 
(degrees) 

Dip 
(St.Dev.) 

Dip Direction 
(St.Dev.) 

Fisher K 
(Fisher, 1953) 

Ironton 
(HGU5) 

East 88.01 180.42 8.66 9.90 35.99 
NE 85.44 316.50 8.28 16.12 12.29 
NW 86.61 240.54 8.18 13.68 14.58 

Galesville 
(HGU3) 

East 87.16 185.03 7.13 12.48 27.54 
NE 87.37 315.79 8.83 16.69 13.65 
NW 86.20 227.92 8.90 14.20 17.48 

 

 

Figure 4-14: Interactive set identification (ISIS) approach used to group fracture sets in FracMan 
(Golder Associates, 2008). 
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Assessment of the calculated Fisher K and dip/dip direction standard deviation reveals that 

joints from the NE set span a wide range of orientations, particularly in the dip direction. These 

findings agree with results from a similar study by Ribeiro (2016), who characterized fracturing 

in the overlying Tunnel City Group sandstones of south-central Wisconsin. In that study Ribeiro 

(2016) also observed that the NE set was most prominent and had the widest span of 

orientations. This NE joint set may be attributed to the NE to ENE maximum horizontal 

compressive stress that is thought to be caused by tectonic ridge push forces extending from 

the mid-Atlantic spreading center (Zoback & Zoback 1989). 

4.3.2.2 Subvertical Joint Spacing 

Spacing was calculated for each joint set using the positions of outcrop discontinuity 

measurements. Joint spacing represents the distance between two adjacent joints from the 

same fracture set along a line perpendicular to that set’s mean orientation. For manually 

collected discontinuity data, true spacing (St) was calculated using Equation 7, based on the 

apparent spacing (Sa) between two joints of the same set and the angle between the set’s mean 

orientation and the orientation of the outcrop scanline (θ). 

Equation 7: Apparent to True Joint Spacing Calculation 

𝑇𝑟𝑢𝑒 𝑆𝑝𝑎𝑐𝑖𝑛𝑔 (𝑆𝑇) = 𝑆𝐴 ∗ sin (𝜃) 

Joint spacing from discontinuities measured using CRTP was calculated directly within 

Sirovision™ by extending planes representing each discontinuity in a joint set until they 

intersected a projection of the mean normal to the set. Spacing is then calculated by measuring 

the distance between where two consecutive planes intersect the mean normal (Datamine 

Support, personal communication, July 6, 2018).  

Cumulative distribution plots (Figure 4-15) indicate that joint spacing varies by over an order of 

magnitude, from less than a meter to over ten meters within the Wonewoc Sandstone. 

Lognormal, exponential and power functions were fit to the data and coefficients of 

determination (R2) were calculated to evaluate whether a function could be used to accurately 

describe the spacing measurements. Comparison of R2 values indicates that spacing 

distributions for five of the six joint sets are best fit by a lognormal function. An exponential 

function provided the best fit for the NE set in the Galesville Member, but a lognormal fit was 

also strong for the set (R2 =0.9534). These results are consistent with previous studies of jointing 

in layered sedimentary rock where lognormal spacing distributions have also been observed 

(Narr & Suppe, 1991). 
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Figure 4-15: Cumulative distribution of joint spacing for subvertical joint sets in the Wonewoc 
sandstone. Spacing measurements from outcrops were compared with exponential, lognormal, 
and power law curves fitted to the data. Coefficients of determination (R2) were calculated for 
each curve, and the best fit for each set is displayed above each plot. Simulated lognormal curves 
provided the best fit for all joint sets, except for the NE set in the Galesville Member. 

Only four east trending joints in the Ironton Member could be mapped from a single outcrop at 

the Fry Mine, which was oriented parallel to this set. Although the east trending joints could be 

measured, calculating spacing from these measurements is not possible without considerable 

error and uncertainty since the fracture traces may represent a single, or subset of fractures that 

are parallel to the outcrop face. That is why the range of joint spacing shown in Figure 4-15 is 

an order of magnitude smaller for the Ironton east trending set than the other sets. Instead, joint 

spacing for the east trending Ironton set can be approximated by averaging the spacing of the 

other two joint sets in the Ironton Member. This approach is supported by several studies that 

have shown that joint spacing in layered systems is proportional to bedding thickness (Ladeira & 

Prince 1981; Huang & Angelier 1989; Gross 1993; McGinnis et al. 2017). Therefore, it is 

reasonable to expect that joint spacing in the east trending set would be like the spacing 

observed for the other two Ironton sets that are controlled by the same mechanical stratigraphy.  
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4.3.2.3 Subvertical Joint Heights and Length (Elongation) 

Joint height (vertical length) and length (e.g. horizontal length in map view) statistics were 

compiled for each subvertical joint set. Both height and length are important parameters in DFN 

modelling because they influence fracture network connectivity (Berkowitz, 1995). Acquiring 

fracture height was relatively straightforward, but length could not be measured at the outcrops. 

Joint heights were measured directly from outcrops, either manually using a measuring tape, or 

digitally in Sirovision™, where trace length was recorded. Since the outcrops were mostly 

vertical, trace lengths measured in Sirovison (as a diameter of a circular plane representing the 

traced discontinuity) were considered as equivalent trace heights (Sturzenegger, 2009). At the 

Galesville outcrop, manual measurements of height were limited to what could safely be 

recorded using a measuring tape and a ladder, so long (>5m) subvertical discontinuities could 

only be visually estimated rather than measured.  

Height measurements were also influenced by censoring bias: where discontinuities extend 

beyond the limits of the exposure, so their full length cannot be measured. Censoring was 

particularly an issue at the Galesville outcrop, where scanlines were completed along 

stratigraphically limited exposures. Using a modified version of the analytical method presented 

in Priest & Hudson (1981), the height of joints that were affected by censoring were adjusted at 

the Galesville outcrop. The Priest and Hudson model is a statistical method used to calculate 

the mean trace length of a fracture set measured from a scanline where censoring occurs. The 

difference between the uncorrected mean and the statically corrected mean is a correction 

factor that represents the portion of fracture lengths that were censored by the outcrop 

exposure. For the Galesville outcrop, a correction factor was applied to adjust the length of all 

fractures from each exposure that were affected by censoring.  

The correction was not applied to measurements collected using Sirovision™ because 

photogrammetry captured nearly complete stratigraphic intervals and the analytical method 

(Priest & Hudson, 1981) was designed to correct for measurements acquired from linear 

scanlines. A study comparing scanline and window sampling by Zeeb et al. (2013) also 

demonstrated that window sampling was less sensitive to censoring, so the mean height values 

measured by window sampling in Sirovision™ should be less affected by censoring than 

manual measurements from the Galesville section.  

Subvertical joint heights in the Wonewoc span over an order of magnitude, ranging from less 

than a meter to over 10 m (Figure 4-16). Joint heights in the Galesville Member are consistently 

larger than those observed for the equivalent orientation sets (e.g. NE) in the Ironton Member. 

Mean set heights were between 4.2-5.1 m in the Galesville Member, versus 2.7-3.7 m in the 

Ironton. These findings are consistent with the idea that subvertical fractures will be less 

continuous in the Ironton Member than the Galesville, because the Ironton has more variability 

in cementation and sedimentary structure than the texturally homogeneous Galesville.  
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Figure 4-16: Cumulative distribution of joint height for subvertical joint sets in the Wonewoc 
sandstone. Height measurements from outcrops were compared with exponential, lognormal, and 
power law curves fitted to the data. Coefficients of determination (R2) were calculated for each 
curve, and the best fit for each set is displayed above each plot. Simulated exponential curves 
provided the best fit for all joint sets. 

Joint lengths were not measured in this study because bedding parallel outcrops of the 

Wonewoc Sandstone were not available. As a result, joint lengths were assumed to follow the 

same exponential distribution functions that described the joint heights. Outcrop observations 

showed that there is more vertical heterogeneity than horizontal heterogeneity in the Wonewoc 

Sandstone. Bed thicknesses were typically less than a meter but could be traced laterally 

beyond the extend of the outcrops (10’s to 100’s of meters). Based on these observations, it is 

assumed that there is more vertical than horizontal mechanical contrasts in the Wonewoc 

Sandstone, so the mean joint length should exceed the mean joint height for a given set. Such a 

relationship was observed in a recent study of the Upper Chatsworth Formation in California, 

where lengths from aerial imagery exceeded heights observed in outcrop (Cilona et al. 2016). 

4.3.2.4 Subvertical Joint Terminations 

Two abutting relationships were observed within the Wonewoc Sandstone, where one fracture 

set would preferentially terminate at a mechanical interface, such as a pre-existing fracture set, 

or a lithological contrast. Such relationships are important to document because they can 
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appreciably impact flow and transport, as demonstrated in a study published by Meyer et al. 

(2008) where numerical modelling of stacked mechanical layers in a fractured sedimentary rock 

aquifer show abrupt hydraulic head gradients at the position of the mechanical interfaces where 

most vertical fractures terminated. 

The first abutting relationship was discussed in Section 4.3.1 Wonewoc Fracture Networks 

(Fracture Stratigraphy), where subvertical joints preferentially terminate at, or near the contact 

between the Ironton and Galesville Members.  

An abutting relationship was also observed between the two most prominent subvertical joints 

sets, where the NE trending set would terminate against the NW set. Several examples were 

observed at the two Blair Mine outcrops, where NE trending fractures terminate along a NW 

joints at the Blair Mine. Good images of this relationship are unavailable, since the NW trending 

set was roughly parallel to the outcrop faces. These observations were consistent with findings 

from a previous study, where the same cross-cutting relationship was observed in Silurian 

dolomite rocks in the nearby Michigan Basin (LaPointe & Hudson, 1985). The timing of major 

stress events also supports this interpretation, whereby the NE set has been attributed to the 

present stress field, while the NW set has been attributed to older stresses caused by the 

Appalachian orogeny in the Paleozoic (Roffers, 1996).  

4.3.3 Bedding Parallel Partings 

For the purposes of this study, low-angle discontinuities (dip < 25°) are considered bedding 

parallel partings (BPPs) to reflect their orientation relative to bedding and the uncertainty 

regarding the geologic processes that formed them. Two BPP sets were visually identified from 

outcrop and borehole data: a normal BPP set with dip angles less than 10°, and a second set 

with intermediate dip angles ranging from 10-25°. In contrast to analysis of the subvertical sets, 

much of the BPP analysis relies on subsurface data because it was difficult to distinguish 

between fractures and lithological bedding contrasts at outcrops where accessibility was limited.  

4.3.3.1 BPP Set Orientations 

Cumulative frequency plots of borehole fracture data were used to visually identify cut-off dip 

angles to separate low-angle features from the rest of the fracture data (Figure 4-17). A 10° dip 

cut-off was used to distinguish normal BPPs, which corresponded to the approximate dip where 

an inflection is observed in the cumulative frequency plot for both the ATV and core fracture 

data. A 10° cut-off is also consistent with outcrop observations where bedding was near 

horizontal and consistently had dips less than 10°. Both the Ironton and Galesville members had 

normal BPP fracture sets. 
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Figure 4-17: Cumulative distribution plots for Wonewoc Core and ATV Fractures by plunge, the 
reciprocal of dip angle (1 / dip). A cut-off plunge of 10 degrees (80 degrees dip) was used to 
calculate fracture statistics for the “normal” BPP set. 

ATV fracture data from the Galesville Member also reveals a second moderately dipping (10° ≤ 

dip ≤ 25°) BPP set within that unit (Figure 4-18a). Upon inspection, the moderate dipping set 

appears to occur along foresets of large-scale cross-beds that are common in the Galesville 

Member. This is confirmed by visual observations at the Black River Falls outcrops, where 

moderately dipping BPP’s are observed along decimeter-meter scale cross-bed sets (Figure 

4-18b). The presence of a moderately dipping cross-bed fracture set may provide additional 

fracture network connectivity than would exist only between the normal BPPs (dip ≤ 10°) and 

subvertical joint sets.  
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Figure 4-18: Bedding parallel parting (BPP) sets in the Galesville Member. Frequency plots are 
plotted as plunge, the reciprocal of dip angle. a) Two BPP sets were identified from frequency 
plots of borehole ATV fracture data:  a low angle (dip ≤ 10°) set that is parallel to bedding, and a 
second moderately dipping (10° ≤ dip ≤ 25°) set that occurs along the toe of cross-beds. b) 
examples of the two Galesville BPP sets determined by manual compass and Sirovision 
measurements of discontinuities at the Black River Falls outcrops.  

Mean orientation, Fisher K (a measure of variance in fracture set orientations), and dip/dip 

direction standard deviation were calculated for each BPP set using the same method as was 

described in section 4.3.2.1 Subvertical Joint Set Orientation(Table 4-6). 

Table 4-6: Bedding Parallel Parting (BPP) set orientations. 

HGU BPP Set 
Mean Dip 
(degrees 
±St.Dev) 

Mean Dip Direction 
(degrees ± St.Dev) 

Dip 
(St.Dev.) 

Dip Direction 
(St.Dev.) 

Fisher K 
(Fisher, 1953) 

Ironton 
(HGU5) 

Normal 2.26 170.70 3.26 90.29 257.87 

Galesville 
(HGU3) 

Normal 2.52 168.95 3.24 99.86 304.41 

Cross-Bed 15.42 176.53 5.11 88.19 42.73 

 

4.3.3.2 BPP Spacing/Linear Intensity 

Core and ATV logs, rather than outcrops, were the primary data source used to determine linear 

fracture intensity (P10) for the BPP sets. BPP’s at outcrops were difficult to distinguish from 

erosional contrasts caused by subtle lithological changes, particularly at sites that were not 

accessible for manual fracture measurements. Reliance on borehole data for determining 

fracture intensity of BPP sets is acceptable given that the effect of vertical sampling bias 

(Terzaghi, 1965) is negligible for low angle features such as BPP’s, and the use of borehole 
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data from the Cottage Grove site provides the most representative set of data for the subsurface 

at that site.  

Data quality from core and ATV fracture logs was adversely impacted by the poor cementation 

for much of the Wonewoc Sandstone interval. When cored with water, the sandstone tended to 

fall apart, which artificially inflated the number of observed fractures in core retrieved at ground 

surface and caused poor core recovery. Typical core recovery and rock quality designation 

(RQD) for core of the Ironton Member in boreholes at the Cottage Grove site were between 70-

90% and 0-40%, respectively. Generally, core recovery and RQD were worse in the Galesville 

Member than the Ironton Member, with typical core recovery between 30-60% and RQD less 

than 30%.  

ATV logs were also negatively affected, because signals from the tool were dampened by the 

soft, poorly cemented sandstones. Use of optical televiewer (OTV) logs in the future could 

potentially alleviate some of the issues that arise when trying to collect subsurface fracture data 

from poorly consolidated sandstones like the Wonewoc. However, the spatial resolution of OTV 

logs is typically lower than those collected using an ATV log.    

Within these constraints, linear intensity (P10) and spacing distributions were calculated for both 

the ATV and core fracture data for each of the identified BPP sets. Core data were available for 

12 boreholes at the Cottage Grove site, while ATV fracture data were available for 9. Rather 

than using the total unit (i.e. Ironton Mbr.) thicknesses, the P10 calculations used only the 

cored/logged intervals to ensure that the intensities were not biased by overestimating the 

surveyed length of borehole or poor core recovery.  

Core P10 values from three of the boreholes, all drilled in 2017, were omitted from the average 

core P10 calculations because these values were exceptionally high (7.9 fx/m) compared to all 

other boreholes (1.9 fx/m). The high P10 values reported for the 2017 boreholes most likely are 

a result of inexperienced loggers who tended to log mechanical breaks as natural to avoid 

excluding data during the initial data collection phase. An example of the overestimation of core 

fracture intensity from the 2017 boreholes is provided for a 1.5 m interval of the Ironton Member 

from MP-24D (Figure 4-19), where the core fracture log is shown adjacent to an ATV fracture 

log from the same interval. More than 30 “natural” fractures were logged from core, while only 4 

fractures were identified from the ATV log. It is likely that many, or most of the fractures logged 

from the MP-24D core were formed mechanically during the drilling and core retrieval process. 
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Figure 4-19: Comparison of core and ATV fracture logs from MP-24. Core fracture intensity is 
substantially higher than the ATV fracture intensity. Since the ATV log is collected in-situ, this 
discrepancy suggests that many of the core fractures that were logged as natural are likely 
mechanical in origin.  

The final P10 values were averaged between the core and ATV values for each BPP set (Table 

4-7). By averaging the values, it was assumed that the ATV intensity underestimates, and the 

core fracture intensity overestimates the true fracture intensity. Use of this assumption is 

supported by findings from several other studies that utilized similar logging approaches at other 

fractured sedimentary rock sites (Munn 2011; Fomenko 2015). In the Fomenko (2015) study, 

rock core fracture intensity was on average 23% higher than the ATV fracture intensity.  

Results indicate that the average linear fracture intensity for BPP’s is higher in the Ironton 

Member than in the Galesville Member (Table 4-7). This result is consistent with the lithological 

properties of the two units, where the Ironton has much greater lithologic heterogeneity, and 

therefore is expected to behave as a non-uniform medium when a stress is applied or relieved 

(Ladeira & Price 1981). 
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Table 4-7: Linear fracture intensities for bedding parallel fracture sets 

Mechanical Unit 
P10 - Linear Fracture Intensity (#/m) 

BPP Set 
Image 
(ATV) 

Core (excluding 
2017 boreholes) 

Average 

Ironton Member 
(HGU5) 

Normal 1.11 2.63 1.87 

Galesville 
Member (HGU3) 

Normal 0.44 1.90 1.17 

Cross-Bed 0.34 0.69 0.51 

4.3.3.3 BPP Lengths 

Subsurface data sets from boreholes provide no means to confidently estimate lengths for 

fractures from the BPP sets. Rather, outcrop trace lengths were used to describe the length of 

BPP’s.  The elongation ratio (length along outcrop to length into outcrop) was assumed to be 1, 

given that lateral fracture termination of BPP’s is not constrained by vertical mechanical 

stratigraphic contrasts like for the subvertical joint sets. It is possible that BPP’s could terminate 

at subvertical joints, but field observations could neither support or refute this as a possibility. 

Observed equivalent trace lengths span over an order of magnitude from approximately 1 meter 

to 10’s of meters (Figure 4-20). Results indicate that the mean trace lengths of the normal BPP 

sets (dip ≤ 10°) were greater than the mean length of the cross-bedded set in the Galesville 

Member by a factor of roughly 2 (Figure 4-20).  These findings are consistent with the geological 

features with which they are associated, where the low-angle (dip ≤ 10°) BPP occur along 

much-longer, laterally continuous bedding planes, while the cross-bed fractures occur along 

shorter, inclined cross-bed foresets. Trace length distributions for all three BPP sets are best-fit 

by exponential distribution functions.  

 

Figure 4-20: BPP trace lengths from Wonewoc Sandstone outcrops, by BPP set. Measured trace 
lengths span over an order of magnitude from around 1m to 10’s of meters. The cross-bed BPP 
set has the shortest mean trace length which was expected given the short continuity of the 
cross-bed foresets relative to the laterally continuous bedding planes.  

4.4 Discrete Fracture Network (DFN) Simulation 

Outcrop and borehole data sets were synthesized to generate a 2D discrete fracture network 

(DFN) model of the Wonewoc Sandstone using HydroGeoSphere™ (HGS). The DFN modelling 
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was completed to test the influence of fracture network connectivity on flow dynamics near the 

Ironton-Galesville contact. Fracture network characteristics and matrix properties in the DFN 

model were informed by a combination of fracture statistics calculated as part of this study, and 

aperture and matrix information derived from earlier investigations at the Cottage Grove site 

(Table 4-8).  

Table 4-8: Data Sources for DFN Modelling Inputs 

Modelled Input/Property Data Source 

Matrix Hydraulic Conductivity Laboratory measurements from rock core (n=19)1 

Matrix Porosity Laboratory measurements from rock core (n=25)1 

Specified Head Boundaries Head data from high-resolution monitoring wells (MLS)2,3 

 Vertical Joint Sets Bedding Parallel Partings (BPP) 

Fracture Height/Length Outcrop measurements3 Outcrop measurements3 

Fracture Intensity/Spacing Outcrop measurements3 Borehole Data (core and ATV)3 

Fracture Termination Patterns Outcrop observations3 Not observed/implemented 

Apertures (from bulk K) 
Straddle packer testing of selected intervals in research 
boreholes and slug testing in conventional monitoring wells, 
(n=82)4 

1 Completed at the University of Waterloo and University of Guelph physical properties laboratories on Wonewoc Sandstone core 

from boreholes the Cottage Grove study site. Porosity and permeability was measured using IRSM 1977 and ASTM 1990 methods. 
2 Ongoing quarterly head profiling from MLS at the Cottage Grove Site has been completed by researchers from the University of 

Waterloo and University of Guelph since 2003 
3 Completed as part of this study (Wonewoc Sandstone fracture study) 
4Completed by the University of Waterloo and University of Guelph in boreholes at the Cottage Grove site 

 

A 500 m (length) by 30 m (height) model domain was used during calibration of the model and 

while assessing fracture termination sensitivity to maintain practical simulation run times (~2 

hours) during these highly iterative processes. Specified head boundaries were applied as linear 

gradients along each of the model edges, informed by head measurements from MLS at the 

Cottage Grove Site (Figure 4-21). Plume scale simulations (3000 m) for the Cottage Grove site 

were not completed during the modelling because flow was reasonably represented in the 500 

m domain and the focus of the study was not on contaminant behavior. Extension of the model 

to 3000 m long resulted in models that were too computationally demanding and had impractical 

run times for the iterative modelling process.  
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Figure 4-21: Site-Specific and Conceptual 2D DFN model schematics for the Wonewoc Sandstone. 
a) the positions of MLS and their head profiles are show with measured distances from the 
Cottage Grove site. The head values that are used to inform boundary conditions in the DFN 
model are identified. b) simulated domain sizes and specified head boundary conditions used in 
the DFN model are shown. Blue arrows are added to indicate the direction of the head gradients 
(high to low) that were applied as linear functions along each edge of the model domain using the 
head data from select ports at MP-6 and MP-19D. 

DFN modelling was completed in three broad steps that are presented in the following section: 

first, simulated fracture network geometries (trace length/height and liner intensity) adjusted until 

they closely resembled the measured values from the outcrop and borehole data. Next, 

apertures of the both fracture sets were systematically adjusted to fit simulated head profiles to 

profiles observed in high-resolution MLS screened across the Wonewoc Sandstone at the 

Cottage Grove site. This iterative head-fitting step was completed to evaluate and improve the 

existing conceptual model for relative the vertical and horizontal hydraulic conductivity in both 

Wonewoc members. A third and final step of modelling was completed to evaluate the 
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sensitivity of the simulated head profiles to the percentage of fractures that terminate at Ironton-

Galesville contact.  

4.4.1 Discrete Fracture Network Generation 

Two sets of discrete fracture networks, corresponding to the Ironton and Galesville Members, 

were stochastically generated in HGS using the RFGEN tool and were combined to form a 

stratigraphically complete model of the Wonewoc Sandstone. RFGEN generates fractures using 

a set of user-specified inputs that control fracture spacing, height/length, and aperture 

distributions. Lognormal, uniform, exponential, or normal distribution functions were specified to 

match the field data. Separate distribution functions were assigned to bedding parallel and 

vertical fractures in each of the two Wonewoc Members. 

Fracture intensities of the NE and NW joint sets were added together for the 2D simulations in 

order to approximate the actual fracture network connectivity between the vertical joint sets and 

the BPPs. This approach was used to maintain connectivity between the joint sets and the 

BPPs that would be underrepresented in the 2D simulations if only one of the major joint sets 

were used. Omitting the East trending joint set was considered insignificant, because it was 

sporadically observed in the outcrop study and is inconsistently observed in other regional joint 

studies. In contrast, the nearly orthogonal NE and NW joint sets are consistently observed in 

other studies across the American Midwest and were the most prominent of the subvertical 

fracture sets identified in this study. 

The reasonableness of the generated fracture networks was assessed by comparing the 

simulated linear fracture intensities (P10) and mean trace lengths to the borehole and outcrop 

data. Simulated fracture intensities were measured from the model by averaging P10 values 

collected from 10 linear scanlines oriented perpendicular to each set (BPP/joint set). P10 values 

and average trace length were measured for fracture sets in both the Ironton and Galesville 

members. It required 6 iterations for the Galesville Member and 8 for the Ironton Member to to 

generate fracture statistics that closely represented the measured fracture trace lengths and 

intensities. A complete set of the final simulated fracture statistics for both units is provided in 

Appendix V.  

Only after the simulated fracture geometries (intensity and trace length) resembled the 

measured values, were fracture apertures adjusted to fit the head distributions. This approach 

was taken because the fracture geometries (intensity, trace length & terminations) are critical to 

reproducing fracture network connectivity and were measured in considerable detail during the 

borehole and outcrop characterization. In contrast, measurements of site-specific fracture 

apertures, and to an even greater degree Kv, have significant amount of uncertainty in existing 

site data. It required 6 iterations for the Galesville Member and 21 for the Ironton Member to fit 

the simulated head profiles to head data from Westbay™ MLS at the Cottage Grove site (i.e. 

MP-23D). 

4.4.2 Simulation Results: Simulated versus Observed Head Profiles 

Head profiles from the 2D flow simulations were able to closely reproduce the head profiles that 

are observed in MLS at the study site (Figure 4-22). Importantly, no low-Kv matrix layer was 

added near the Ironton-Galesville contact, so the head loss that is observed in the simulation is 
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caused entirely by the disconnect of fracture networks across the contact. The simulated head 

profiles show that most of the head loss occurs within the lowermost 1 m of the Ironton Member, 

where the matrix Kv (8.2e-7 m/s) is an order of magnitude lower than the bulk Kv (6.8e-6 m/s) of 

the fractured Ironton interval. No significant head loss is observed in the top 1m of the Galesville 

formation where the matrix Kv (6.1e-6 m/s) is approximately the same as the bulk Kv of the 

overlying fractured Ironton Interval. 

 

Figure 4-22: Simulated fracture network and head profiles from the 2D DFN model. a) the positions 
of simulated vertical head profiles are shown alongside the model-generated fracture networks for 
the 500m long 2D DFN model of the Wonewoc Sandstone. b) simulated head profiles from the 
500m domain are compared to the head profile observed at MP-23S, near the center of the domain 
(x=250 m). 
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To reproduce the head patterns that are observed in the subsurface at the study site, the bulk 

hydraulic properties of the head-calibrated model were notably different for the Ironton Member 

than what was expected based on hydraulic testing at the site (Table 4-9). The bulk Kh and bulk 

Kv were 3.5 times and 5.5 times greater, respectively, for the Ironton Member in the calibrated 

model were than from the hydraulic testing results. Anisotropy for the Ironton member in the 

DFN model (3) was slightly lower than in the calibrated EPM model, where it was 5 (Merritt et al 

2017). These findings suggest that the limited amount of in-situ hydraulic testing data that is 

currently available for the Ironton at the site may underrepresent the true bulk hydraulic 

conductivity of the unit. This may in part represent the small volume of rock tested by packer 

testing compared to the larger volume of rock represented in model. Larger scale pumping tests 

could be completed in the Ironton to collect better estimates of the larger-scale bulk hydraulic 

conductivity of the unit. In contrast, the simulated and measured bulk Kh and Kv for the 

Galesville member were very similar, with comparable anisotropies.  

Table 4-9: Bulk Vertical and Horizontal Conductivity Calibration Results for 2D DFN Modelling of 
the Wonewoc Sandstone 

HGU 

Bulk KH (m/s) Bulk KV (m/s) Anisotropy (KH/ KV) 

Initial 
Target1 

Calibrated 
Value 

Initial 
Target2 

Calibrated 
Value 

Initial 
Target3 

Calibrated 
Value 

Ironton Member 
(HGU5) 

6.1e-6 2.1e-5 1.2e-6 6.8e-6 5 3.0 

Galesville Member 
(HGU3) 

2.6e-5 2.7e-5 2.6e-5 2.1e-5 1 1.3 

1,2Targeted bulk KH was based from packer testing completed in 34 test intervals within the Wonewoc Sandstone. Targeted bulk KV 

was calculated by dividing the KH by the anisotropy observed in a calibrated EPM model of the study site 
3Targeted anisotropy ratios were based off calibrated hydraulic conductivities from an EPM model of the study site (Merritt et al 

2017).  

The mean fracture apertures required to fit the simulated head profiles closely matched the 

hydraulic apertures calculated using cubic law (Snow 1968) from hydraulic testing data for the 

Galesville member, with mean apertures of 210 um and 254 um, respectively (Table 4-10). The 

values were less consistent in the Ironton member, where the mean aperture for the field packer 

testing data (111 um) was much lower than the modelled data with mean BPP and vertical 

fracture apertures of 196 um and 329 um, respectively.  

Table 4-10: Comparison of Calibrated Apertures to Hydraulic Apertures from Packer Testing 

HGU 

Geometric 
Mean Aperture 

from Packer 
Testing (µm)1 

Geometric Mean 
Calibrated Aperture (µm) 

Aperture Ranges (µm) 

BPP Vertical Fx. Packer Testing 
Calibrated 

Model 

Ironton 
Member 
(HGU5) 

111 196 329 80-360 28-1500 

Galesville 
Member 
(HGU3) 

210 254 246 90-990 52-1500 
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1Hydraulic apertures were calculated for 32 test intervals within the Wonewoc Sandstone from packer testing data. Test intervals 

were distributed between three boreholes (MP-16, MP-17, MP-18) at the study site.    

One issue with the model is that the simulations could rarely generate gradients greater than 0.1 

m/m across the Ironton-Galeville contact, yet gradients with magnitudes exceeding 0.4 m/m 

regularly have been observed in several boreholes at the study site. This discrepancy between 

the maximum modelled gradient and the measured gradients near the Ironton-Galesville has 

two possible causes. First, the actual matrix Kv near the Ironton-Galesville contact may be 

somewhat lower than the average value that was used in the DFN model. This may be possible 

given that matrix permeability measurements from core subsamples in the Ironton were as low 

as 4.3e-9 m/s compared to the 8.2e-7 m/s average that was used.  

Alternatively, the bulk vertical hydraulic conductivity for the Ironton and Galesville units may be 

slightly low. Underestimating bulk Kv in the model would shift some of the total head loss, which 

is fixed in the model, away from the Ironton-Galesville contact into the overlying/underlying 

units. This theory is supported by a recent report by Meyer and Parker (2019), which showed 

the distribution of head gradients for each hydrogeologic unit that are observed in at the site. In 

this report, the range of measured head gradients that are observed in the Ironton at the site are 

all below what was simulated in the DFN model. Even though the simulated bulk Kv is roughly 

5.5 times higher than what is expected based on hydraulic testing at the site and the anisotropy 

from the EPM model, reported gradients from Meyer and Parker (2019) indicate that the 

simulated bulk Kv for the Ironton unit is still too low and should be increased further to be more 

representative of true site conditions. 

4.4.3 Sensitivity of Head Distribution to Fracture Terminations in DFN 

The sensitivity of the Kv distribution near the Ironton-Galesville contact with respect to fracture 

termination percentage was assessed by systematically extending vertical fractures across the 

contact. The percentage of vertical fractures that terminated at, or within 1 m of the contact was 

decreased in increments of 5 % from 100% in the initial simulation to 70 % in the final 

simulation. Vertical fractures that were extended in each of these simulations were randomly 

selected from the set of vertical fractures that terminated within 1 m of the Ironton-Galesville 

contact in the original simulation (100% termination). Selected fractures were extended 1.5 m 

across the Ironton-Galesville contact into the overlying or underlying unit. Fracture apertures 

were not changed from the original values that were assigned during the fracture network 

generation. 

Results from these simulations show that the presence of the relatively low Kv surface near 

Ironton-Galesville contact is highly sensitive to the number of vertical fractures that terminate 

within 1 m of this contact (Figure 4-22). In the simulations, it only required as few as 10 % of 

fractures to extend across the Ironton-Galesville contact to reduce the integrity of the low Kv 

surface near the contact and improve vertical connectivity between the two units. This is shown 

the profiles in Figure 4-22, where the magnitude of head loss near the Ironton-Galesville contact 

decreases, accompanied by an associated increase in head loss within each of the units. In 

terms of linear intensity (P10), 10 % of fracture crossing the Ironton-Galesville represents a liner 

intensity of 0.1 fractures/m along the contact. 
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Figure 4-23: Simulated head profiles for varying percentages of fracture termination at the Ironton-
Galesville contact. Three vertical profiles are shown at three distances measured horizontally 
from the left edge of the model domain at x = 100 m, 250 m, and 325 m. 

An example of the calculated vertical gradients along a vertical transect (x=250m) is shown 

below in Table 4-11. At this location, the low Kv feature near the Ironton-Galesville contact is 

preserved until 10% of simulated fractures cross-over the boundary. The table also shows that 

once the integrity of the low Kv feature has been compromised, having an even larger 

percentage of fractures extend across the barrier has a negligible effect. 

Table 4-11: Measured and simulated vertical gradients in the Wonewoc Sandstone with varying 
vertical fracture termination percentage and liner fracture intensity (P10) near the Ironton-
Galesville contact along a vertical transect at x = 250 m. 

 

The abruptness of the change in head patterns and the exact percentage at which the integrity 

of the low Kv surface was compromised varied among the vertical transects that were 

generated across the model domain. At some locations, such as x =100 m, there was almost no 

change in the head profiles between the 100 % and 75 % simulations (Figure 4-22). At other 

locations like x =325 m, the decrease in the integrity of the low Kv feature diminished more 

gradually than the abrupt change that was observed at x =250 m. The head sensitivity at a 
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given location depended on whether vertical fractures near the location were randomly selected 

to be extended across the contact, and if those selected vertical fractures intersected the 

fracture network in the unit that they were extended into. Without intersecting the fracture 

network of the unit they were extended into, vertical fractures crossing the Ironton-Galesville 

contact only had a very localized effect on head distributions, since the upper and lower fracture 

networks were still disconnected.  

4.5 Evaluation of the mid-Wonewoc Head Gradient 

Fundamentally, this study sought to evaluate the hypothesis of Meyer et al. (2008): that the 

head gradient observed in high-resolution MLS at the Cottage Grove site is caused by poor 

vertical hydraulic connectivity between adjacent fracture networks in upper and lower portions of 

the Wonewoc Sandstone. Analysis of fracture traces at natural outcrops and mine exposures 

confirm that preferential termination of subvertical joints occurs at or within 1 m of the 

lithostratigraphic contact between the Ironton and Galesville members. Approximately 90% of 

subvertical fractures terminate at or near the lithostratigraphic contact effectively splitting the 

Wonewoc Sandstone into two fracture networks that have poor vertical connectivity with one 

another. 

Correlation of the outcrop and borehole data sets confirms that the preferential termination of 

subvertical fractures at the Ironton-Galesville lithostratigraphic contact occurs at the same 

stratigraphic interval as where head loss is observed in high-resolution MLS across the Cottage 

Grove study site. These observations informed a site-specific conceptual model (Figure 4-24) of 

the Wonewoc Sandstone that was used to build a 2D DFN model to quantitatively test the 

Meyer et al. (2008) hypothesis. In this conceptual model, two distinct fracture networks exist in 

the Wonewoc Sandstone, one within the Ironton Member (HGU5) and a second in the Galesville 

Member (HGU3). The networks are composed of sub-vertical joint sets that preferentially 

terminate near the contact between the two units. Within each member, fracture networks are 

internally well connected by bedding parallel partings.  

2D DFN flow simulations could reproduce head profiles of the Wonewoc Sandstone from MLS 

at the study site by using fracture statistics and fracture termination patterns that were observed 

during the outcrop and borehole study. Importantly, the model did not require any low-Kv matrix 

layer to be added near the Ironton-Galesville contact to generate the gradient that is observed 

across that contact. These results are consistent with stylistic modelling completed by Meyer et 

al. (2008), that showed that a lack of connectivity between fractures can produce these types of 

head profiles. However, the modelling in the 2008 Meyer et al. paper was completed stylistically, 

rather than constructed using the robust set of hydraulic and geologic data that what was used 

for the Wonewoc DFN modelling.  

Combined, the outcrop observations of fracture patterns, geologic correlation, and DFN 

modelling provide compelling evidence in support of the hypothesis of Meyer et al. (2008), that 

the head gradient observed near the center of the Wonewoc Sandstone is caused by poor 

vertical connectivity between fracture networks in the upper and lower portions of the unit. 
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4.5.1 Mechanism for Ironton-Galesville (HGU4) Head Loss 

In the absence of through-going vertical fractures at the Ironton-Galesville contact, head loss 

occurs across the matrix, which has a lower Kv than the bulk Kv of the fractured intervals 

immediately above and below. This is particularly the case in the Ironton Member, where 

physical property samples indicate that the matrix Kv is approximately two orders of magnitude 

lower than the bulk Kv. 

This mechanism of matrix-driven head loss caused by fracture termination patterns is unique 

among other studies in the region. Several recent studies have sought to connect fracture 

termination patterns with specific stratigraphic horizons but have not focused on detailed 

hydraulic characterization of the fractured units themselves (Cooke et al. 2006; Underwood et 

al. 2003). 

In these studies, the authors have highlighted the potential for flow diversion that can occur 

along transmissive bedding parallel features where there is preferential termination of vertical 

fractures (Cooke et al. 2006; Underwood et al. 2003). There is no evidence from hydraulic 

testing, or borehole fracture logs that suggests the presences of a highly transmissive bedding 

parallel feature near the position of the head loss in the Wonewoc Sandstone at the Cottage 

Grove site. 

However, seepage was observed at the Galesville outcrop where preferential termination of 

vertical fractures occurred along a bedding parallel parting at the approximate contact between 

the Wonewoc and Eau Claire formations. Such a high transmissivity bedding parallel feature 

near the base of the Wonewoc Sandstone has also been identified in other groundwater studies 

in the region (Bahr et al 2011; Gellasch et al 2012). It is possible that flow diversion, like what is 

described by Cook et al. (2006) is occurring at this contact.  
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Figure 4-24: Conceptual model for the Wonewoc Sandstone at the Hydrite Cottage Grove Site. Typical sedimentological and natural 
gamma logs are presented alongside a stylistic representation of the Wonewoc fracture networks. Fracture networks within each unit 
are internally well-connected but have poor vertical connectivity with one-another. This poor connectivity is caused by termination of 
joints at the facies change at the Ironton-Galesville contact and generates the relative low Kv feature that is observed across the 
Ironton-Galesville contact at the Cottage Grove site.  
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4.6 Implications on Aquifer Hydraulics and Flow System 

4.6.1 Low Kv “Aquitard” Surfaces 

Findings from this study provided geological evidence that supports the existence of laterally 

continuous low Kv surfaces (i.e. aquitards) have a negligible thickness (< 1 m) but have a 

measurably lower vertical hydraulically (KV) conductivity than the overlying and underling strata.  

Without exceptionally thin monitoring zones, it is unlikely that a low KV surface with negligible 

thickness (like the mid-Wonewoc HGU4) would have been identified using conventional site 

characterization methods. This is particularly the case given the small magnitude of the head 

loss observed across the HGU4 surface. Only extensive outcrop work could provide the 

geological evidence necessary to explain the cause of the sharp vertical gradient, yet detailed 

outcrop fracture mapping may be technically unfeasible or impractical at other study sites. 

These difficulties highlight the importance of collecting high-resolution head profiles, like those 

collected at the Cottage Grove site, for characterization of vertical contrasts in Kv and 

delineation of hydrogeologic units.  

The presence of laterally continuous aquitard “surfaces” may also pose a major issue at sites 

with DNAPL contamination, where studies have shown that the distribution and fate of the pure 

phase is highly controlled by subtle grain size contrasts in unconsolidated sediments (Kueper et 

al., 1993) or by fracture orientation, connectivity and spacing in fractured rock (Feenstra et al., 

1996). The presence of a thin laterally continuous aquitard surface, like that observed in the 

Wonewoc Sandstone, could accumulate free-product near the middle of an aquifer unit with no 

geological or geophysical evidence that would suggest such a feature. A study of the overlying 

Tunnel City Group at the Cottage Grove site showed that preferential termination of vertical joint 

sets, like those observed in the Wonewoc, occurred at the same horizon as where DNAPL was 

halted from downward migration within the DNAPL source zone at the site (Ribeiro 2016) 

4.6.2 Vertical Contaminant Transport to High-Capacity Supply Wells 

Findings from this study may also have important implications on the vulnerability of high-

capacity supply wells screened within or below the Wonewoc Formation. Outcrop observations 

reveal the presence of naturally occurring systematic subvertical fracturing that seems to be 

ubiquitous throughout the Wonewoc Sandstone. These observations provide geologic evidence 

that supports the presence of preferential vertical pathways through the Wonewoc Sandstone to 

the underlying Eau Claire and Mt. Simon formations. Importantly, the presence of vertical 

fracturing in the Wonewoc suggests that there is the potential for rapid vertical transport of 

viruses deep into the aquifer due to natural fracturing. This is particularly worrisome near 

municipal supply wells, where drawdown from high pumping rates can form large downward 

cones and locally-increased vertical gradients. Therefore, vertical fracturing should be 

accounted for when developing well head protection areas for high-capacity water supply wells 

screened within or below the Wonewoc Sandstone. The DFN model generated as part of this 

study may be a particularly useful tool for transport simulations in such circumstances because 

the model incorporates fracturing within the Wonewoc Sandstone To do so, the grid in the 

model would have to be refined to a finer discretization, because the grid in the current model is 

too coarse to accurately reproduce matrix diffusion processes (Weatherill et al. 2008).  
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High-resolution, depth-discrete head data, collected from either temporary deployments of 

transducer strings or permanent MLS are the best way to identify where head loss occurs within 

such sandstone aquifers, when fracture termination patterns and the distribution of Kv in the 

subsurface may be difficult to determine using conventional characterization techniques. These 

high-resolution head data should be used to design pumping wells such that natural low Kv 

intervals and surfaces are maintained for aquitard integrity. 

4.7 Utility of Close-Range Terrestrial Photogrammetry (CRTP)  

Findings from this study also demonstrated the utility of using close range terrestrial 

photogrammetry (CRTP) to collect measurements of fracture spacing, orientation, and trace 

length at an acceptable accuracy for the purposes of informing site conceptual models and DFN 

modelling of fractured rock systems. CRTP was particularly valuable for collecting parameters 

that are critical to characterizing fracture network connectivity, including vertical fracture set 

spacing, fracture termination patterns, and fracture lengths. These data are difficult to obtain 

using traditional characterization techniques, which typically rely on vertical boreholes to collect 

fracture data. As a result, these data are often generated according to a modelers discretion, 

rather than based on field measurements. 

Although CRTP has been widely adopted by the mining and geotechnical industries, the 

technology has yet to be adopted by the groundwater field as a fracture network 

characterization tool. Since CRTP requires only a digital camera and standard survey 

equipment, CRTP is relatively inexpensive and easy to adopt by untrained personnel. Given the 

ease of use and valuable data that the technology can collect, CRTP measurements should be 

adopted for groundwater studies in fractured rock environments, particularly when DFN 

modelling will be completed.  

However, there are some limitations of the method that became apparent during this study. 

First, the quality of the measurements that are collected are highly dependent on the suitability 

of the outcrop, which must be clear of obstructions and be oriented oblique to the fracture sets. 

Due to the resolution limits of the method, fracture aperture measurements cannot be collected 

using CRTP. Instead, in-situ hydraulic testing must be completed to calculate hydraulic 

apertures, or the apertures can be estimated while calibrating a DFN model to known bulk 

hydraulic conductivities. 
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5.0 CONCLUSIONS 
Fundamentally, this study sought to collect direct evidence of fracturing within the Wonewoc 

Sandstone to test whether head loss observed at the study site is caused by poor fracture 

connectivity within the unit. The following section restates the five questions that guided our 

data collection and analysis and provides conclusions for each guiding question based on the 

findings of the study.  

Q1: Can distant outcrops be correlated with the Wonewoc Subsurface at the study site? 

Natural outcrops and mine exposures could be confidently correlated to the Wonewoc 

Sandstone in the subsurface at the study site using a combination of lithologic parameters and 

natural gamma logs. Natural gamma logs collected from the outcrops were particularly useful for 

identifying the lithostratigraphic contact between the Ironton and Galesville Members, where 

there is a small, but distinct increase in gamma at the contact associated with thin shale/silt 

drapes in the Ironton Member.  

It was difficult to confidently identify the position of the Sauk II-II subsequence boundary within 

the Wonewoc Sandstone. At the studied outcrops, the position of the subsequence boundary 

did not consistently align with the position of the lithostratigraphic contact. This was inconsistent 

with borehole observations at the Cottage Grove site, where the lithostratigraphic contact and 

sequence boundary coincide. However, if the sequence boundary was identified by association 

with an immediately overlying transgressive surface, the position of the sequence boundary 

closely approxomated the position of the Ironton-Galesville contact at the outcrops.  

Q2: Can close range terrestrial photogrammetry (CRTP) be used to collect measurements 

of fracture spacing, length and orientation and observe termination patterns at a 

resolution acceptable for DFN modelling of groundwater flow? 

Rigorous assessment of fracture measurements collected using CRTP confirms that the method 

is capable of accurately recording fracture orientation (dip, dip direction) and position (joint 

spacing and trace length) for the purposes of DFN simulation.   

Relative stereomodel error, a measure of error in distance measurements collected from the 3D 

models, averaged 1.9 % of the real-world distance, indicating that fracture spacing and trace 

length measurements were sufficiently accurate to the real-world distances. A comparison of 

manually and digitally collected orientation measurements for 46 subvertical discontinuities at 

the Black River Falls outcrops was used to validate the accuracy of the discontinuity orientation 

measurements.  Average dip and dip direction error were 3.1° and 7.1°, respectively, well within 

the range of natural variability that is observed for the joint sets observed in the study.   

Q3: a) Is there evidence for systematic fracturing within the Wonewoc Sandstone? b) If 

so, how do fracture patterns compare to other joint studies in the region?   

Systematic fracturing was observed in the Wonewoc Sandstone, consisting of three subvertical 

joint sets and two bedding parallel parting (BPP) sets. The orientation of the three subvertical 

joint sets were NE, NW, and East trending, of which the NE and NW were most prominent. The 
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orientations of the NE and NW joint sets agreed with several other regional joint studies from 

the Midwest, including a similar study conducted by Ribeiro (2016), where outcrop mapping was 

also used to collect fracture data to model fracture networks in the Tunnel City Group at the 

Cottage Grove site. Fracture spacing was lognormally distributed for all joint sets except the NE 

set in the Galesville, with mean spacings ranging between 3.1 m to 5.2 m. 

In addition to “normal” BPPs, a cross-bed set was observed in the Galesville Member in outcrop 

and subsurface data sets from the Cottage Grove site. Cross-bed BPP’s were observed along 

the foresets of large-scale cross beds, had dips that ranged from 10-24°, and were typically 

shorter than normal BPPs. The presence of these moderately dipping fractures may improve 

fracture network connectivity by providing additional vertical connection between normal BPPs. 

Q4: Are fracture termination patterns associated with the lithostratigraphic and/or 

subsequence boundary in the Wonewoc Sandstone? 

Preferential termination of subvertical joints in the Wonewoc occurs at the lithostratigraphic 

contact between the Ironton and Galesville members. Correlation between outcrop and 

borehole data sets indicate that this surface of preferential termination is found at the same 

stratigraphic position as where head loss is observed in high-resolution monitoring wells at the 

Cottage Grove site. These observations support the hypothesis of Meyer et al. (2008), that the 

head loss is caused by poor vertical connectivity between fracture networks in the Ironton and 

Galesville members. 

These findings also advance our understanding of the geologic framework controlling the 

fracture termination patterns, suggesting that, at least for the Wonewoc Sandstone, 

lithostratigraphy may be better tool than sequence stratigraphy for delineation of the Kv 

contrasts associated with fracture network characteristics. This assertion could be tested by 

collecting high-resolution head measurements from a borehole where the sequence stratigraphy 

and lithostratigraphy do not coincide. 

At outcrops where the subsequence boundary and the lithostratigraphic boundary did not 

coincide, fracture termination did not appear to be influenced by the position of the sequence 

boundary. This observation likely reflects the fact that the sequence boundary, which was 

identified based entirely on grain size, is represented by a thin and subtle change in grain size, 

while the lithostratigraphic boundary marks a more pronounced shift in sedimentary facies from 

the texturally homogeneous, clean, cross-bedded quartz sandstone of the Galesville Member, 

into the Ironton Member, which is variably cemented, thin-medium bedded, and has thin shale 

beds and variable bioturbation. 

Q5: a) Can numerical DFN simulations of the Wonewoc Sandstone, informed from 

outcrop and borehole fracture statistics, recreate the vertical head gradients that are 

observed in multilevel systems MLS at the Cottage Grove Site? b) How sensitive are the 

gradients to the frequecny of fracture terminations near the center of the unit? 

2D DFN modelling of the Wonewoc sandstone using fracture statistics collected from the 

outcrop and borehole study could reproduce the head patterns that are observed in the 
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Wonewoc Sandstone from MLS at the study site. No low-Kv matrix layer was added near the 

Ironton-Galesville contact in the model, so the distinct head loss that is observed vertically 

across the contact reflects the poor vertical connectivity between the two fracture networks. 

Head loss occurs through the rock matrix near the Ironton-Galesville, primarily in the Ironton 

Member, where the matrix conductivity is approximately two orders of magnitude lower than the 

calibrated bulk vertical conductivity of the fractured intervals.  The DFN modelling also suggests 

that the Kv of the Ironton Member (HGU5) is higher than what is expected from hydraulic testing 

and the calibrated EPM model of the study site. 

Subsequent sensitivity analysis shows that the integrity of the low Kv feature near the Ironton-

Galesville contact requires a vast majority of the vertical fractures (>85-90%) to terminate at, or 

near the contact. A cut-off of 85-90% corresponds with outcrop observations, where 86-88% of 

fractures terminated within 1 m of the Ironton-Galesville contact 
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6.0 RECCOMENDATIONS 
 
Additional Hydraulic Testing of the Ironton Member (HGU5) 
 

Calibration of the DFN model to head profiles of MLS at the study site indicates that the Kv, and 
to a lesser extent Kh of the Ironton Member are underestimated by the current EPM flow model 
and hydraulic testing at the site. This is also supported by a recent report by Meyer and Parker 
(2019), which shows average hydraulic gradients for the Ironton. The average gradients from 
the report are still lower than in the DFN model of Wonewoc, suggesting the Kv may yet be 
even higher than what the model predicts. 
 
Given the inconsistency between the hydraulic testing results, EPM values, and what the head 
profiles and DFN model suggest, additional hydraulic testing in the Ironton Member (HGU5) is 
recommended to improve our estimates of the unit’s vertical and horizontal hydraulic 
conductivity. A larger scale pumping test may also be beneficial to providing a more reasonable 
bulk hydraulic conductivity value than the small volume that is typically tested during a straddle 
packer test. 

 
Use of petrography, permeability testing, and geochemistry to evaluate cementation as a 
contributor to fracture patterns and head loss near the Ironton-Galesville contact. 
 
A <0.5 m thick, moderately cemented interval is observed just above (within 1.5 m) the Ironton-
Galesville contact in several boreholes across the Cottage Grove site. Although the moderately 
cemented interval appears to be discontinuous, it could provide insight into the diagenetic 
history of the lithostratigraphic contact and how this contact may be related to the fracture 
termination patterns that are observed. A study of this interval could include a combination of 
petrographic and geochemical analyses to understand the mineralogical and physical 
properties of the cementation. If the cementation existed prior to the fracture generating stress 
events, it is possible that this cementation may have promoted vertical fracture termination near 
the Ironton-Galesville contact by forming a mechanical contrast to the poorly cemented 
intervals above and below. Alternatively, this moderately cemented interval may be an indicator 
of preferential flow and mineralization from precipitation of hydrothermal fluids caused by lateral 
diversion of groundwater immediately above the low Kv HGU4 surface.  
 

Further development of the 2D/3D DFN model to evaluate the analysis of flow and 
transport through the Wonewoc Sandstone. 
 
Analysis of the 2D numerical DFN flow model of the Wonewoc Sandstone was focused on 
evaluating fracture network connectivity and termination patterns with respect to contrasts in Kv 
and Kh. Further development of the model could be completed to address several items: First, 
flux measurements could be implemented to determine the relative flux between fracture and 
matrix components along vertical or horizontal transects. Analysis the flux measurements and 
flow velocities could provide a more robust understanding of the nature of flow through the 
fracture and matrix components of the Ironton and Galesville Members. This type of analysis 
would greatly improve our understanding of residence times and advective transport velocities 
through the Wonewoc Sandstone. 
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Continuation of the fracture study in the Paleozoic strata at the Cottage Grove site to 
include the Eau Claire Formation. 
 
The Eau Claire Formation is a regionally significant aquitard that directly underlies the Wonewoc 
Sandstone in Dane County, Wisconsin. Vertical head profiles from high resolution MLS at the 
Cottage Grove study site reveal a large vertical head gradient across a thin interval of the Eau 
Claire Formation, suggesting that only a small vertical section of the unit is responsible for its 
resistance to vertical flow and protective capabilities. Continuation of this fracture study to 
include the underlying Eau Clair Formation could provide valuable information on the geologic 
mechanisms responsible for the hydraulic properties that are observed. Improved 
hydrogeological conceptualization of the Eau Claire Aquitard would enable better management 
of groundwater resources in Dane County, where a significant portion of potable groundwater is 
drawn from the Mt. Simon Aquifer, which is overlain by the Eau Claire Formation and Wonewoc 
Sandstone.  
 
Drilling of a borehole and collection of high-resolution depth discrete head 
measurements from a site where the Wonewoc Sandstone sequence stratigraphy and 
lithostratraphy do not align. 
 
Since the Sauk II-III subsequence boundary and the Ironton-Galesville lithostratigraphic contact 
coincide at the Cottage Grove study site it was not possible to distinguish with 100 % certainty 
the association of fracture termination patterns and MLS head profiles to a single geologic 
feature (e.g. lithostratigraphy vs sequence stratigraphy). Findings from this study suggest that it 
is the lithostratigraphic contact that controls where vertical fractures preferentially terminate, 
thereby generating head loss as a result of poor vertical fracture network connectivity. This 
hypothesis could be tested by drilling a borehole and collecting high-resolution head data from a 
site where the sequence stratigraphy and lithostratigraphy do not align, as was observed at the 
Galesville and Black River Falls outcrops. It may be possible to collect these data from a pre-
existing borehole using temporary deployment of a transducer string and downhole geophysical 
logging. 
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Rock Core Permeability Measurements 
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Data Sources from the Cottage Grove Site 

Most of the borehole data used in this study was collected prior that start of the study in 2017. 

This preciously collected data has been acquired as part of an ongoing research program led by 

Dr. Beth Parker’s research group at the Cottage Grove site, which began in 2003. The work by 

Dr. Parker’s research group has focused on the refinement of the site conceptual model through 

collection of high-resolution spatial and temporal data sets. Specifically, the work has included 

drilling, testing, and instrumentation of 31 boreholes. 

Much of the data used in this study remains unpublished, so specific references to scientific 

literature cannot be provided for all the data. However, it is important to acknowledge the 

significant amount of time, resources and effort that went into the data collection and analysis by 

students and staff from Dr. Parker’s research group. Yearly progress reports that have been 

prepared by the group provide the most comprehensive and in-depth description of previous 

work that has been completed at the Cottage Grove site. A list of these references is provided at 

the end of this appendix.  

The following table summarizes the unpublished data that was used in the Wonewoc Sandstone 

study: 

Data Type 
Year(s) 

Data 
Collected 

Analyses 
Lead/Primary 

Personnel for Data 
Analysis 

Hydraulic head 
2003-
present 

N/A Dr. Jessica Meyer 

Transmissivity (from straddle-
packer hydraulic testing) 

2003 & 
2007 

Theim (1906) 
Hvorslev (1951), 
Hyder  et al (1994) 
Cooper et al. (1967) 

Dr. Pat Quinn 

Rock core sedimentological and 
feature logs 

2003-
present 

N/A Dr. Jessica Meyer 

Geophysical logs (gamma, ATV, 
OTV, etc.) 

2003-
present 

N/A 
Dr. Pete Pehme 
Dr. Jessica Meyer 

Rock Core permeability and 
porosity (from physical properties 
testing) 

2004-2016 
IRSM (1977) 
ASTM (1990) 

Carla Rose 
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List of Yearly Progress Reports for Hydrite Cottage Grove Site 

Parker, B.L., J.R. Meyer, & J.A. Cherry. (2018). University Consortium for Field Focused 

Groundwater Contamination Research, Hydrite Cottage Grove, Year 2017 Progress Report. 332 

p. 

Parker, B.L., J.R. Meyer, & J.A. Cherry. (2017). University Consortium for Field Focused 

Groundwater Contamination Research, Hydrite Cottage Grove, Year 2016 Progress Report. 432 

p. 

Parker, B.L., J.R. Meyer, J.A. Cherry, & P. Casado. (2016). University Consortium for Field 

Focused Groundwater Contamination Research, Hydrite Cottage Grove, Year 2015 Progress 

Report. 400 p. 

Parker, B.L., J.A. Cherry, J.R. Meyer, & P. Casado. (2015). University Consortium for Field 

Focused Groundwater Contamination Research, Hydrite Cottage Grove, Year 2014 Progress 

Report. 420 p. 

Parker, B.L., J.A. Cherry, J.R. Meyer, & P. Casado. (2014). University Consortium for Field 

Focused Groundwater Contamination Research, Hydrite Cottage Grove, Year 2013 Progress 

Report. 362 p. 

Parker, B.L., J.A. Cherry, J.R. Meyer, & P. Casado. (2013). University Consortium for Field 

Focused Groundwater Contamination Research, Hydrite Cottage Grove, Year 2012 Progress 

Report. 487 p. 

Parker, B.L., J.A. Cherry, &J.R. Meyer. (2012). University Consortium for Field Focused 

Groundwater Contamination Research, Hydrite Cottage Grove, Year 5 Progress Report. 173 p. 

Parker, B.L., J.A. Cherry, & J.R. Meyer. (2011). University Consortium for Field Focused 

Groundwater Contamination Research, Hydrite Cottage Grove, Year 4 Progress Report. 168 p. 

Parker, B.L., J.A. Cherry, & J.R. Meyer. (2010). University Consortium for Field Focused 

Groundwater Contamination Research, Hydrite Cottage Grove, Year 3 Progress Report. 355 p. 

Parker, B.L., J.A. Cherry, & J.R. Meyer. (2009). University Consortium for Field Focused 

Groundwater Contamination Research, Hydrite Cottage Grove, Year 2 Progress Report. 273 p. 

Parker, B.L., & J.A. Cherry. (2008). University Consortium for Field Focused Groundwater 

Contamination Research, Hydrite Cottage Grove, Year 1 Progress Report. 273 p. 
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APPENDIX V: Fracture Statistics for Simulated Ironton (HGU5) and 

Galesville (HGU3) Fracture Networks 
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Simulated Ironton Member (HGU5) Fracture Network Statistics 

 

Simulated Galesville Member (HGU3) Fracture Network Statistics 

 


