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EXECUTIVE SUMMARY 

 

This report summarizes a project by the Minnesota Geological Survey (MGS) to 

conduct research intended to provide basic geologic data and technical interpretations 

pertinent to groundwater management strategies for the tribal land of the Shakopee 

Mdewakanton Sioux Community (SMSC), and surrounding areas, in Scott County, 

Minnesota. The major project tasks included production of a number of maps, cross-

sections, and 3-dimensional images that depict Paleozoic  bedrock and overlying 

Quaternary strata. An evaluation of the hydrogeologic attributes of the bedrock is also 

included, with emphasis on the Franconia Formation and Ironton-Galesville sandstones 

which are of increasing importance to the SMSC as a source of water.   

The bedrock lithostratigraphic units mapped in the study area include in ascending 

stratigraphic order the Mt Simon Sandstone, Eau Claire Formation, Ironton /Galesville 

Sandstone, Franconia Formation, St. Lawrence Formation, Jordan Sandstone, and the 

Prairie du Chien Group. The eroded surface of Paleozoic bedrock is a relatively flat 

plateau developed on the Shakopee Formation across most of the study area. A 

northeasterly trending valley bisects the study area, with the base of the valley as much as 

300 feet lower than the plateau surface. 

Unconsolidated Quaternary deposits consist of complexly interlayered strata that 

can be readily divided on the basis of textural properties into two basic units: layers 

composed largely of clay and silt, and layers composed of sand with subordinate gravel. 

Deposits on top of the Shakopee bedrock plateau are relatively thin, commonly less than 

50 ft in the northernmost part of the SMSC study area, and with a maximum thickness of 

about 200 ft. in the southern part.  Greater thicknesses, exceeding 400 ft locally, are 

largely restricted to the buried bedrock valley (and its tributaries) that bisects the study 

area.  

Bedrock hydrogeologic units were defined and mapped on the basis of information 

collected within the study area, and regional studies published previously. Of particular 

importance to the SMSC environmental managers is that we demonstrate that the 

Franconia-Galesville interval is divisible into three hydrogeologic units. An upper, 

fracture-dominated aquifer; a middle confining unit; and a lower, intergranular aquifer 
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can be mapped at regional scale. Previous hydrogeologic frameworks that characterize 

this siliciclastic interval as a single unit with more or less homogenous, intergranular-

dominated properties are not supported by our results.  

The maps and cross-sections showing the distribution  of Quaternary sand-

dominated layers provide insight into the potential interaction between shallow 

groundwater systems, surface water, and the bedrock aquifers used by the SMSC as their 

principle source of potable water. Particular emphasis was placed on the  

hydrostratigraphic attributes of Quaternary strata within the bedrock valley. 

Our results are useful for a number of groundwater management strategies, 

especially those concerned with ground-water flow paths and time-of-travel, and 

targeting high-yield intervals for water supply wells. 
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INTRODUCTION 
 

The Paleozoic bedrock in the western part of the Twin Cities Metropolitan area (Fig. 

1) has been increasingly relied upon as a source of potable water. Most municipal wells in 

the area are now constructed to draw water from Paleozoic bedrock because productive 

drift aquifers are uncommon and are more susceptible to contamination. Increased reliance 

on Paleozoic strata as a source of groundwater has in the past ten years led to requests by 

environmental managers for improved geologic maps of the area as well as a hydrogeologic 

characterization of the most heavily used aquifers and their intervening confining units, 

those in the siliciclastic-dominated, Upper Cambrian part of the Paleozoic section (e.g. 

Runkel and others 2004, in press). Hydrogeologic characterization combined with mapping 

provides a geologic framework for the western metro area that is of greater usefulness to 

environmental managers because it will increase the accuracy of groundwater protection 

plans, as well as predictions of aquifer productivity.  

This report summarizes a project by the Minnesota Geological Survey (MGS) to 

conduct research intended to provide basic geologic data and technical interpretations 

pertinent to groundwater management strategies for the tribal land of the Shakopee 

Mdewakanton Sioux Community (SMSC), and surrounding areas, in Scott County, 

Minnesota. The study area is in the southwestern part of the Twin Cities Metropolitan area 

(Fig. 1). The information from this project will be used by the tribal community in their 

effort to protect water quality and quantity in the bedrock aquifers that are their principle 

source of potable water. 

The investigation focused on Paleozoic bedrock, which is characterized by 

relatively thin (typically less than 100 ft) but widespread layers dominated by 

sandstone, shale, or dolostone (Fig 1). These layers, or formations, dip gently eastward 

towards the central Twin Cities metropolitan area, as part of the southwestern margin of 

a shallow structural depression called the Twin Cities basin (Mossler, 1972). As a 

result, progressively older formations subcrop away from the central Minneapolis-St 

Paul area to outlying suburbs such as Scott County. The Paleozoic bedrock formations 

mapped within the SMSC study area are Upper Cambrian and Lower Ordovician, and 

include the Mt Simon Sandstone through Prairie du Chien Group (Figs 1, 2). The Upper 
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Cambrian bedrock is dominated by siliciclastic sedimentary rock: sandstone, siltstone 

and shale.  Carbonate rock in the Upper Cambrian occurs only as relatively thin 

intervals in the lower parts of the Franconia and St. Lawrence formations. The Lower 

Ordovician is in contrast dominated by carbonate rock - the dolostone of the Prairie du 

Chien Group.  

 The bedrock across much of the study area is unconformably overlain by a few 

tens of feet to as much as 400 ft of unconsolidated Quaternary strata, also commonly 

called “glacial drift”,  that include sand, gravel, and clay-rich till and lake deposits. A 

better understanding of these strata, particularly the distribution of relatively permeable 

sand-dominated layers, was a secondary objective of this project.   

The major project tasks included production of a number of maps, cross-sections, 

and 3-dimensional images that depict bedrock and overlying Quaternary strata. An 

evaluation of the hydrogeologic attributes of the bedrock is also included, with 

emphasis on the Franconia Formation and Ironton-Galesville sandstones (Figs 1, 2), 

which are of increasing importance to the SMSC as a source of water.  Despite 

recognition for many years that the demand for water from Franconia-Galesville strata 

was increasing rapidly in the western Twin Cities Metropolitan area, their 

hydrogeologic properties remained poorly understood and inconsistently depicted in the 

literature. 

Our final map products are digital coverages, with Arcview compatible datasets 

and tools suitable for use by the SMSC to produce geologic cross sections across any 

chosen location in the study area. The digital elevation models (DEMS) of aquifers and 

confining units that are part of the datasets can be used to construct hydrogeologic 

layers for use  in computer models.  Collectively the project results will provide the 

basic framework necessary for groundwater management. 

MGS staff involved in the project included Anthony Runkel, Senior Scientist, 

who coordinated MGS participation and together with Robert Tipping and Gary Meyer 

were principally responsible for research activities. Runkel was responsible for bedrock 

mapping, Meyer for Quaternary mapping. Tipping collaborated with Runkel on 

hydrogeologic characterization, and produced all of the electronic map products. Emily 

Bauer and Bruce Bloomgren were responsible for database compilation. 
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Data, methods, and description of products 
 

The geologic setting for the tribal land of the SMSC study area is depicted in a 

number of products that are based largely on analysis of subsurface boreholes. The 

investigation included site location of approximately 270 water wells and interpretation 

of the corresponding drilling records. The interpretations of geology on approximately 

205 drillers’ logs already in the MGS files for the area prior to initiation of the project 

were also re-examined. Many of these latter logs required corrections or improvements to 

the interpretations. Cuttings samples from water wells and natural gamma logs of 

boreholes were also examined. This information was used to construct maps and cross 

sections that depict the geology in three dimensions.  

The final products submitted as deliverables to the SMSC include the following 

items:  

 

a). The database map shows the locations of water wells and other sources of data 

used in the construction of the various items described below. The map is linked to 

computer files that shows the point data attributes. This map is found in VIEW 1 of 

the Arcview project submitted as a deliverable. 

 

b) The bedrock geology map portrays the form, distribution, structure, and kinds of 

rock units that constitute the bedrock of the study area. The map distinguishes both 

traditional lithostratigraphic units such as formations, as well as aquifers and 

confining beds, which are hydrogeologic units. This map is found in VIEW 2 of the 

Arcview project submitted as a deliverable. 

 

c) The bedrock topography map portrays the form of the upper surface of the bedrock 

of the county. This map is found in VIEW 3 of the Arcview project submitted as a 

deliverable. 
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d) The drift thickness map portrays, by means of contours, the thickness and 

variations in thickness of the unconsolidated sedimentary material that overlies the 

bedrock surface. This is found in VIEW 4 of the Arcview project submitted as a 

deliverable. 

 

e) The surficial geology map is a depiction of unconsolidated Quaternary deposits 

immediately beneath the land surface, highlighting sand-dominated strata from 

clay-dominated strata. This map was added as a deliverable even though it was not 

listed as a product in the original contract. It is found in VIEW 5 of the Arcview 

project submitted as a deliverable. 

 

f) The Quaternary subsurface stratigraphy map portrays as polygons the 

unconsolidated Quaternary strata between the land surface and bedrock surface. 

This map was added as a deliverable even though it was not listed as a product in 

the original contract. It is found in VIEW 6 of the Arcview project submitted as a 

deliverable. 

 

g) The bedrock is also depicted in three-dimensions through geologic cross sections, 

Digital Elevations Model (DEM) surfaces, and 3-dimensional images. These show 

in different manners the individual bedrock formations and hydrogeologic units at 

depth. The cross sections also depict the hydrostratigraphic character of the 

Quaternary unconsolidated materials by distinguishing sand-dominated strata from 

strata dominated by clay and silt.   

 

h) This describes and interprets the map products, and provides hydrogeologic 

characterization of the SMSC study area and surrounding region. The bedrock 

hydrogeology section of the report includes quantification of hydraulic properties of 

the hydrogeologic units depicted on the maps.  

 

Data to produce the bedrock and Quaternary maps were compiled at a scale of 

1:24,000.  All compilations for the bedrock map were done on Mylar overlays registered to 
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computer-generated printouts of the database printed over topographic, 1:24,000 scale, 

digital base maps.  Bedrock topographic and structural contours were drawn by hand on the 

overlays and subsequently machine scanned. The scans were used to create digital maps. 

Plotted values for the elevation top of the Jordan Sandstone were used to contour 

the bedrock structure surface. Lithostratigraphic unit tops above and below the top of the 

Jordan Sandstone were created by projecting known distances corresponding to unit 

thicknesses in the area and by comparing and editing those surfaces using unit tops from 

the water well database. The final bedrock map was created electronically by integrating 

digital versions of the bedrock topography and bedrock structure contours.  

Hydrogeologic units were defined on the basis of Runkel and others ( 2003, 2004, in 

press)  as well as new information collected during this project.  

The Quaternary unconsolidated deposits (Views 5, 6) were mapped on the basis of 

fundamental hydrostratigraphic properties - those distinguished by porosity and 

permeability. Essentially this makes the simple distinction between units dominated by 

sand and gravel from units dominated by clay and silt. The surficial geology map (View 

5) was produced by revising MGS map M-106 (Meyer and Lusardi, 2000) so that only 4 

units are distinguished: sand-dominated strata, clay-dominated strata, peat, and relatively 

large bodies of standing water.  Deeper subsurface conditions in the unconsolidated 

sedimentary package are depicted in a plan-view polygon map that provides a 

representation of all the layers between the land surface and bedrock surface (View 6, 

“Quaternary subsurface stratigraphy map”).  Individual polygons represent map units 

defined on the basis of the presence, thickness and relative stratigraphic order of layers 

dominated by sand versus layers dominated by clay and silt. Peat is not depicted in this 

map nor on the cross-sections; it is combined with the surrounding material. 

The cross sections that highlight Quaternary unconsolidated deposits are linked to 

the Quaternary subsurface map (View 6) as PDF files. Correlation of units between the 

water-well control points was done by hand in Arcview, and the Arcview products 

subsequently imported into Adobe Illustrator to produce the finished cross sections.  

All map components are prepared as digital coverages for use in a computerized 

geographic information system (GIS). In addition, PostScript or PDF files are provided 

that enable the SMSC to reproduce the explanatory materials displayed on the map 
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margins. Our final products are Arcview compatible datasets and the Arcview project 

included as a deliverable contains a tool enabling the user to construct cross sections 

between a series of wells, depicting well construction, stratigraphy, and bedrock geologic 

contacts between them. Instructions for use of the cross section tool can be found in 

Appendix A.  

 

LITHSTRATIGRAPHIC AND GENERAL GEOLOGIC SETTING 
 

The bedrock lithostratigraphic units mapped in the study area include in ascending 

stratigraphic order the Mt Simon Sandstone, Eau Claire Formation, Ironton /Galesville 

Sandstone, Franconia Formation, St. Lawrence Formation, Jordan Sandstone, and the 

Prairie du Chien Group (Figs 1, 2, 3). These bedrock units are tilted gently to the 

northeast - on average unit contacts decrease in elevation about 10 to 25 ft per mile from 

the southwestern to northeastern corners of the study area (View 2, Figs 3, 4). They rest 

upon Precambrian sedimentary rocks that filled the Mid-continent Rift system. Faults and 

distinct, mappable folds were not recognized, although they are known to be present in 

western Scott and southern Carver Counties as little as 15 miles to the west of the study 

area 

The eroded surface of Paleozoic bedrock is a relatively flat plateau developed on 

the Shakopee Formation across most of the study area (Fig. 3). A northeasterly trending 

valley bisects the study area, with the base of the valley as much as 300 feet lower than 

the plateau surface. Bedrock strata as old as the lower part of the Franconia Formation are 

exposed in the valley, in the southern part of the map area.   

The bedrock in the study area is covered everywhere by unconsolidated Quaternary 

deposits (Views 4, 5, 6 Fig 4). Although they consist of complexly interlayered strata that 

have multiple origins and land-surface expressions, they can be readily divided on the 

basis of textural properties into two basic units: layers composed largely of clay and silt, 

and layers composed of sand with subordinate gravel. Deposits on top of the Shakopee 

bedrock plateau are relatively thin, commonly less than 50 ft in the northernmost part of 

the SMSC study area, and with a maximum thickness of about 200 ft. in the southern 
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part.  Greater thicknesses, exceeding 400 ft locally, are largely restricted to the buried 

bedrock valley (and its tributaries) that bisects the study area.  

The uppermost Quaternary deposits, those immediately below the present day land 

surface (View 5) are largely sand-dominated across the northern one-third, and 

southeastern corner of the study area. Elsewhere surficial deposits are dominated by clay 

and silt.  The deeper subsurface is much more variable, with some areas consisting of 

multiple layers of sand alternating at depth with layers dominated by clay and silt. 

Additional details about the subsurface stratigraphy of Quaternary deposits is presented 

in the hydrogeology section of this report. 

 

HYDROGEOLOGY 

 

The remainder of this report focuses on the hydrogeology of the bedrock and 

unconsolidated Quaternary deposits with emphasis placed on the properties of the Franconia-

Ironton/Galesville interval.  Unconsolidated glacial drift materials are described in a cursory 

manner, largely by interpreting the potential hydrogeologic implications of the distribution of 

mapped sand-dominated units relative to clay-dominated units. An assessment of the 

distribution of these units in the bedrock valley along the eastern part of the study area is 

particularly important because it provides a better understanding of potential groundwater 

transport into or out of the Franconia and Ironton/Galesville formations.   

 
BEDROCK HYDROGEOLOGY: OVERVIEW 

Our hydrogeologic characterization of Paleozoic bedrock in the SMSC study area 

(Fig. 5) is based to a large extent on the results of recent regional-scale investigations of 

southeastern Minnesota by Runkel and others (2003; 2004; in press).  The conceptual 

approach used in those studies requires that hydrogeologic characterization, including 

classification of aquifers and confining units, is based on hydraulic data interpreted 

within the context of hydrostratigraphic attributes. Hydrostratigraphic analyses provide 

information about the distribution of porosity and permeability (Seaber, 1988), without 

regard to pumping tests or any other kind of hydraulic measurement of rock samples 

larger than inch-scale plugs. Hydraulic analyses of Paleozoic strata provide information 
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on the manner in which ground water travels through pores and is evaluated chiefly 

through interpretation of borehole geophysical and video logs as well as through more 

standard pumping tests. Pumping-test data that were evaluated included discrete interval 

packer tests, long-duration standard aquifer tests, and a large database of the results of 

specific capacity tests conducted largely by water-well drillers, which were converted to 

values of hydraulic conductivity using the method of Bradbury and Rothschild (1985). 

Our approach of interpreting typical hydraulic tests as well as relatively new techniques 

of borehole flowmeter logging (Appendix B), within the context of a hydrostratigraphic 

framework, results in improved definition of individual aquifers and confining units. It 

also enables quantification of their hydraulic properties, and more confident application 

of these values to areas where hydrostratigraphically similar strata have not been 

subjected to hydraulic tests.  

Cuttings, borehole natural gamma logs, and water-well drilling descriptions were 

used to distinguish hydrostratigraphic properties within the SMSC study area. The matrix 

hydrostratigraphic components study  area are similar to those defined regionally for 

Paleozoic strata of southeastern Minnesota by Runkel and others (2003),   broadly 

divisible into three distinct types: 1) fine clastic, 2) coarse clastic, 3) carbonate rock (e.g. 

Fig 2). The fine clastic component consists of very fine grained sandstone, siltstone and 

shale and is of low to very low porosity and permeability. The coarse clastic component 

is a poorly cemented, fine- to coarse-grained sandstone with moderate to very high 

porosity and permeability. The carbonate rock component is largely dolostone, and has 

very low matrix porosity and permeability.  

Secondary pores are an important hydrostratigraphic feature that can dominate the 

hydraulic system in some intervals of bedrock. Outcrops and borehole studies of 

Paleozoic bedrock in this part of the cratonic interior of North America reveal four 

fundamental types of secondary porosity features are common even in relatively ductile 

shale and friable sandstone (Runkel et al., 2003) (e.g. Fig. 5). Systematic fractures are 

flat-sided openings oriented perpendicular to bedding. They are also referred to as 

“joints” and are typically the most prominent fractures in large outcrops-commonly 

evident in side view even at distances of hundreds of yards as straight, vertical openings 

with apertures up to several inches and a spacing of several feet. Two or more joint sets 
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with a preferred orientation intersect one another to create an orthogonal network in plan 

view. Nonsystematic fractures are irregular, curved, to straight fractures that commonly 

intersect bedding at a lower angle than systematic fractures, appear more randomly 

distributed, are more variable in their orientation and shape, and generally have apertures 

of less than 1 inch. They are more densely distributed than systematic fractures and 

commonly are no more than a few feet in length. Openings that preferentially align 

parallel to bedding are referred to as bedding-plane “fractures” in this report. In two 

dimensions individual fracture apertures are laterally elongated, typically with 

dimensions of a a fraction of an inch to about 2 inches perpendicular to bedding and as 

much as about a foot parallel to bedding. Outcrop and large diameter borehole 

observations indicate that bedding-plane fractures in three dimensions are part of an 

anastamosing network of such elongate apertures developed along individual bedding 

planes. Lastly, we classify solution features that do not appear to correspond to 

mechanical fractures, such as irregular-shaped vugs, as a fourth type of secondary pore. 

Dissolution can also enlarge the apertures of systematic, nonsystematic, and bedding-

plane fractures.  

Core logging, borehole videos, geophysical logs, and field observations of exposed 

Paleozoic bedrock in southeastern Minnesota, presented in Runkel et al. (2003), and 

studies of generally similar sedimentary bedrock in other parts of North America (e.g., 

Ferguson, 1967; Nichols, 1980; Wyrick and Borchers, 1981; Graese et al., 1988) suggest 

that secondary porosity features generally decrease in abundance, size, and connectivity 

with depth beneath the bedrock surface (e.g. Fig. 5). All bedrock, regardless of matrix 

composition, has abundant fractures in relatively shallow bedrock conditions. In deeper 

conditions of burial fractures are diminished in abundance, especially nonsystematic 

fractures. Systematic fractures are present, but believed to have narrower apertures, to 

have less extensive linear traces, and be more poorly connected than in shallower 

conditions of burial. Additionally, carbonate rock in shallow conditions has a greater 

density and large size of solution features than in deeper conditions of burial.  

The overall decrease in secondary porosity from shallow conditions to deeper 

conditions of burial beneath younger bedrock is transitional (Fig. 5). The transition 

depends on a number of factors and therefore cannot be assigned a specific value of depth 
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that consistently applies everywhere. Based on the work of Runkel and others (2003, 

2004, in press) the uppermost 50 to approximately 200 feet of bedrock is best 

characterized as “shallow bedrock” having a relatively high density secondary pores.  At 

greater depths open fractures and solution cavities appear to be largely restricted to 

specific stratigraphic intervals-e.g. solution cavities that approximate the Oneota-

Shakopee Formation contact, and bedding plane fractures that are in relatively great 

abundance in the upper one-half of the Franconia Formation. Intervening intervals of 

strata have relatively few, and presumably poorly connected, secondary pores.  

The classification of  aquifers and confining units in the SMSC area (Fig 5) is largely 

consistent with  the classification described by Runkel and others (2003) for the greater 

southeastern Minnesota area, and with the more recent investigation of the western Twin 

Cities Metropolitan area by Runkel and others (2004; in press). Aquifers in the Paleozoic 

stratigraphic section are chiefly hydrostratigraphic units dominated by coarse clastic rock or 

intervals of carbonate rock with relatively abundant secondary pores. These aquifers are 

separated by confining units composed of fine clastic strata or carbonate rock with few 

interconnected secondary pores except in shallow bedrock conditions, where their ability to 

provide hydraulic separation of the aquifers may be compromised, at least locally, by 

interconnected vertical fractures. In the Upper Cambrian bedrock of the study area we 

recognize six major aquifers: the lower Mt Simon, upper Mt Simon, Ironton-Galesville, 

upper Franconia, Jordan and Shakopee Aquifers. Four major confining units are recognized: 

the Eau Claire, lower Franconia, St Lawrence and Oneota confining units.  Of particular 

importance to the SMSC is that the Franconia-Galesville interval of bedrock, commonly 

considered a single hydrogeologic unit in previous classifications, is more properly divisible 

into at least three distinct hydrogeologic units (described in greater detail later in this report).  

The properties of individual hydrogeologic units, including hydraulic conductivity, are 

provided in Figure 5. These properties are based on the compilations of data for regional-

scale investigations by Runkel and others (2003, 2004, in press) and on additional data 

pertinent to local conditions that was compiled during the course of this project. These latter 

data include standard aquifer tests of the Jordan  and Ironton-Galesville Aquifers within the 

study area, and borehole flowmeter studies of the Upper Franconia aquifer, lower Franconia 
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confining unit, and Ironton-Galesville aquifer in and  close to (within 7 miles) the SMSC 

study area. 

 

FRANCONIA-GALESVILLE HYDROGEOLOGY 

The  hydrogeologic component of this investigation includes particular emphasis 

on characterization of the Upper Cambrian aquifer commonly referred to as the 

“Franconia-Ironton-Galesville” or “FIG” aquifer, because current plans for 

communities across much of the western Twin Cities Metropolitan area, including the 

SMSC,   call for use of  the FIG aquifer as a major source of potable water.  Despite 

recognition for many years that the demand for water from Franconia-Galesville strata 

is increasing rapidly in the Twin Cities Metro area, their hydrogeologic properties 

remained poorly understood and inconsistently depicted in the literature. The three 

formations have most commonly been characterized as a single aquifer (e.g., 

Kanivetsky, 1978) , but some classifications treat only the Ironton-Galesville 

Sandstones to be an aquifer whereas the overlying Franconia Formation in its entirety is 

considered a confining unit (e.g., Delin and Woodward, 1984). Moreover, 

characterization of ground-water flow through this and other siliciclastic intervals of 

strata as intergranular-dominated based on interpretations of discrete interval tests in 

relatively deep subsurface conditions (e.g., Miller and Delin, 1993), or apparently by 

assumption, is seemingly inconsistent with shallower subsurface and outcrop 

observations that document the dominance of flow through fractures (summarized in 

Runkel et al., 2003, 2004, in press). Such inconsistencies in how the Franconia-

Galesville interval is depicted have hindered effective ground-water management of 

these strata. The focus of our hydrogeologic investigation on this important interval 

attempts to address these important issues. 

The subsequent description of the Franconia-Galesville interval is organized to 

correspond to earlier studies whereby the characterization of the hydrogeologic 

attributes begins with a description of the three principal matrix hydrostratigraphic 

components as well as secondary porosity features. This is followed by a synopsis of 

hydraulic properties, and finally, a discussion combines the hydrostratigraphic and 
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hydraulic information in an integrated synthesis of the hydrogeologic character of this 

interval of strata, delineating individual aquifers and confining units.  

 

Hydrostratigraphic properties 

The matrix in the Franconia-Galesville interval in the SMSC study area includes 

all three components defined by Runkel and others, 2003: 1) fine clastic; 2) coarse 

clastic; and 3) carbonate rock (Fig. 2, 6, 7). The mineralogy, texture and cementation are 

well-known in these components from decades of stratigraphic and sedimentologic 

studies (e.g., Berg, 1951; Odom, 1975). More recently, thousands of previously 

unpublished porosity and permeability measurements of these three components were 

compiled and tied to specific stratigraphic intervals across southeastern Minnesota 

(Runkel et al., 2003). These data indicate that the fine clastic component consists of 

feldspathic, variably glauconitic, very fine grained sandstone, siltstone and shale in thin 

to medium beds. Fine clastic strata are strongly to moderately cemented by authigenic 

feldspar overgrowths and by pore-filling carbonate cement. Bulk porosity typically 

ranges from 5-30 % and permeability is low to very low, several orders of magnitude less 

than that of the coarse clastic component described below. Plug tests indicate a hydraulic 

conductivity that typically ranges from about 10-6 to 10-10 ft/day (original values 

reported as millidarcies, converted to hydraulic conductivity using 1 millidarcy = 2.7 x 

10-3 ft/day at 68oF). Horizontal permeability is commonly about two orders of magnitude 

greater than vertical. 

The coarse clastic component is a poorly cemented, moderately to well-sorted, fine- 

to coarse-grained sandstone composed of about 98 percent quartz. It is friable, or less 

commonly weakly cemented by quartz overgrowths and calcite. Plug sample tests 

indicate it has a bulk porosity of about 15 to 30% and a high vertical hydraulic 

conductivity of 10-1 to as high as 300 ft/day due to relatively large, well-connected 

intergranular pore spaces. Horizontal permeability typically is roughly equal to, or as 

much as an order of magnitude greater than vertical permeability. 

The carbonate rock component consists of very fine to coarse-grained dolostone with 

variable amounts of silt, sand and shale as interbeds or admixed in the carbonate matrix. 

Rock matrix bulk porosity and vertical permeability values are typically less than 20 % 
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and 10-5 ft/day respectively. Limited tests of horizontal permeability indicate that it is 

commonly about two orders of magnitude greater than vertical permeability where the 

carbonate rock is horizontally laminated.  

The distribution of these three rock matrix components has been traced throughout 

the Twin Cities basin and into the SMSC study area by using borehole natural gamma 

logs and sets of borehole cuttings (Runkel and others, 2004; in press) Natural gamma 

logs are particularly useful for mapping rock matrix permeability in three dimensions 

because fine-grained siliciclastic rocks with low intergranular permeability contain 

potassium feldspar and illite in sufficient abundance to emit a relatively high level of 

gamma rays, and therefore cause a strong positive deflection on gamma logs (Fig. 2,6,7). 

Coarse-grained siliciclastic rocks with markedly higher intergranular permeability have 

low potassium content and therefore correspond to low readings on the gamma logs. 

Carbonate strata most commonly have readings intermediate between those of fine- and 

coarse-grained siliciclastic rocks, but can be markedly variable, and therefore cuttings, 

outcrops, and borehole videos are needed to supplement geophysical logs. 

The approximately 200 ft Franconia-Galesville interval in the SMSC study area 

consists of a basal part , roughly corresponding to the combined Galesville and Ironton 

Sandstones (Fig. 2) that is a 60-70 ft blanket of highly permeable coarse clastic 

component. The overlying approximately 130 ft of Franconia Formation is composed of 

the fine clastic component, with subordinate interbeds of carbonate strata, both having a 

relatively low rock matrix porosity and permeability. High permeability, coarse clastic 

matrix beds of variable thickness are present as thin beds forming a minor component in 

the upper one-half of the formation.  

Superimposed on the matrix attributes described above are secondary porosity 

features that have been recognized regionally across the Twin Cities Metropolitan area, 

and are inferred to similarly be present within the SMSC study area.  For example, a 

detailed site specific study of the Franconia-Galesville interval by Wenck and Associates 

(1997) noted a relatively great abundance of secondary porosity features in a shallow 

bedrock setting: in plan view at the bedrock surface 11 subvertical fractures were visible 

over a surface area of about 160 square feet. Nonsystematic fractures are so abundant 

within about 50 ft from the bedrock surface that they are intersected by vertical cores and 
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recognizable on borehole video logs despite their nearly parallel orientation to the core or 

borehole. Video logs of monitoring wells at greater depths showed bedrock that was 

much more competent. The apparent diminishment with depth of fractures at the site is 

consistent with observations of the distribution of fractures in large quarries and natural 

outcrops that vertically expose 30 ft or more of Franconia-Galesville and other Lower 

Paleozoic strata of the region (Runkel et al., in press). 

Clusters of bedding-plane fractures are present in specific stratigraphic positions of 

the Franconia-Galesville interval, even at relatively great depths of burial beneath 

younger bedrock (Runkel and others 2003, 2004, in press). Across the Twin Cities 

Metropolitan area bedding-plane fractures in deeply buried conditions (50 ft to more than 

200 ft) are most abundant throughout the upper one half of the Franconia Formation and 

in a thinner interval near its base, within about 10 ft of the top of the Ironton Sandstone. 

They are most reliably revealed on borehole videos collected with sideview cameras and 

to a lesser degree by acoustic televiewer logs (e.g., Paillet et al., 2000). The videos show 

that the fractures typically encircle most or the entire borehole and have irregular 

apertures of a few inches at most (Fig 8). Bedding-plane fractures can also be 

distinguished on caliper logs, but because of their relatively narrow apertures are often 

difficult to discern from small changes in borehole diameter caused by drilling and other 

well construction processes.  

 

Hydraulic attributes 

The results of borehole flowmeter and aquifer tests within and near the study area are 

consistent with those collected regionally in Twin Cities Metropolitan area, summarized 

in Runkel and others (2004, in press).  The coarse-clastic dominated Ironton-Galesville 

interval in conditions of deep burial beneath younger bedrock has a relatively narrow 

range of hydraulic conductivity values.  Two boreholes tested within the study area 

yielded hydraulic conductivity values of 7.2 and 10.8 ft/day (Fig 7, Appendix C).  The 

same interval at an observation well at Savage, Minnesota, about one mile east of the 

study area, tested at about 3.6 ft/day (Fig 9A). Finally, a standard  aquifer test of a SMSC 

water supply well in 2004, conducted by the United States Geological Survey 

(unpublished report),  yielded a value of 8.3 ft/day (calculated using an aquifer thickness 
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of 65 ft). These values for the coarse clastic-dominated Ironton-Galesville interval are 

within the range of regional values reported by Runkel and others (2003) for settings 

where the Ironton-Galesville is buried by approximately 50 ft or more of overlying 

bedrock.  

Water movement in the Ironton-Galesville interval appears to be dominantly through 

intergranular pore spaces in conditions of deep burial.  Packer tests of discrete, relatively 

thin intervals of coarse clastic material within the Ironton-Galesville at St Paul, 

Minnesota, (Fig. 6) yielded hydraulic conductivity values that ranged from about 1.6 

ft/day to as much as 7.9 ft/day. The similarity of these values to rock matrix permeability 

measured in much smaller-scale, one-inch diameter plugs suggests that these borehole 

test results are a measure of conductivity achieved through connected intergranular pores. 

The signatures of borehole flowmeter logs also indicate that the Ironton-Galesville coarse 

clastic beds yield water largely through intergranular porosity. Flow log signatures record 

water that enters or exits boreholes with a relatively even distribution; a characteristic 

consistent with flow chiefly through intergranular pore spaces (e.g., Figs 7, 9).  

Fine clastic (and subordinate carbonate) strata that dominate the lowermost 

approximately 65 feet of the Franconia Formation have a relatively low to very low 

hydraulic conductivity where tested in conditions of deep burial. Discrete interval packer 

tests by Miller and Delin (1993) indicated a range of 10-3 to 10-5 ft/day (Fig. 6) for 

boreholes tested in St Paul, Minnesota. As with the coarse clastic component, the 

similarity of these values to horizontal permeability values measured from one-inch 

diameter plugs suggests that the pumping test results are a measure of hydraulic 

conductivity achieved largely through intergranular pore spaces (hydraulic conductivity 

resulting from primary porosity). Some 20 ft intervals of Franconia Formation tested by 

Miller and Delin (1993) yielded no sustained discharge and must have significantly lower 

hydraulic conductivity values. The results of flowmeter tests of boreholes within and near 

the study area confirm a relatively low conductivity: lower Franconia Formation strata 

accommodate relatively little to no measurable flow during injection (Figs 7, 9A). 

Instead, this lower Franconia interval of fine clastic is largely bypassed by water injected 

into the borehole at rates as high as 9 gal/min.  
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The upper one-half of the Franconia formation contains bedding plane fractures that 

dominate borehole hydraulics.  Borehole flowmeter tests regionally were used to 

recognize and quantify the hydraulic conductivity of “hydraulically-active fractures”-

those that accommodate measurable flow in a borehole (e.g., Fig 9B). Natural gamma 

logs tie the hydraulically-active fractures to specific stratigraphic positions within 

lithostratigraphic units, allowing them to be correlated as fracture clusters across the 

Twin Cities metro area. These data indicate that in settings where the Franconia 

Formation is relatively deeply buried, such as where most or all of the vertical extent of 

the formation is preserved beneath Quaternary strata or younger bedrock, hydraulically-

active bedding-plane fractures are particularly abundant in the upper one-half of the 

formation. They are at least locally present in a much narrower interval within about 10 ft 

from the top of the Ironton Sandstone (Fig. 10). Even in relatively deep conditions of 

burial beneath over 200 ft of younger bedrock, ambient flow can be remarkably high 

through fractures in the upper Franconia Formation: where intersected in a borehole that 

exposes another aquifer with a different head, individual fractures or clusters of fractures 

accommodate rates of flow under ambient conditions measured in excess of 10 gallons 

per minute (e.g., Figs 9B, 9C). Although standard pumping tests typically indicate a bulk 

hydraulic conductivity less than 30 ft/day in such fractured intervals of the Franconia 

Formation, individual fractures have hydraulic conductivities that commonly are 

hundreds to over a thousand ft/day; orders of magnitude greater than the intergranular 

hydraulic conductivity of even the highly permeable coarse clastic component. 

Individual wells subjected to flowmeter logging across the Twin Cities Metro area 

show little or no measurable contribution through intergranular pores in the upper 

Franconia Formation,  even where ambient or stressed conditions produced borehole flow 

rates of nearly 10 gallons per minute.  This reflects the relatively high hydraulic 

conductivity of the fractures relative to that of the matrix hydraulic conductivity of the 

host rock. However, at a larger scale the matrix may be a major contributor to the fracture 

system that yields most of the measurable flow to the tested wells. Additionally, under 

conditions of stress greater than that induced during our standard borehole logging 

procedures or in ambient conditions (maximum rates of about 15 gallons/minute) 

intergranular flow may be a more substantial component of borehole hydraulics. 
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Hydraulic properties in shallow bedrock conditions, where Franconia-Galesville 

strata are at or within about 50 ft of the bedrock surface, were not directly tested in the 

SMSC study area, but can be expected to be similar to the conditions described by 

Runkel and others (2003; 2004, in press) for the greater region. Those studies showed 

that in shallower bedrock conditions, hydraulic bedding-plane fractures appear to be 

preferentially developed in the same discrete stratigraphic positions as in the deeper 

subsurface even though the overall abundance and aperture size of all types of fractures 

is enhanced in such a setting. A land surface expression of the same kinds of features are 

the numerous springs along the river valleys of the eastern Twin Cities basin. Springs 

along the Cambrian outcrop belt of the St Croix River are most abundant in the upper 

one-half of the Franconia Formation (Fig 10). The same stratigraphic positions are 

known to be preferential locations for hydraulically-active fractures in boreholes open to 

much deeper subsurface conditions to the southwest.  

Hydraulically-active secondary porosity features in shallow bedrock conditions also 

are present at stratigraphic positions not known to contain such features under deeper 

conditions of burial. For example flowmeter logging of injected or pumped wells open to 

lower Franconia Formation where it is uppermost bedrock reveals the presence of 

hydraulically-active fractures with hydraulic conductivities of more than 30 ft/day (e.g., 

Fig. 10, well number 676430) in a stratigraphic interval of the Franconia not known to 

contain such features under deeper conditions of burial beneath younger bedrock. The 

presence of these fractures is consistent with the observation by Runkel et al. (2003) that 

all Paleozoic bedrock in southeastern Minnesota, even confining units composed largely 

of shale  and coarse-clastic strata most commonly considered to be entirely  intergranular 

in aquifer properties,  can contain hydraulically-active fractures in conditions where they 

are at or very close to the bedrock surface. The lower Franconia Formation should be 

expected to contain such features where it is present as uppermost bedrock in the buried 

valley that bisects the SMSC study area (Fig 5). 

 

 Hydrogeologic synthesis 

Longstanding inconsistencies over the hydrogeologic classification of aquifers and 

confining units for the Franconia-Galesville interval and its reputation of markedly 
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variable and unpredictable hydraulic conductivity are, in part, a reflection of the large 

variability in its distribution of permeability-i.e. its hydrostratigraphic properties. The 

Franconia Formation is the source of most of this complexity. Rather than a single, 

porous media-dominated hydrogeologic unit, in the SMSC study area it actually contains 

in its upper part regionally extensive, stratigraphically discrete intervals with clusters of 

bedding-plane fractures having very high hydraulic conductivity. This upper Franconia 

aquifer is separated from the Ironton-Galesville aquifer by a lower Franconia confining 

unit that is composed of fine clastic strata resistant to the development of hydraulically-

active fractures (Figs. 5, 10). Our results can be synthesized to support a relatively 

simple, hydrogeologic classification of the Franconia-Galesville interval into two aquifers 

and one confining unit that we believe is a marked improvement over most previous 

classifications. The lowermost part of the interval, the combined Ironton-Galesville 

Sandstones, is a tabular aquifer with relatively homogenous internal properties. Hydraulic 

conductivity is seemingly controlled largely by intergranular porosity except when it is 

near the bedrock surface where it becomes heavily fractured. The overlying Franconia 

Formation is divisible into two distinct hydrogeologic units (Figs 5,10); the upper one-

half of the Franconia that is a moderately to highly productive aquifer that yields water 

through bedding-plane fractures and perhaps, to a lesser degree, through intergranular 

pore spaces, and a fine-clastic lower Franconia Formation that serves as a regionally 

extensive confining unit. Although the lower Franconia can contain hydraulically-active 

bedding-plane fractures, it’s very low intergranular hydraulic conductivity along with the 

apparent resistance of discrete interval(s) to the development of interconnected vertical 

fractures results in bulk vertical properties of an aquitard. Such attributes are similar to 

other Paleozoic confining units of this region such as the Maquoketa Shale aquitard 

(Eaton, 2002) and St. Lawrence Formation dolomitic siltstone, sandstone, and shale 

(Runkel et al., 2003). These units provide confinement except where they are locally 

breached by interconnected vertical fractures and faults, or by multiaquifer wells. This 

hydrogeologic classification (Fig. 5) is fundamental enough that it has practical utility for 

environmental managers and regulators who are not hydrogeologists. Yet it includes 

sufficiently detailed description of the properties of individual units that it can be used 
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with confidence as a framework for regional-scale studies and as a general guide when 

initiating site-specific investigations. 

Classification of the lower Franconia Formation as a regionally extensive confining 

unit is supported by several lines of evidence in addition to direct measurements of its 

low intergranular hydraulic conductivity. The upper Franconia and Ironton-Galesville 

aquifers above and below the confining unit are known elsewhere in the Twin Cities 

Metropolitan area to have differences in hydraulic head of over 60 ft, even in relatively 

shallow bedrock conditions where the upper Franconia Formation is truncated by erosion 

and vertical fractures are abundant (Runkel et al., 2003). Furthermore, high ambient 

borehole flow rates measured through flowmeter logging provide similar evidence of the 

confining capability of this interval. Every evaluated borehole in the Twin Cities 

Metropolitan area, including wells within and near the SMSC study area,  that fully 

penetrated the lower Franconia confining unit had measurable, commonly high 

(gallons/minute), ambient flow that traveled from fractures in the upper Franconia aquifer 

downhole to the Ironton-Galesville aquifer, or vice-versa (e.g., Figs 9B, 9C). Such flow 

takes place only where two aquifers with different heads and an intervening confining 

unit are penetrated in an open borehole. Thus, the relatively high ambient flow that 

bypasses the lower Franconia Formation, without significant contribution or subtraction 

of flow, is evidence that this part of the formation is of sufficiently low vertical and 

horizontal hydraulic conductivity to serve as a confining unit.  

 
QUATERNARY UNCONSOLIDATED DEPOSITS: HYDROGEOLOGY 

 

Hydrostratigraphic characterization of the unconsolidated glacial drift in the study area 

(Views 5, 6, Fig 4) is a secondary objective for this investigation. The maps and cross 

sections used to depict the hydrostratigraphy are based on a simple distillation of the many 

units traditionally used to map Quaternary unconsolidated material (e.g. Meyer and Lusardi, 

2000) to clearly highlight the distinction between relatively highly permeable (sand and 

gravel) strata from strata with relatively low permeability (clay, silt, and poorly sorted 

mixtures dominated by clay and silt). The former are likely to have attributes of aquifers that 

readily transmit water, the latter attributes of aquitards that impede the movement of water.  
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In general, Quaternary strata in the northwest part of the project area are 

dominated by sand that lies directly on bedrock, whereas strata in the southwest part are 

dominated by clay resting directly on bedrock, with local, deeply buried layers of sand 

(View 6, Fig. 4).  The central and southeast portions of the study area consist primarily of 

relatively thin clayey sediment over thick sand over bedrock, with the exception of the 

Quaternary deposits that fill the deep buried valley bisecting the study area.  The thick 

sand body in the center of the study area provides most of the fill of the buried valley (see 

cross-section C), but the sand for the most part is covered by thick clayey sediment where 

it overlies and fills the valley.  The portion of the deep buried valley to the southwest, 

west of Upper Prior Lake and underlying Spring Lake, is primarily filled with clayey 

sediment.  The deep buried valley underlies much of the northeast portion of the project 

area, where it is filled in most areas with thick sand overlying thick clayey sediment with 

some sand beds. 

  

DISCUSSION  

 
The regional-scale distribution of hydraulically-active fractures in the upper 

Franconia aquifer and likely regional importance of such fractures in other Lower 

Paleozoic aquifers and confining units of this area, suggests that hydrogeologic 

investigations should routinely include methods that allow recognition of fracture-flow, 

even in units dominated by sandstone and shale. Fracture-flow should especially be 

considered in an effort to better predict flow paths and speeds, and to improve targeting 

of high-yield intervals during the construction of large-capacity water wells. Flow chiefly 

along discrete intervals of high hydraulic conductivity such as bedding-plane fractures is 

increasingly recognized to be of great importance, at least locally, in sedimentary bedrock 

aquifers and confining units that were previously commonly treated as more or less 

hydraulically homogenous bodies (Eaton, 2002; Runkel et al., 2003). Prior to recognition 

of preferential flow paths, hydraulic conductivity for such units was routinely calculated 

on the basis of standard aquifer tests and with the assumption that the entire thickness of 

a hydrogeologic unit contributes equally to a borehole. Travel times of ground water 

calculated under such an assumption have been shown to be orders of magnitude too slow 
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when compared to tracer tests or residence time determinations (e.g., Bradbury et al., 

2000; Rayne et al., 2001).  

Characterization of Paleozoic bedrock aquifers of this area should also consider the 

inverse relationship between the degree in the development of secondary porosity 

features and depth of burial beneath bedrock (e.g., Fig. 5) and its effect on hydrogeologic 

properties. Hydraulic properties measured in deep conditions of burial cannot be 

confidently extrapolated to shallower conditions. The enhanced development of 

secondary porosity features in shallow bedrock conditions corresponds to a measurable 

increase in hydraulic conductivity for the Franconia-Galesville interval, as well as for all 

other Paleozoic bedrock of southeastern Minnesota (Fig 5) (Runkel and others 2003, 

2004, in press). Coarse and fine clastic strata and carbonate rock have a markedly higher 

average hydraulic conductivity and a greater range in hydraulic conductivity where they 

are near the bedrock surface compared to where they are buried by several tens of feet or 

more of younger bedrock. Additionally, borehole flowmeter data demonstrate that 

boreholes open to relatively shallow bedrock conditions have relatively high, complex 

ambient flow rates and patterns compared to the relatively subdued and simpler patterns 

of ambient flow in boreholes cased to greater depths beneath the bedrock surface (Runkel 

et al., 2003). These attributes in a sense are an expression of the presence of two “flow 

systems” superimposed on all aquifers and confining units (Fig. 5): a relatively shallow 

bedrock system and a deeper bedrock system (cf. Mayo et al., 2003). The shallow system 

reflects the higher permeability due to enhanced fracture porosity and the greater stresses 

of near-surface recharge and discharge in shallow bedrock conditions. Additionally, this 

enhanced fracturing may be relatively well-connected to overburden ground-water 

sources such as sand and gravel deposits compared to fractures in deeper bedrock 

conditions. Flow paths and time-of -travel, and well yields in such conditions should be 

regarded as less predictable than in more deeply buried settings. 

Secondary porosity features are known to be the chief control on flow and 

contaminant transport, even in sandy aquifers (e.g., Sudicky, 1986). Although flow in 

fractured media is often considered virtually unpredictable for the purpose of many 

regulatory and other management functions, our documentation of the stratigraphic 

control of hydraulic fracture clusters at regional scale, as well as the more general 
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observation of enhanced development of hydraulically-active fractures with decreasing 

distance to the bedrock surface provides a general predictability to their relative 

abundance and importance within the Franconia-Galesville interval. This predictability is 

useful in several ways, such as for the construction of high capacity water supply wells 

and in determining the number of layers for groundwater models. Given the relatively 

moderate yields that the coarse clastic strata can produce via intergranular pore spaces, 

construction of moderate to highly productive domestic and municipal wells in the 

Franconia-Galesville interval may be considerably more successful if the fracture system 

in the upper Franconia Formation is part of the open hole interval.  Wells open to only the 

lower part (Ironton-Galesville Sandstones) will not effectively draw on the upper 

Franconia interval. Regional-scale ground-water models, such as those constructed to 

estimate sustainable yields, should consider an approach whereby the traditional 

“Franconia-Ironton-Galesville aquifer” single layer is replaced with three layers; an upper 

fracture-dominated aquifer, a middle confining unit, and a lower, intergranular aquifer 

(Fig. 5). Furthermore, an upper bedrock layer with a thickness of about 50 ft and 

hydraulic conductivity roughly twice that of the same units in deeper conditions of burial 

could potentially be added to a model.  

The Prairie du Chien Group and Jordan Sandstone together are analogous to the 

Franconia-Galesville interval with regard to hydrogeologic classification. Traditional 

classifications lump the two lithostratigraphic units together as a single aquifer, but recent 

investigations indicate that a three layer classification is more accurate (Runkel and 

others 2003, 2004, in press). The aquifer test data from wells in SMSC study area 

reported by Ruhl (1999) appear to be consistent with tested Jordan Aquifer wells 

elsewhere in southeastern Minnesota that indicate the presence of an Oneota aquitard 

with vertical conductivity on the order of 10-4 ft/day. Recognition of an Oneota confining 

unit that separates a Shakopee Aquifer above from a Jordan Aquifer below has several 

important implications. Water wells constructed so that the confining unit is entirely 

penetrated and exposed in the open-hole interval are an avenue by which groundwater in 

the karstic Shakopee aquifer can be readily transmitted downward into the Jordan 

Aquifer.  Additionally, hydraulic properties such as conductivity, transmissivity, and 

yield, calculated under the assumption of a single, well-connected “Prairie du Chien-
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Jordan Aquifer” may not be as applicable to wells open only to the Jordan Sandstone as is 

commonly inferred.  As with all confining units in the Paleozoic bedrock of southeastern 

Minnesota, the Oneota confining unit is leaky, more so near the eroded edges of the unit, 

where vertical fracture networks may provide enhanced connected between the Shakopee 

and Jordan aquifers.  

The distribution of sand and clay-dominated layers in the unconsolidated Quaternary 

materials has implications for the degree of potential groundwater interaction between 

relatively shallow aquifers in those strata, and the deeper bedrock aquifers used as the 

principle SMSC water supply.  In the northern part of the study area outside of the buried 

bedrock valley the Quaternary material is relatively thin (commonly less than 50 ft) and 

dominated by sand.  Direct and relatively rapid infiltration of surface water into the 

karstic Shakopee aquifer may occur in that area. The bedrock across most of the 

remaining project area outside of the bedrock valley is overlain by one or more clay-

dominated units that inhibit direct vertical connection from the surface to the bedrock 

aquifers. 

The hydrogeologic conditions within the bedrock valley differ significantly from the 

surrounding  Shakopee plateau both because bedrock confining units are cut by erosion, 

and because the thick Quaternary package that fills the valley contains multiple layers of 

sand and clay that complexly  interfinger with one another.  Across much of the buried 

valley bedrock is separated from the land surface by at least one clay-dominated layer. A 

local exception is in the northeastern part of the study area where the eastern edge of the 

valley is apparently overlain only by a thick (200-300 ft) blanket of sand. Although our 

knowledge of the deepest Quaternary strata in the valley is limited by sparse well control, 

existing records indicate that a substantial proportion of the deepest deposits is sand that 

lies in direct contact with eroded edges of several of the major bedrock aquifers, 

including the Shakopee, Jordan, and Upper Franconia aquifers. Hydraulic connectivity 

between this permeable valley-fill material and fractured bedrock along the valley walls 

is likely to be well developed. Some of these sand bodies extend entirely across the width 

of the valley, potentially providing a hydraulic connection between the bedrock on either 

side. Such a connection may in part explain the apparent absence of any influence of the 
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valley on regional potentiometric surfaces contoured for the “Prairie du Chien-Jordan” 

and “Franconia-Ironton Galesville” aquifers (e.g. Kanivetsky and Palen, 1982). 
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Figure captions 

 

Fig. 1. Location of the SMSC study area in context of geology of the Twin Cities basin. 

Lower Paleozoic bedrock is characterized by relatively thin, but widespread 

layers dominated by sandstone, shale, or carbonate rock. Upper Cambrian 

Franconia-Galesville interval is the focus of hydrogeology section of this report. 
The bedrock across much of the area is overlain by 50 to over 400 ft of 

unconsolidated Quaternary strata, “glacial drift” that include sand, gravel and 

clay-rich till. Location map shows Cambrian and Ordovician strata where they 

are uppermost bedrock, and locations of boreholes with flowmeter logs within 

and close to the study area.  A-A’ is location of cross section for this figure. 

 

Fig. 2. Standard bedrock stratigraphic column showing Paleozoic lithostratigraphic and 

hydrogeologic units mapped in the SMSC study area, and typical natural 
gamma log.  Rock lithology is shown in two columns: “Lithology” shows the 
relatively detailed attributes, including those used to distinguish traditional 
lithostratigraphic unit boundaries. The “Matrix hydrostratigraphic component” 
column shows the essential rock matrix components that differ fundamentally 
from one another in intergranular porosity and permeability. Properties of the 
hydrogeologic units are depicted and described in greater detail in Figure 5. 
Modified in part from Mossler (1987). 

 
Fig. 3  Three-dimensional image of Paleozoic bedrock in the SMSC study area. The 

bedrock that lies beneath Quaternary unconsolidated deposits is characterized 
by a relatively flat “Shakopee Plateau” bisected by a deep valley. Labels in 
cross-sectional part of image refer to mapped lithostratigraphic and 
hydrogeologic units (see figure 2 for key to map unit codes). 

 
Figure 4 Cross sections showing Paleozoic bedrock and overlying Quaternary 

unconsolidated deposits in the SMSC study area. See Figure 2 for key to 
bedrock map unit codes, and View 5 for location of cross section lines. 
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Fig. 5. Three-dimensional image highlighting hydrogeologic properties of Paleozoic 

bedrock in the SMSC study area. The image shows aquifers and confining units, 

and highlights the distribution of secondary porosity features. Note that all 

Paleozoic bedrock has a relatively great abundance of secondary pores where it 

is near the bedrock surface-this is the “shallow bedrock flow system” where the 

hydraulic conductivity of both aquifers and confining units is markedly 

enhanced and more variable. This hydrogeologic characterization is based on 

information contained in this report collected specifically within or close to the 

study area, as well as on  similar data from regional investigations such as  

Runkel et al. (2003; 2004; in press). Depiction of secondary pores is schematic 

and not consistent in scale with depiction of host rock.  Hydraulic conductivity 

values for the Franconia-Galesville interval are based on the information 

described in this report, as well as data from across the greater Twin Cities 

Metropolitan area that was synthesized by Runkel and others (2004; in press). 

 

Fig. 6. Hydrostratigraphic and hydraulic attributes for the Franconia-Galesville interval 

in a deeply buried bedrock setting at the ATES (Aquifer Thermal Energy 

Storage) Project site in Ramsey County, central Twin Cities basin. Plug tests of 

porosity and permeability characterize the small-scale rock matrix 

hydrostratigraphic attributes. Visual examination of core shows the distribution 

of macroscopic secondary porosity features. Discrete interval packer tests 

measure the hydraulic performance of the hydrostratigraphic components. Note 

that plug-scale permeability values positively correlate with hydraulic 

conductivity measured by packer tests where secondary porosity features are 

absent or small and hydraulically inactive.  

 

Cuttings and natural gamma logs from the SMSC study area indicate that the 

Franconia-Galesville interval will have properties largely similar to those 

measured at this Ramsey County site. An exception is that the upper Franconia 
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Formation in the SMSC study area will contain less coarse clastic material, as 

noted on the illustration. 

 

 Based on data in Walton et al. (1991), Miller and Delin (1993), and core 

logging as part of Runkel and others (2003, 2004). Hundreds of additional 

porosity and permeability values for plug samples are compiled in Runkel et al. 

(2003) 

 

Fig. 7 Borehole geophysical logs of two monitor wells open to the Franconia-Galesville 

interval within the SMSC study area, collected as a formal part of this 

investigation. For both wells signature of the interpretation line during injection 

demonstrates that the coarse clastic-dominated Ironton and Galesville 

Sandstones accept, in intergranular fashion, nearly all of the injected water. In 

contrast, injected water largely bypasses the overlying fine clastic, lower 

Franconia Formation strata, which serve as a confining unit.  The subtle “stair-

step” pattern of the interpretation line corresponding to where water exits the 

borehole may reflect the relatively limited ability of fine-clastic interbeds within 

the Ironton-Galesville to accept injected water. Troll flowmeter data were 

collected while trolling up at 10ft per minute. Logs in upper part of illustration 

collected from well with unique number 705731, lower logs from well with 

unique number 705730. 

 

Fig. 8. Typical bedding-plane fractures in coarse clastic strata of the upper Franconia 

Formation that are hydraulically-active. A) and B) are borehole views (A 

sideview, B downhole view) of aperture in a water well. Note that the fracture 

parallels bedding (horizontal at this location). Light particles within the fracture 

aperture in A) are suspended particles that were moving in what appeared to be 

a turbulent fashion on the borehole video. Aperture is about one inch in height. 

Photos from a borehole video of a water well in northern Hennepin County 

(unique number 676448) supplied by Patrick Sarafolean of the Minnesota 

Department of Health. 
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Fig. 9. Borehole geophysical logs of water wells open to the Franconia-Galesville 

interval within or close to (7 miles) the SMSC study area. In A) the signature of 

the interpretation line for the flowmeter station measurements during injection 

demonstrates that the coarse clastic-dominated Ironton and Galesville 

Sandstones accept,  in intergranular fashion, nearly all of the injected water 

(interval labeled K1), together having the properties of an aquifer. In contrast, 

injected water largely bypasses the overlying fine clastic, lower Franconia 

Formation strata, which serve as a confining unit. Troll flowmeter data were 

collected while trolling up at 10 ft per minute.  (well unique number 593579, 

Savage, Minnesota) B) Trolling (at 10 ft per minute) and stationary flowmeter 

logs indicate that bedding-plane fractures in the upper part of the Franconia 

Formation (labeled K2-K6) yield water that travels down the borehole at a 

minimum rate of over 10 gallons per minute under ambient conditions. This 

downflow exits the hole gradually, in intergranular fashion, in the Ironton–

Galesville Sandstones. The intervening middle to lower Franconia Formation 

serves as a confining unit. Hydraulic conductivity of individual fractures in the 

upper Franconia aquifer, and of the intergranular Ironton-Galesville aquifer, is 

listed below the logs. (well unique number 674316, Chaska, Minnesota).  C) 

Conditions in this borehole, in southernmost part of study area, are remarkably 

similar to conditions known to the north and west of study area (e.g. Chaska, 

Fig 9B. This demonstrates the predictability in hydrogeologic properties of the 

Franconia-Galesville interval and application of regional studies (e.g. Runkel 

and others 2004) to the SMSC study area proper (well unique number 672729, 

Prior Lake, Minnesota). See Fig. 1 for locations of these three wells. Technique 

for estimating K values is given in Appendix B. 

 

 

Fig. 10. Highly schematic cross section highlighting the distribution of hydraulically-

active bedding-plane fractures in the St Lawrence and Franconia Formations 

across the Twin Cities basin.  Fractures that intersect the vertical lines depicting 
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the open hole intervals were recognized as hydraulically-active using borehole 

flowmeter logging techniques. Note that hydraulically-active fractures are 

preferentially located in the lowermost 10 ft and upper one-half of the Franconia 

Formation, and in the lower St. Lawrence Formation. Schematics of individual 

flow logs shown beneath the cross section: the abrupt shifts (horizontal lines) on 

these logs are used to identify fracture flow. Numbers beside these shifts refer to 

calculated (minimum) hydraulic conductivity of the individual fractures in 

ft/day. More detailed examples of such flow logs are available in Figs. 7 and 9. 

Numbers beside spring symbols at St Croix River refer to number of springs 

identified as originating from each of the stratigraphic positions shown. Inset 

shows location of boreholes. Dashed gray-scale line represents transect onto 

which boreholes shown on cross section are projected. From Runkel and others, 

(in press). 
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Appendix A 
SMSC – Research to support Groundwater Management: GIS 
projects and metadata 

Arcview Projects 
The Arcview projects included as part of this study are designed to run from a directory called 
"c:\smsc_mgs" on the c drive of your computer. In order for the projects to run properly, the folder 
“smsc_mgs” on the CD should be copied directly to the root directory of your c: drive.  The 
projection of all associated spatial files is UTM Zone 15 – unshifted, NAD83.  These projects 
require that Arcview is loaded on the host computer.  Please note that the study_sa.apr requires 
Arcview Spatial Analyst. 
 
Project name: study.apr 
This project is set up to allow the user to view and query shapefiles associated with the study.  
The views contained in the project are designed to illustrate the maps described as part of the 
project report.   
 
Project name: study_sa.apr 
This project is set up to allow the user to view and query grids associated with the study.  The 
view contains a tool to create cross sections from the land and bedrock geologic/hydrogeologic 
surfaces.  NOTE: this project requires that the “spatial anaylist” extension is loaded into ArcView. 
 
 
In order to run the projects, please do the following: 

• copy the folder smsc_mgs from the CD onto directly onto the root directory of your C 
drive. 

• Open the “c:\smsc_mgs” folder double click on either the study.apr or study_sa.apr. 
 
If you are running the study_sa.apr project, here is how to create a cross section: 

• open "View7 - digital elevation models 
• click on the "X" button on the view menu. 

 

 
 
 



• Specify “water well locations” as the well theme and chose which grids you would like to 
include in the cross section… 

 

 
 
 
 
 
 

• There are two options for specifying which wells to include.  These instructions will use 
the “define transect using selected graphic polyline option”.  Click on the radio button for 
“Use selected Graphic Polyline” and click directly on several wells along a line of interest. 

 

 
 



• Clicking on the use selected graphic polyline radio button again will activate the “Apply” 
button … 

 

 
 

• Clicking on the Apply will produce the cross section.  Please be patient, a cross section 
will appear in a new view entitled “Section View” 

 

 



 
In this example, several of the wells chosen had no construction information.  The program alerts 
the user to this, then produces the cross section with wells it can use.  The cross section tool will 
include static water levels in the information is available. 
 
  ******************************************* 
Several of the views have themes that are “hot-linked” to additional images or descriptions.  Hot 
linked themes are the cross section lines and the subsurface Quaternary stratigraphy map.  If one 
of these themes is chosen, the lighting bolt button on the view menu becomes active. Clicking on 
a cross section line in the view with the lightning bolt tool brings up an annotated cross section for 
that line; Clicking on a map unit on the subsurface Quaternary stratigraphy map brings up a 
detailed map unit description. 

 
Index of shapefiles and grids 
BASEMAP SHAPEFILES: 
Mnpls.shp Section lines  (from MNDNR) 
 
LINE SHAPEFILES: 
btln.shp bedrock topography  
mslnd2br.shp depth to bedrock contour lines 
mslnxsec.shp cross section lines 
sclncjdn.shp Jordan Sandstone structural contour lines 
 
POLYGON SHAPEFILES: 
bgpg.shp bedrock geology/hydrogeology  
mspglith.shp surficial lithology  
mspgqsub.shp subsurface Quaternary stratigraphy 
papg.shp study area  
 
POINT SHAPEFILES AND LINKED TABLES: 
sbpt.shp soil boring locations 
wwpt.shp water well locations and CWI index table 

attributes 
ww_cuttings.shp water well locations with cuttings samples 
ww_gamma.shp water well locations with gamma logs 
wwpt_str.dbf CWI stratigraphy table, linked to wwpt.dbf by 

field “relateid” 
sbpt_str.dbf soil boring stratigraphy table, linked to sbpt.dbf 

by field “relateid” 
  
 
GRIDS: 
dem30 land surface 
OpshA top of Shakopee aquifer 
OpodC top of Oneota confining unit 
CjdnA top of Jordan aquifer 
CjdnC top of Jordan confining unit 
CstlC top of St. Lawrence confining unit 
CfrnA top of Franconia aquifer 
CfrnC top of Franconia confining unit 
CiglA top of Ironton-Galesville aquifer 
CecrC top of Eau Claire confining unit 



Appendix B. Explanation of borehole geophysics used to measure hydrogeologic 

properties. 

Electro-magnetic (EM) flowmeter logs were widely used to recognize hydraulically-

active intervals and intervening confining units under ambient and stressed (pumping or 

injection) conditions. Flowmeter logs (Fig. B1) depict vertical water movement in a 

borehole relative to the EM probe; positive values on the logs correspond to upward flow, 

negative values correspond to downward flow, and zero represents no measurable flow. 

Station logs show a series of flow measurements taken at various depths in the borehole 

with the probe stopped, or “stationary”. Trolling flowmeter logs are a continuous record 

of flow as the probe is raised at 10 ft per minute up the borehole. These two kinds of 

flowmeter logs are used in conjunction with geophysical logs that measure physical rock 

properties and borehole diameter (such as natural gamma, caliper, and video logs) to 

interpret hydraulic conditions in the borehole, shown graphically as an “interpretation 

line”. For example, the interpretation line in the logs shown in Figs B-1E and B-1F have 

abrupt, nearly horizontal shifts in measured flow in the upper part of the open hole 

interval that corresponds to water entering or exiting the borehole through a narrow 

bedding-plane fractures. In contrast, the gradual shift in measured flow in the lower part 

of the open-hole, shown as a sloping interpretation line, corresponds to a relatively 

porous, coarse-clastic interval across which water exits or enters the borehole through 

intergranular pore spaces. The beds that separate these two hydraulically-active intervals 

are of relatively low permeability and at least some part of them serves as a confining 

unit that maintains the vertical gradient driving the high (gallons/minute) rate of flow in 

the borehole under ambient conditions. 

Flowmeter logs collected under stressed conditions allow the hydraulic properties of 

discrete intervals to be quantified when compared to ambient flowmeter measurements 

and accompanied by ancillary information such as the change in hydraulic head in the 

borehole. Following the techniques explained by Paillet et al. (2000) where possible we 

calculated the percent of transmissivity contributed by each discrete interval to the bulk 

transmissivity of the borehole. Hydraulic conductivity was calculated by dividing the 

transmissivity values of individual intervals by their thickness. Where the geophysical 

logs showed the interval to be a fracture or group of fractures with apertures too narrow 



to accurately measure with our available tools, we used an estimated thickness of about 

0.3 m in our calculation of hydraulic conductivity. This value is likely to be a maximum 

based on our observations in outcrop and video logs of boreholes and therefore our 

calculation of hydraulic conductivity for most fractures is best considered a minimum 

value.  

 

 Example of  estimating transmissivity and hydraulic conductivity using data from 

flowmeter logging. Information corresponds to borehole logging conducted on water well 

674316, illustrated in Fig. 9-B. 

 
Relative transmissivity of water-producing zones in Chaska Test Well 3 (674316) pumping 

amount (l/min)
15.1 

ambient and pumped flow numbers come from station flow chart  change in static 
water level (ft.)

0.56 

     
     
  AMBIENT FLOW PUMPED FLOW  

ZONE DEPTH above below Inflow above below Inflow DIFFERE
NCE 

PERCENT OF 

INDEX (ft) (l/min) (l/min) (l/min) (l/min) (l/min) (l/min) (l/min) TOTAL T 
6 440 0.0 -6.4 6.4 15.1 9.1 6.0 -0.4 -2 
5 450 -6.4 -16.2 9.8 9.1 -1.9 11.0 1.2 8 
4 459 -16.2 -33.6 17.4 -1.9 -33.0 31.2 13.7 91 
3 479 -33.6 -39.9 6.3 -33.0 -35.5 2.5 -3.8 -25 
2 499 -39.9 -41.9 2.0 -35.5 -38.4 2.8 0.8 6 
1 531-600 -41.9 0.0 -41.9 -38.4 0.0 -38.4 3.5 23 

TOTAL    0  15.1 15.1 100 

 l/min=liters per minute 

Transmissivity estimates based on flowmeter data 

Flow (Q) through a well's open hole or screened interval is determined by the 

transmissivity (T) and head gradient (H) of the aquifer or aquifers it intercepts.  The basic 

idea behind estimating transmissivity from flowmeter measurements is to account for 

head gradient in some manner, and then use measurements of Q to calculate T. 

 

Method for estimating relative transmissivity from flowmeter data (see table above): 

1. The relative transmissivity between water producing zones is estimated by comparing 

amount of water entering/exiting the open hole under ambient and stressed conditions. 

Because measurements are made for each transmissive zone under both ambient and 

stressed conditions, hydraulic head dependence for each zone factors out, leaving zone  T 



proportional to the difference in Q for each zone.  Measurements come from station 

measurements above and below transmissive zones that have been adjusted to account for 

unmeasured flow passing outside the flowmeter.  (This accounts for "> 100% of 

measured flow" notation on Fig. 9B). 

 

Flowmeter data in the table above are inconsistent, in that the differences for zones 6 and 

3 are negative, which is hydraulically impossible if all other factors are constant during 

the time that ambient and pumping station measurements are made.  Similar results are 

noted in Paillet et al., 2003.  We attribute this result to measurement error, or changes in 

head conditions around the borehole during testing.  A reasonable conclusion based on 

the data is that zones 4 and 1 are an order of magnitude higher in transmissivity than the 

other zones. 

 

Method for estimating actual transmissivity from flowmeter data: 

2. Transmissivity estimates are made using the program FWRAP (Fred Paillet, 

personal communication, 2003).  FWRAP is essentially a manual curve matching 

procedure, where initial guesses for H and percent of total T for each zone are modified 

until model output curve matches the station measurements.  Head conditions and 

transmissivity are unknown at each of N zones.  If measurements can be made under two 

different quasi steady state conditions, and if there is a change in water level in the well 

under those conditions, then there are the same number of variables, 2N, as there are 

unknowns (Head and T for each of N zones) and the system can be solved. Finally, 

transmissivity estimates are converted to hydraulic conductivity in this report by dividing 

transmissivity values of individual intervals by their thickness.  



CAPTION  

Figure B-1. Explanation of borehole flowmeter logging techniques used in this study. 

A) through D) are schematic depictions of  various hydrogeologic settings, the 

corresponding flow conditions in boreholes that penetrate  rocks in these 

settings, and the flowmeter logs that record the flow. Flowmeter logs are a 

depiction of vertical water movement in a borehole: positive values on the logs 

correspond to flow up a borehole, negative values correspond to flow down a 

borehole, and zero represents no measurable flow. Ambient borehole flow in a 

vertical direction is driven by vertical hydraulic gradient. In A) flowmeter 

logging records no vertical borehole flow because the open borehole exposes 

only a single aquifer with no vertical gradient. Example B) also shows a 

situation with no vertical flow in a borehole, even though the hole fully 

penetrates a confining unit, because the aquifers above and below the confining 

unit have similar heads. Examples C) and D) show vertical flow that occurs in 

a borehole that intersects two (intergranular) aquifers with heads that differ 

from one another. E) through G) are more complex examples of flowmeter 

logs, similar to many of those collected in the west metro area.  

 Trolling flowmeter logs are a continuous record of flow measured as the probe 

is raised at 10 ft per minute up the borehole. Stationary logs show a series of 

flow measurements taken at various depths in the borehole with the probe 

stopped, or “stationary”.  These two kinds of flowmeter logs are used in 

conjunction with geophysical logs that measure physical rock properties (e.g. 

gamma, caliper) to interpret flow conditions in the borehole, shown graphically 

as an “interpretation line” on the stationary logs. In examples E) through G) 

changes in magnitude of flow along the interpretation line mark permeable 

intervals through which water enters (inflow) or exits (outflow) the borehole. 

Abrupt changes in magnitude correspond to relatively thin intervals of  

hydraulically active secondary pores, most commonly bedding plane fractures;  

gradual changes correspond to intervals where intergranular flow is dominant. 

The beds  that separate these hydraulically active intervals are of relatively low 

permeability and can be considered confining units at the scale of the 



immediate vicinity of the borehole. The confining units that directly separate 

an entrance from an exit maintain differential heads above and below them, 

which drives ambient borehole flow. Confining units that separate successive 

entrances or exits along a borehole may or may not have heads that differ from 

one another. E) also provides an example of flowmeter logging under stressed 

conditions. The borehole was injected with water at a rate of 9 gpm. The 

relative transmissivity of the two permeable intervals that accommodate the 

injected water is quantified  to the right of the column following the procedure 

described by Paillet and others (2000). 
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Appendix C Borehole Flowmeter data  
collected and interpreted for two monitor wells 
in SMSC as part of this project. 
 

          
          

           
           
            

      

      
       

           
         
         
    

        
            

          

              

solve for K: water tower test well (705730)           
  
 thiem equation  
  
  Q 1058.5 ft3/day 20.8 liters/min  well elevation 1020ft 

 
head at 
R h2 782.5 feet  static depth to water 237.5ft 

  h1 786.6 feet  pumping/injection depth to water 233.4ft 
 K -10.8 ft/day  
  b 67 feet  
  r 0.25 feet  
  R 20 feet   h1 = (Q/2πrKb)ln(r/R) + h2  
  K =((Q/2πrb)ln(r/R))/(h1-h2)  
  
  well diameter (inches) 4 gradient -0.205  
                            

solve for K: weather station test well (705731)           
            

           
            

      

      
       

           
         
         
    

        
            

          
          

             

 
 thiem equation  
  
  Q 1231.5 ft3/day 24.2 liters/min  well elevation 925ft 

 
head at 
R h2 759.2 feet  static depth to water 165.8ft 

  h1 766.7 feet  pumping/injection depth to water 158.3ft 
 K -7.2 ft/day  
  b 64 feet  
  r 0.25 feet  
  R 20 feet   h1 = (Q/2πrKb)ln(r/R) + h2  
  K =((Q/2πrb)ln(r/R))/(h1-h2)  
  
  well diameter (inches) 

 
4

 
gradient
 

-0.375
 

 

bulk K value assuming that the ENTIRE Ironton-Galesville accepts injected water       
K 
(ft/day)  

  water tower well - 705730 10.8 b = 67 ft.          



  weather station - 705731 7.2 b = 64 ft          
             
              
              
              

        
        

    
             

   

            

 

   avg. injection rate (l/min) -20.83 18.1 l/m   
 meas. injection rate (l/min) -18.06    

Relative transmissivity of water-producing zones in Shakopee Mdw Water Tower  test well  (705730)  
adjusted injection rate 

(l/min) -18.06 
86.7 % 

total  

ambient and pumped flow numbers come from station flow chart     
change in static water level 

(ft.) 4.1  
 

  AMBIENT FLOW  INJECTED FLOW     
ZONE DEPTH above below Inflow above below Inflow DIFFERENCE PERCENT OF  
INDEX              

           

           

           

            

            

(ft) (l/min) (l/min) (l/min) (l/min) (l/min) (l/min) (l/min) TOTAL T  

     4 
612-
618 0.00 0.16 -0.2 -18.06 -14.56 -3.5 -3.3 19  

3 
626-
640 0.16 0.01 0.1 -14.56 -10.15 -4.4 -4.6 25  

2 
648-
658 0.01 -0.21 0.2 -10.15 -7.14 -3.0 -3.2 18  

1 
662-
678 -0.21 0.00 -0.2 -7.14 0.00 -7.1 -6.9 38  

TOTAL 0.0  -18.1 -18.1 100.0  
            
             
        
        

    

   
             

   

            

  
 

 avg. injection rate (l/min) -24.11 22.3 l/min   
 meas. injection rate (l/min) -22.33    

Relative transmissivity of water-producing zones in Shakopee Mdw Weather Station  test well  (705731)  
adjusted injection rate 

(l/min) -22.33
92.6 % 

total

ambient and pumped flow numbers come from station flow chart     
change in static water level 

(ft.) 7.5  
 

  AMBIENT FLOW  INJECTED FLOW     
ZONE DEPTH above below Inflow above below Inflow DIFFERENCE PERCENT OF  
INDEX              

           

            

           

            

(ft) (l/min) (l/min) (l/min) (l/min) (l/min) (l/min) (l/min) TOTAL T  

3 
536-
547 0.00 0.03 0.0 -22.33 -15.20 -7.1 -7.1 32  

2 
563-
586 0.03 -0.80 0.8 -15.20 -1.51 -13.7 -14.5 65  

1 
591-
599 -0.80 0.00 -0.8 -1.51 0.00 -1.5 -0.7 3  

TOTAL 0.0  -22.3 -22.3 100.0  
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Lower Mt S imon 
Aquifer

B ulk hydraulic conductivity ranges  from a few feet to 25
 ft/day. Lower values  largely reflect intergranular permeability, 
higher values  may reflect fracture flow in developed wells .

F racture flow more important. B ulk hydraulic conductivity on average 
double that of deeper conditions . C onductivity will be markedly variable.

Upper Mt S imon 
Aquifer

B ulk hydraulic conductivity from a few feet to 25 ft/day, 
Lower values  largely reflect intergranular permeability of 
coarse clastic beds , higher values  may largely reflect fracture 
flow in developed wells . C ompartmentalization of discrete 
aquifers  separated by fine clastic confining units .

F racture flow more important. B ulk hydraulic conductivity on average 
double that of deeper conditions . C onductivity will be markedly variable.

E au C laire 
C onfining Unit

HY DR OG E OLOG IC  
UNIT

Aquifer

C onfining Unit 

systematic fractures

solution enlargement 

Nonsystematic and 
bedding plane fractures  

S inkhole
P R OP E R T IE S  IN DE E P  B UR IAL 
C ONDIT IONS  (most of nw metro area)

P R OP E R T IE S  IN S HALLOW C ONDIT IONS
OF  B UR IAL (within about 50 ft of bedrock surface)

trans itional

Horizontal hydraulic conductivity .01 ft/day, vertical 
.0001 ft/day. 

F racture flow important. B ulk hydraulic conductivity of 10 to 15 ft/day, but
likely with individual intervals  locally with properties  s imilar to deep 
conditions . C onductivity will be markedly variable.

Ironton-G alesville 
Aquifer

Horizontal hydraulic conductivity 3-11 ft/day, largely reflecting 
intergranular permeability. V ertical conductivity estimated at 
about order of magnitude less .

F racture flow more important. B ulk hydraulic conductivity on average 
double that of deeper conditions . C onductivity will be markedly variable.

Lower F ranconia
C onfining Unit

Horizontal hydraulic conductivity .01 ft/day, vertical 
.0001 ft/day. High conductivity bedding plane fractures  
may be encountered near base.

F racture flow important. B ulk hydraulic conductivity of a few ft/day with 
discrete high permeability fractures . Other intervals  locally 
with properties  s imilar to deep conditions . C onductivity markedly variable.

Upper F ranconia 
Aquifer

Lower J ordan
and  S t Lawrence 
C onfining Unit

B ulk horizontal hydraulic conductivity typically 2-30 ft/day.
Where few or no fractures  present from  about one to 
10 ft/day. Individual frac's  with conductivity's  of tens  to 
thousands  of ft/day. V ertical conductivity uncertain, but 
where mostly fine clastic beds  could be .01 ft/day or less

F racture flow even more important. B ulk hydraulic conductivity double that of 
deeper conditions . C onductivity may well be markedly variable. 

B ulk horizontal conductivity from a few to perhaps  20 ft/day,
 achieved through fractures  with conductivities  of tens  to
 perhaps  thousands  ft/day. Unfractured intervals  with 
about .0001 ft/day vertical and .01 ft/day horizontal cond.

F racture flow even more important. B ulk hydraulic conductivity of tens  of
ft/day with discrete high permeability fractures  yielding water. Other intervals
 locally with properties  s imilar to deep conditions . C onductivity markedly 
variable.

J ordan Aquifer

B ulk horizontal conductivity typically from a few to 30 ft/day,
 inferred to be largely intergranular, but values  greater than
about 20 ft/day may be from fracture contribution. R egionally
averages  about 17 ft/day.

F racture flow even more important. B ulk horizontal conductivity more 
variable, and averages  43 ft/day regionally. Other intervals  locally with 
properties  s imilar to deep  conditions . 

Oneota 
C onfining unit

 F racture flow even more important. C onductivity uncertain, but known to
 provide confinement locally, and elsewhere to be breached by vertical 
fractures . B ulk hydraulic conductivity of tens  of ft/day with discrete high
 permeability fractures  yielding water are likely Other intervals  locally with 
properties  s imilar to deep conditions . C onductivity markedly variable.

S hakopee 
Aquifer

B ulk horizontal conductivity from a few to several hundreds  of 
ft/day, varying widely even locally. Discrete intervals  with 
 abundant secondary pores  have conductivities  in thousands  of
ft/day. Highly karstic 

B ulk horizontal conductivity poorly known,but limited tests
indicating most intervals  only a few ft/day or less . Individual 
bedding plane fractures  and cavities  can be 10's  ft/day.
 V ertical conductivity about .0001 ft/day.
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