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Abstract 

 

 Historic chemical and isotopic data for groundwater within the 11 county Twin 

Cities Metropolitan Area, extended (TCMAx) were used to distinguish three regional 

groundwater types based on similar chemical and isotopic composition: 1.) recent waters, 

characterized by detectable tritium, elevated chloride and/or the presence of 

anthropogenic compounds; 2.) waters with elevated strontium to calcium plus magnesium 

ratios; and 3.) naturally elevated chloride–distinct from recent waters based on carbon-14 

dating and low chloride to bromide ratios where sufficient data exists.  The three-

dimensional distribution of these hydrochemical facies were compared to permeability of 

unconsolidated sediments, the distribution of macropores within sedimentary (Paleozoic) 

bedrock, and the regional distribution of vertical hydraulic head gradient.  Results of this 

investigation demonstrate that groundwaters within the TCMAx can be broadly 

categorized by chemical composition, and that their distribution is controlled both by 

regional differences in subsurface permeability and natural hydraulic head gradients, and 

by regional changes in hydraulic gradient due to high-capacity pumping.  Chloride 

content and chloride to bromide ratios, in particular, can be used to identify the presence 

of recently recharged groundwater in bedrock aquifers and further characterize the 

movement of these recent waters through bedrock macropores. 

 Urban groundwater systems present unique challenges for resource management 

and scientific investigations due in large part to the transient nature of hydraulic head 

gradients and changing landuse.  For urban planners charged with groundwater resource 

management, results in this thesis demonstrate the utility of having groundwater 
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hydrochemical types fully integrated with a hydrogeologic framework model in a three-

dimensional geographic information system (GIS) environment, where age and chemical 

quality of groundwaters can be compared with other, more familiar factors, such as 

locations and pumping levels of high capacity wells.  For groundwater modelers of urban 

aquifers, these same results can guide conceptual models of recharge to bedrock aquifers 

and constrain model calibration to produce flux estimates in agreement with flowpaths 

indicated by the distribution of recent waters. 
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INTRODUCTION AND SUMMARY 

 The seven central counties within the eleven county Twin Cities Metropolitan Area, 

extended (TCMAx) (Figure 1) have, at present, over 2.8 million residents (Metropolitan 

Council, 2010).  With the exceptions of Minneapolis and, in part, St. Paul, groundwater is 

the primary drinking and industrial water source, with the majority of that supply coming 

from Paleozoic bedrock aquifers.  In addition, an abundance of surface water bodies in 

the TCMAx, including lakes, streams, and wetlands constitute a surface water-

groundwater system providing essential ecosystem functions that support not just a 

diversity of biological life but are also the foundation of Minnesota’s recreation and 

tourism industries. 

Within this context of multiple and often conflicting use, decision makers are 

faced with choices regarding utilization of groundwater resources.  Common questions 

include: “What is the quality of water in my area?  Is it getting worse or better?  If we 

increase our use of groundwater, what are the consequences?”  Furthermore, the nature of 

groundwater resources are largely in the realm of “out of sight, out of mind” and 

traditionally, decision makers have been inclined not to act until there is a tangible 

problem such as a contaminated public supply well, drought, or conflicts due to multiple 

uses.   

Difficulties arise because the spatial and temporal variability in groundwater 

composition and flow is often poorly characterized.  These problems are compounded in 

an urban area, where the effects of groundwater pumping and variable groundwater 
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recharge amounts and compositions complicate matters further.  In the past, numerical 

groundwater flow models have been the primary tool used to make decisions about land 

and water use.  Shortcomings of groundwater flow models in current use as decision-

making tools are most apparent when applied to problems of contaminant transport.  The 

TCMAx aquifers are typically characterized as dual-porosity aquifer systems under 

transient hydraulic conditions.  In the TCMAx, most applied models are steady-state and 

do not address transient conditions such as peak pumping periods during summer 

droughts.  The result is that decision makers are ill-equipped to respond to questions 

about groundwater quality, particularly when contaminants unexpectedly appear in wells.  

The shortcomings of these models are typically not due to limitations in modeling 

technology.  Many applied groundwater models currently in use in the Twin Cities area 

were developed using a conceptual model of groundwater flow that defines aquifer and 

confining units by stratigraphic boundaries and assumes that each behave hydraulically as 

isotropic and homogeneous porous media.  These assumptions, referred to herein as the 

traditional hydrogeologic conceptual model (THCM), result in flow models that provide 

reasonable estimates of groundwater yield, but do not accurately describe rates or 

pathways of groundwater movement. 

The use of hydrochemical and isotopic data as environmental tracers addresses 

spatial and temporal variability of groundwater flow in a different way.  The most direct 

and intuitive example of this is the introduction of an artificial tracer at one place and its 

detection somewhere else.  The detection of the tracer indicates that there is a hydraulic 

connection between the two points, regardless of what a model predicts (Kendall, 2005).  
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When hydrochemical facies are mapped in three dimensions, their spatial distribution can 

be compared to other subsurface data, including location and depth of high-capacity 

wells, elevations of major rivers, and the presence and absence of confining units.  For 

decision makers not trained in hydrogeology, this type of tool is useful because it shows 

differences in groundwater chemical types and the hydrogeologic and anthropogenic 

factors that control their distribution. 

The overall objective of this project is to provide decision makers with a tool to 

assess changing groundwater quality conditions in an urban area.  Specific research 

objectives are to 1.) Classify and map the three-dimensional distribution of groundwater 

types based on interpreted age and chemical composition.  2.) Evaluate that distribution 

in the context of a three-dimensional geologic framework model of the TCMAx, showing 

how groundwater types are related to subsurface permeability and hydraulic head 

gradient.  The research objectives are accomplished by evaluating the following 

hypotheses: 

1. Broad similarities in the natural (pre-anthropogenic) chemical composition of 

groundwater in metropolitan bedrock aquifers allow recently recharged 

groundwater to be easily identified by the presence of anthropogenic tracers. 

2. Groundwater develops a distinct chemical signature as it moves through the 

ground that can be used to identify its recharge area. 

3. The distribution of elevated chloride or other conservative anthropogenic 

tracers in bedrock aquifers can be explained, in part, by the geologic 

conditions that enhance development of secondary porosity and permeability.  
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These features include buried bedrock valleys, proximity to the bedrock 

surface, faults, and zones of preferential groundwater flow. 

 

Based on the analysis of chemical an isotopic data presented in this thesis, several 

conclusions can be drawn about the chemical composition and nature of groundwater 

flow in the TCMAx: 

 Three regional groundwater types can be distinguished within the TCMAx based 

on similar chemical and isotopic composition: 1.) recent waters, characterized by 

detectable tritium, elevated chloride and/or the presence of anthropogenic 

compounds; 2.) waters with elevated strontium to calcium plus magnesium 

(Sr/(Ca+Mg)) ratios; and 3.) naturally elevated chloride—distinct from recent 

waters based on carbon-14 dating and low chloride to bromide ratios where 

sufficient data exists. 

 Recent waters are associated with an upper ‘active’ zone of groundwater flow 

characterized by shorter residence times, higher concentrations of anthropogenic 

compounds and greater variability in chemical composition.  The presence of 

recent water at depth in the central TCMAx, below the elevation of the regional 

discharge to the Mississippi, Minnesota and St. Croix Rivers, shows that changes 

in groundwater flowpaths have occurred since the advent of high-capacity 

groundwater pumping.  More water moves in the vertical direction in these areas 

than did before 100 years of groundwater pumping began.  Extending out from 

the central TCMAx, this active zone is found most often within 60 to 100 feet of 
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the land surface.  This active zone includes tills, where the upper 60 feet has 

markedly higher permeability than the same textures at greater depths. 

 Elevated Sr/(Ca+Mg) groundwaters are found in the western TCMAx and at 

depth, and are associated with recharge through Des Moines Lobe till and/or 

longer residence times.  The distribution of this hydrochemical facies appears to 

have changed with time as hydraulic conditions changed.  Elevated Sr/(Ca+Mg) 

ratios in the western TCMAx may have, at one time, extended further east toward 

regional discharge in the Mississippi River under natural hydrologic conditions.  

In eastern Hennepin County, these waters are thought to have been replaced by 

recent waters due to an increased vertical head gradient resulting from high 

capacity pumping, combined with a lack of overlying till. 

 In bedrock aquifers, differences in chemical and isotopic composition subdivide 

traditional hydrogeologic conceptual model (THCM) aquifers into subunits of 

similar porosity and permeability.  Specifically, within the THCM Prairie du 

Chien-Jordan aquifer, chloride content is significantly higher in the Shakopee 

Formation than it is in the Jordan Sandstone.  Similarly, where there is adequate 

data from both the Shakopee and the Jordan in proximity to one another, PFC’s 

are detected more often in the Shakopee Formation. 

 Although there are considerably less data for comparison, similar results are 

found in the THCM Franconia-Ironton/Galesville (Tunnel City Group-Wonewoc) 

aquifer, with recent waters found in the upper Franconia (Tunnel City Group), a 

lack of well completions in the lower Tunnel City Group where permeability is 
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low, and an absence of recent waters in the Ironton/Galesville (Wonewoc 

Formation). 

 Below the Eau Claire Formation, chemical and isotopic data show that flow in the 

Mt. Simon is isolated from flow in the units above it.  Residence times in the Mt. 

Simon are considerably longer (centuries to millennia), strontium concentrations 

are higher, and naturally elevated chloride is present in its lower sections and near 

major fault zones.  This aquifer currently has residence times far longer than the 

less than 50 years seen in the upper bedrock aquifers. 

 There is an apparent trend toward higher chloride, and by inference, greater flux 

of groundwater in proximity to the bedrock surface and near bedrock valleys.  

Although the trend is not statistically significant, it is expected that these areas are 

capable of producing more water to pumped wells compared to wells in dissimilar 

settings.  As with wells finished in other areas of the enhanced macropore 

development, it is also expected that these wells will show a greater temporal 

variability in chemical composition. 

 

In the context of the groundwater flowpaths outlined above, a number of steps can be 

taken to apply this information toward groundwater management in the TCMAx: 

 In 2012, revisions are underway on the current Metro Area Groundwater Model, 

referred to as Metro Model II (Metropolitan Council, 2012).  The regional 

distribution of chemical types should be used in this modeling effort to constrain 

possible groundwater flowpaths from the land surface to bedrock.  Because the 
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distribution of chemical types, in particular, the distribution of recent waters 

matches the estimated vertical hydraulic head gradient distribution across the 

TCMAx, flux estimates on a cell by cell basis from the regional groundwater 

model should be compared to the distribution of recent waters to test 

recharge/pumping scenarios for the central TCMAx outlined above.  Flux 

estimates should also be compared for other portions of the metro area where 

bedrock aquifers are hydraulically isolated from the land surface, such as portions 

of western Hennepin, Carver and Scott Counties, and in areas where hydraulic 

conditions are expected to change due to population growth, such as Anoka 

County. 

 Evaluating groundwater flowpaths from the land surface to bedrock aquifers 

depends largely on boundary conditions used.  Several separate numeric solutions 

should be considered, including, at a minimum, no-flow boundaries for bedrock 

layers on the western edge of the model where subcrop edges of bedrock units are 

overlain by a thick sequence of glacial tills.  No-flow boundaries would eliminate 

a constant lateral source of water for these layers.  Chemical and isotopic data 

show that bedrock aquifers in portions of western Hennepin County have no 

recent water.  Calculated vertical travel times reflect the low vertical gradient/low 

permeability of unconsolidated material in this area; model results should reflect 

that recharge applied to the upper cells in this area are not in steady state with 

bedrock layers over the time scales of less than one hundred years. 
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 Pre-development data on strontium on concentrations in eastern Hennepin County 

do not exist.  Therefore, source water conditions should be tested in the proximity 

of the Sr/Ca+Mg—recent water border shown on cross section A-A’ (Figure 28) 

by sampling municipal wells in that area.  Waters with Sr/Ca+Mg molar ratios 

greater than 0.001 are likely drawing water laterally from western areas that 

receive limited vertical recharge. 

 From a water management perspective, the question arises as to whether the 

pattern of recharge and use indicated by recent waters at depth within the central 

TCMAx is sustainable.  Water volume calculations should be conducted to see 

whether the volume of water pumped within this zone matches the amount of 

water available via recharge from above it.  Using the 750 foot contour on Figure 

14.C to approximate the boundary of recent waters at depth, if the recharge 

volume over this area is considerably less than the pumping volume within it, then 

it is expected that water levels in the Prairie du Chien Group and Jordan 

Sandstone will drop with time, and are not sustainable under current pumping and 

recharge conditions. 

 Hydrostratigraphic units should be incorporated into bedrock model layers by 

modifying hydraulic conductivity values and reducing aquifer thicknesses.  In 

both the Shakopee Formation and upper Tunnel City Group, the occurrence of 

recent waters combined with documented higher permeability due to enhanced 

macropore development, suggests greater flux through these units relative to the 

Oneota Dolomite and its basal Coon Valley member (lower Prairie du Chien 
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Group), and lower Tunnel City Group, with greater temporal variability in 

chemical composition.  Higher K ranges for Shakopee and upper Tunnel City 

Group should be incorporated into the model, with thicknesses of these layers 

reduced to reflect the permeable thicknesses of these subunits.  Thicknesses of the 

Prairie du Chien and Tunnel City Groups vary across the TCMAx, but the lower 

permeability portions of both these units (approximately 40 feet in the Prairie du  

Chien and 60-80 feet in the Tunnel City Group) can be subtracted from the 

bottom of each to leave a remainder of permeable bedrock. 

 Chemical and isotopic data show a trend toward higher bedrock permeability near 

the bedrock surface and bedrock valleys, regardless of bedrock lithology, 

presumably because of a higher density of vertical, through-going fractures.  In 

GIS, this hydrostratigraphic zone of higher bedrock permeability is most easily 

defined creating a separate raster equal to the bedrock surface minus 50 feet.  The 

resulting raster can be used to modify K values within bedrock groundwater 

model layers. 

 Buried bedrock valleys provide “windows” to lower bedrock aquifers.  From a 

groundwater resource management perspective, these windows are important in 

areas where a vertical hydraulic gradient is present, or could be present in the 

future as the distribution of high-capacity pumping changes with time.  The 

presence of the Platteville and Glenwood Formation in the central TCMAx, 

combined with a large vertical gradient in this area highlights the hydrologic 

importance of these bedrock valley windows where the Platteville/Glenwood 
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confining units are absent.  The Quaternary subsurface regional texture dataset 

included in this thesis, provides an up-to-date distribution of textures in these 

bedrock valleys, both in areas where subsurface mapping as occurred, and in areas 

modeled by interpolation from the Minnesota state water well database, CWI.  

These data are in GIS format, and should be used to guide hydraulic conductivity 

estimates for buried bedrock valleys in regional and local groundwater models. 

 There are significant gaps in chemical, isotopic, subsurface, and hydraulic head 

data that should be addressed in future data collection.  Stable isotopes of oxygen 

and hydrogen—useful for both identification of surface water/ground water 

interaction and recharge from glacial melt water—are largely absent from this 

dataset.  This dataset also has a limited number of bromide analyses that are 

extremely useful for identifying sources of chloride.  In the subsurface, 

Quaternary subsurface mapping is missing for important recharge areas of the 

central TCMAx, including southern and eastern Hennepin County, Ramsey, and 

Dakota Counties.  Finally, real time hydraulic head data, both from pumping and 

observation wells, are necessary to evaluate transient conditions within and 

between aquifers.  These data, along with chemical and isotopic data, should be 

collected and archived in a georeferenced database so that trends can be identified 

as groundwater quality and flowpaths change with time. 
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The work presented in this thesis has applicability to the broader, non-provincial 

hydrogeologic community.  For planners, it demonstrates, for the first time, the utility of 

having mapped, three-dimensional hydrochemical facies in a GIS format, combined with 

a hydrogeologic framework model over a regional urban area.  Groundwater managers 

can compare the age and chemical quality of groundwater with other, more familiar 

factors in an urban setting, such as the location and pumping levels of high capacity 

wells.  Furthermore, it demonstrates the need for continued archival of georeferenced 

chemical data.  This type of data collection is critical in an urban setting, where hydraulic 

conditions change with time over regional scales.  For the technical hydrogeologic 

community, this work investigates the distribution of hydrochemical facies at regional 

and local scales, interpreted in the context of a revised hydrogeologic conceptual model, 

where water-bearing characteristics of sedimentary aquifers and aquitards are more 

closely aligned with regional compilations of  borehole geophysical measurements, 

temperature profiling, short-interval packer testing, multi-level hydraulic head 

measurement, and dye tracing results.  Specifically, it documents the presence of recent 

waters in areas of known macropore development, both parallel to bedding along 

previously identified stratigraphic horizons, and perpendicular to bedding in proximity to 

the bedrock surface and/or buried bedrock valleys.  For both planners and the technical 

hydrologic community, this work raises fundamental questions about the pathways for 

groundwater to move vertically in urban settings, where high capacity pumping creates 

conditions to move contaminants at depths, either along vertical fractures or multiple 
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aquifer wells, at rates that greatly exceed modeled porous media transport through 

aquitards. 

 

BACKGROUND AND THEORETICAL FRAMEWORK 

Hydrogeologic setting 

 The TCMAx is trisected by the Minnesota and Mississippi Rivers, and bordered to 

the east by the St. Croix River (Figure 2).  At elevations ranging from 700 to 800 feet 

above mean sea level, these major rivers are discharge zones for regional groundwater 

flow from topographic highs in Scott and Dakota Counties to the south, Carver, Western 

Hennepin and Wright Counties to the west, and northern Washington, Chisago and Isanti 

Counties to the northeast.  

 These regional flow directions are seen in potentiometric surfaces for both the 

regional water table (Barr, 2010) and the combined potentiometric surfaces of the Prairie 

du Chien and Jordan aquifers (Sanocki et al., 2009) (Figure 2).  The Prairie du Chien 

Group along with the underlying Jordan Sandstone provide the majority of groundwater 

used in the TCMAx.  Higher summer groundwater pumpage lowers the combined Prairie 

du Chien and Jordan potentiometric surface seasonally (Sanocki et al., 2009) (Figure 3).  

The spatial distribution of this seasonal change matches the distribution of municipal 

groundwater use (Minnesota Department of Natural Resources, 2011), with largest 

decreases in water levels occurring in west central Hennepin, Ramsey and eastern 

Washington Counties. 

 Covering the bedrock surface are glacial deposits ranging from northwest 
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provenance loam to clay loam, carbonate-rich tills and associated fluvial sands and 

gravels, to northeast provenance sandy loam and associated fluvial sands and gravels 

containing abundant silicate minerals.  The TCMAx has experienced many glacial 

advances and retreats.  Depositional environments include a continuum of subglacial, 

proglacial fluvial, ice contact, stagnation moraine and lacustrine deposits—a complex 

distribution of textures and hydraulic properties that range in thickness from a few to 

greater than several hundred feet.  At the land surface, unconsolidated sediments consist 

of primarily loam to clay loam materials to the west, sand and gravel to the east and 

southeast and in terrace deposits along major rivers, and sand, fine sand, and peat to the 

north (Figure 4.A) (Meyer, 2007). 

 Below the glacial sediments, Paleozoic bedrock within the TCMAx consists of 

nearly flat-lying sandstone, carbonate and shales of Middle Cambrian to Upper 

Ordovician age, greater than 1000 feet in thickness, dissected by numerous bedrock 

valleys (Figure 4.B) (Mossler, 2000).  These rocks, extending southwards over much of 

the midcontinent, are preserved locally within the Twin Cities Basin, which was formed 

by adjustments of basement Proterozoic rock associated with the Mid-Continent Rift 

(Mossler, 2008).  The edges of the basin are bound by faults that extend into the 

Paleozoic rocks with local offsets of 100 feet or more.  The dissecting bedrock valleys 

range in width from less than 1000 to over 10,000 feet and reach depths of over 400 feet 

(Figure 5). 

 Porosity and permeability of glacial sediments in the TCMAx can vary over five 

orders of magnitude, based on measurements over a range of scales, from laboratory to 
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field studies (Table 1) (Tipping et al., 2010).  Layering of sediments, seen in well records 

and scientific borings and outcrop, can be extremely complex.  Nonetheless, some 

regional differences, at least for uppermost sediments, are discernible.  Northwest 

provenance tills (Des Moines Lobe) to the west are, on average an order of magnitude 

less permeable than northeast provenance tills to the east (Superior Lobe).  Superior Lobe 

 

Table 1.  Summary of horizontal and vertical hydraulic conductivity values by method 

(Tipping et al., 2010) 

Hydraulic Conductivity - horizontal (ft/day) 

    method/hydro_class n mean min max geomean 

Grain size description 

     1 loam to clay loam 1155 2.37E-01 2.83E-05 5.45E+00 9.64E-02 

2 loam to sandy loam 325 1.26E+00 2.78E-03 1.42E+01 5.70E-01 

3 
loam, silt rich; silt and 

clay 
79 3.45E-01 8.57E-03 3.35E+00 1.39E-01 

4 loam to sandy clay loam 37 1.35E+00 8.85E-02 3.42E+00 1.02E+00 

5 sand and gravel 168 5.47E+01 2.83E-02 3.09E+02 1.92E+01 

6 fine sand 32 4.81E+00 5.84E-05 3.69E+01 1.61E-01 

7 sandy silt 38 5.65E-01 1.42E-04 1.13E+01 2.42E-02 

Lab Permeameter 

     5 sand and gravel 3 2.34E+00 4.30E-01 4.50E+00 1.60E+00 

Aquifer test 

     5 sand and gravel 118 1.17E+02 4.82E-01 4.15E+02 6.53E+01 

Slug test 

      1 loam to clay loam 17 3.87E-01 5.67E-04 3.83E+00 2.80E-02 

2 loam to sandy loam 34 2.27E+00 2.83E-03 4.30E+01 2.00E-01 

3 
loam, silt rich; silt and 

clay 
7 1.43E-02 7.65E-05 9.35E-02 7.74E-04 

5 sand and gravel 215 3.98E+01 5.00E-03 5.40E+02 8.07E+00 

6 fine sand 14 3.91E+00 1.42E-03 2.61E+01 5.11E-01 

7 sandy silt 18 2.49E+01 1.40E-01 1.50E+02 5.54E+00 

Specific Capacity - excluding CWI 

     5 sand and gravel 17 40.7294 1.5 152 2.66E+01 

Lab Permeameter - constant head 

     1 loam to clay loam 17 1.68E-01 6.24E-05 2.83E+00 7.26E-04 

5 sand and gravel 51 7.79E+00 4.82E-05 1.11E+02 1.69E+00 

6 fine sand 2 1.70E+00 1.50E+00 1.90E+00 1.69E+00 

7 sandy silt 9 8.55E-01 8.50E-04 5.67E+00 8.88E-02 

Lab Permeameter - falling head 

     1 loam to clay loam 37 7.14E-02 2.83E-06 1.98E+00 2.19E-04 

2 loam to sandy loam 14 2.45E-01 1.98E-05 3.40E+00 9.81E-04 

3 

loam, silt rich; silt and 

clay 4 1.94E-04 6.80E-05 3.97E-04 1.55E-04 
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Table 1. (continued) 

method/hydro_class n mean min max geomean 

5 sand and gravel 4 4.27E-01 6.80E-03 1.13E+00 1.22E-01 

6 fine sand 1 2.35E-01 2.35E-01 2.35E-01 2.35E-01 

7 sandy silt 31 1.07E-01 9.35E-06 1.64E+00 1.73E-03 

Aquifer test 3 

    5 sand and gravel 3 6.76E+01 7.00E-01 1.01E+02 1.93E+01 

 

 

 

 

sediments are less uniform, with a greater abundance of sand bodies within what drillers 

typically describe as “sandy clay,” “clay and sand,” “clay and gravel” or “gravelly clay.” 

Based on literature review and a limited number of measurements within the TCMAx, it 

is expected that the hydraulic conductivity of fine grained sediments for both northwest 

and northeast provenance tills decrease one to two orders of magnitude at depths greater 

than 60 feet (20 meters) (Tipping et.al., 2010). 

 In southeastern Minnesota, porosity and permeability of the Paleozoic bedrock have 

traditionally been linked in a conceptual way to stratigraphic boundaries.  Aquifers and 

aquitards have been assigned bulk hydraulic conductivities over entire or multiple 

formations, under an assumption of isotropic, porous media.  Examples include the 

Prairie du Chien-Jordan and Franconia-Ironton-Galesville aquifers in Minnesota, and the 

Cambro-Ordovician aquifer in Wisconsin and Illinois (e.g. Delin and Woodward, 1984; 

Woodward, 1986).  Significant efforts have been made over the past decade to define 

water-bearing characteristics of aquifers and aquitards in the Paleozoic rocks of the 

Midwest that are more closely aligned with regional compilations of borehole flowmeter 
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logging, optical and acoustical borehole imaging, temperature profiling, short-interval 

packer testing, multi-level hydraulic head measurement, and dye tracing results 

(Bradbury and Runkel, 2011).  These investigations are developing a revised 

hydrostratigraphic framework showing that measurements and observations of macropore 

development at borehole scales can be correlated regionally.  From a hydraulic 

perspective, such zones of preferential macropore development are revealed under natural 

vertical gradients, such as regional discharge areas, or under conditions of induced stress 

from groundwater pumping (Runkel et al., 2003).  The observations have led to revised 

conceptual models of groundwater flow,  reinterpretation of apparently contradictory 

hydraulic head data (e.g., Wenck and Associates, Inc., 1997) and application to 

groundwater flow models (e.g Barr, 2005; 2010).  An important component of this 

investigation is to evaluate the distribution of recently recharged groundwaters in the 

context of this revised hydrostratigraphic framework.  

 

 

Previous chemical and isotopic investigations 

In the TCMAx, there is a large amount of high-quality historic chemical and 

isotopic data that was collected for a variety of purposes, often solely for monitoring 

groundwater quality.  Interpretations of these data applied to groundwater flow systems 

have been based on the THCM (i.e., Andrews et al., 1998; Fong et al., 1998) as 

hydrochemical systems that operate independently of geologic constraints (Nemetz, 

1993; Smith and Nemetz, 1996), or that the geology of the study area is too complex to 
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be used for analysis (MPCA, 2000b).  Many of these studies have focused only on 

surficial aquifers (e.g., Andrews et al., 1999) while others combine hydrochemical and 

hydraulic data over several aquifer units (Woodward, 1986; Smith and Nemetz, 1996; 

Andrews et al., 1998).  Types of high-quality data collected include physical parameters 

(temperature, electrical conductivity, and oxidation/reduction potential), major cations 

and anions, nutrients, dissolved organic carbon, trace metals, radon, tritium, pesticides, 

and volatile organic compounds.  Additional high-quality hydrochemical data have been 

collected as part of local groundwater concerns, including well-head protection (Walsh, 

1992); groundwater management areas (MDH, 2004); individual sewage treatment 

studies (MPCA, 2000a); and nitrate studies (MPCA, 2000b; MPCA 2002).  Several 

investigations involving surface water and shallow groundwater have been analyte-

specific, including chlorides (Novotny et.al., 2007; Fallon and Chaplin, 2001) and 

peroflourochemicals (PFCs) (MDH, 2008). 

 Several reports have taken a systematic look at regional hydrochemical conditions 

either specifically designed as a hydrochemcial investigation (Maderak, 1963; Sabel, 

1985; Kanivetsky, 1986; Lively et al., 1992; MPCA, 1998a,b) or as part of a more 

general hydrogeologic study (Hall, 1911), but, as with previous investigations, 

interpretations of chemical data in these studies are largely based on a traditional 

hydrogeologic framework that links hydraulic characteristics to traditional stratigraphic 

boundaries at the formation scale.  
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Factors affecting groundwater flow and chemical composition in an urban area 

 Urban hydrogeologic settings differ from non-urban settings in a number of distinct 

ways.  High-capacity pumping influences vertical and horizontal hydraulic head gradients 

in a significant and transient manner.  Multi-aquifer wells interconnect aquifer units.  In 

the TCMAx, the number and distribution of these wells is largely undocumented.  In 

urban areas, increased vertical hydraulic head gradients due to high-capacity pumping 

can move water rapidly through aquifers and aquitards via multi-aquifer wells.  Flow log 

and borehole video data provide evidence for rapid downward and upward flow in multi-

aquifer test wells located near municipal well fields.  Less well documented, but likely 

just as important is downward and upward flow through vertical fractures (Hart, 2006).  

In both cases, increased vertical hydraulic head gradients caused by high-capacity 

pumping create conditions for rapid migration of water in the vertical direction. 

 From a chemical perspective, land surface activities in urban areas often provide 

the means to link groundwaters to particular recharge areas (Figure 6; Lerner, 2002).  

Conditions unique to urban settings include recharge due to leaky infrastructure.  The 

distribution of marker species, such as boron used as a detergent additive, has been used 

to assess sewer-groundwater interaction (Wolf, et al., 2006).  Other urban marker species 

include iodinated x-ray contrast material, caffeine, and pharmaceuticals.  Organic 

materials as waste water indicators often do not persist, as they are not chemically 

conservative.  Moran (2006) found that the occurrence of wastewater compounds in 

ambient groundwater is rare and that these compounds are substantially removed during 

recharge to groundwater.  In contrast, other anthropogenic compounds are more 
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conservative and ubiquitous in surface water and shallow groundwaters.  N,N-Diethyl-

meta-toluamide (DEET) is among the compounds most often detected in recent and 

ongoing investigations by the United States Geological Survey (USGS)  (Stark et.al., 

2001; Lee et.al., 2008). 

 Chemical loading in urban settings occurs as continuous, one-time, and seasonal 

events, and is variable over time with changes in land use and subsurface infrastructure 

(Lerner, 2002).  The nature of the tracer application is important and in part determines 

the manner in which subsurface concentrations are interpreted (Scanlon, 2010).  Aging 

sewers, for example, are often self-sealing, and open up again after large rain events 

(Held et al., 2007).  Depending on the timing of discovery and their composition, one 

time “pulses” such as a chemical spills may not be traceable back to the  

land surface. (Lerner, 2002).  Chlorides from road salt applications have increased in the 

TCMAx as population has increased (Sander et al., 2007) and have been found to be 

accumulating in metro area lakes (Novotny et al., 2007).  Depending on the geologic 

setting and hydraulic head gradient, seasonal loading of chlorides due to road salt 

application may form a continuous plume that is traceable back to the land surface 

(Howard and Maier, 2007).   

 

Use of chemical and isotopic data to characterize groundwater flow systems 

 The use of hydrochemical data to characterize groundwater flow is based on the 

concept of hydrochemical facies (Back, 1960, 1966) where geochemical observations are 

made in the context of groundwater flow through aquifers of relatively homogeneous 
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hydrologic and mineralogic properties (Glynn and Plummer, 2005).  The development of 

a regional water chemistry database and subsequent analysis requires that baseline 

conditions are established (Edmunds and Shand, 2008).  In an urban area, it is 

particularly important to establish whether anthropogenic or strictly natural processes are 

involved (Camp and Walreavens, 2008).  Specific to this investigation, chemical 

composition of groundwaters that are different from natural background conditions have 

been used to determine the depth of recent recharge in urban settings (Taylor et al., 2006) 

and flow near public well fields (Mendizabal et al., 2011).  A major goal of data 

collection, analysis, and archiving is to establish background data to compare with recent 

data reflecting changing conditions. 

Statistics are often used to establish baseline conditions although methods and 

design vary depending on study goals.  Statistical approaches typically are designed to 

distinguish differences between populations, such as regional or vertical differences 

between hydrostratigraphic units, anomalous “hot spots,” or changes in chemical 

composition with time.  Specific statistical methods include traditional descriptive 

statistics, focusing on distinguishing central measures (mean or median) and variability of 

populations, and methods designed to identify populations themselves.  The latter, 

broadly defined as multivariate statistical approaches, include principle component 

analysis, factor analysis, correspondence analysis, and K-measure cluster analysis (e.g. 

Agrawala, 2007; Woocay, 2008).  Applied to groundwater chemistry, these methods 

focus on reducing the number of variables describing a system and identifying 

relationships between major ions.  Advocates of multivariate methods argue the methods 
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can objectively reveal patterns in the data that would be otherwise indistinguishable, or 

perhaps more importantly, unexpected (e.g. Dragon and Gorski, 2009).  Advocates of 

more traditional approaches argue that expert knowledge must guide statistical design, 

and that a “black box” approach to chemical data ignores insights into chemical processes 

of physical setting in developing and testing conceptual models (Plummer, et al., 2004; 

Camp and Walraevens, 2008). 

Additional hydrochemical facies can be defined by anthropogenic components 

(Suk and Lee, 1999; Swanson, et al., 2001) and have been particularly useful for 

characterizing recharge in urban areas (Appleyard, 1995; Barrett, et al., 1999; Lerner, 

2002; Morris, et al., 2005).  Anthropogenic components used as tracers are typically 

conservative anions such as chloride, although other anions, such as nitrate and sulfate 

have proven useful as anthropogenic tracers in conditions where they are present above 

natural background levels.  Other compounds found in urban groundwater that have been 

used to identify recent recharge include pesticides, herbicides and their breakdown 

products, and a host of other man-made compounds including caffeine, pharmaceuticals, 

and bug repellants (e.g. Vazquez-Sune and others, 2005).   

Chloride as a proxy to characterize the distribution of recently recharged 

groundwater has several advantages: 1.) Chloride is a conservative tracer; as such, it is 

expected to move relatively freely through aquifer materials.  2.) Chloride analyses are 

readily available and are included in routine chemical analyses; 3.) Chloride 

concentrations used to distinguish between natural background levels and anthropogenic 

inputs are above historical detection limits.  Therefore, a large temporal range of 
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hydrochemical data can be used.  In the TCMAx, a study in Dakota County found that 

chloride trends were increasing in time within the Jordan aquifer between 1999 to 2003, 

based on repeated sampling of the same wells (Dakota County, 2006).  Similar trends 

have been identified in the Chicago area where long-term increases of chloride 

concentrations in groundwater have been documented, again based on repeated sampling 

in the same wells over the period of decades (Kelly, 2008) 

 Chloride, because of its conservative chemical properties, works well for 

establishing baseline conditions both in absolute concentration and in comparison to 

other anions.  Chloride has also been used in mass balance calculations to estimate 

recharge rates in a number of different hydrogeologic settings, including arid to semi-arid 

alluvial areas (Subyani, 2004; Edmunds et al., 2002) and in areas of changing agricultural 

land use (Huang and Pang, 2011).  Extensive literature exists on using chloride as an 

indicator of anthropogenic source-waters (e.g., Panno, 2006).  In this study, chloride 

concentrations are compared to tritium concentrations to show correlation between 

elevated chloride levels and its occurrence in groundwater that, at least in part, recharged 

within the last 60 years.  Chloride to bromide ratios are also useful to distinguish elevated 

chloride due to anthropogenic sources (Mullaney et al., 2009; Eckman and Alexander, 

2005) and the presence of older, more saline waters (Davis et al., 1998; Alexander, 2005; 

Freeman, 2007).  Older waters with elevated chloride typically have higher bromide 

concentrations compared to recently recharged waters.  As analytical detection limits for 

bromide have lowered, ratios are an increasingly effective tool for identifying a broad 

range of source waters (Alexander, 2005). 
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 In addition to chloride, other marker species or environmental tracers in 

groundwater can help identify groundwater flowpaths.  The term ‘environmental tracer’ 

can encompass a wide range of chemical compounds.  In reference to atmospheric 

sources, it is defined as constituents and dissolved gases (e.g., chlorofluorocarbons, 

isotopes of hydrogen, helium and other noble gases, carbon, and oxygen) that are 

entrained in precipitation and recharged to groundwater (Shapiro, 2011).  Tracers can be 

natural/environmental, inadvertent (as in the case of groundwater contamination), and 

intentionally applied (Scanlon et al., 2002). 

 Environmental tracers are also useful for characterizing groundwaters by their 

residence times.  Where age determinations are based on a known rate of isotopic decay 

(i.e. carbon 14, tritium/helium) or on a known atmospheric concentration or loading rate 

such as chlorofluorocarbons (CFC) or sulfur hexafluoride (SF6), a piston flow assumption 

is often used to calculate time of travel.  When the piston flow assumption is not used, 

calculating a groundwater age from a tracer requires some type of interpretation relating 

measured concentrations to an age distribution in groundwater discharge and a mean 

residence time of water in the aquifer (Glynn and Plummer, 2005).  Flow lines of 

different lengths and travel times contribute water to a single sampling site, and mixing 

of groundwater ages in a single water sample makes the piston flow assumption tenuous 

(Zuber et al, 2005).   

 In a study that combined CFC measurements, multiple geostatistical realizations of 

permeability distributions and a numerical groundwater flow and contaminant transport 

model, Weissmann et al., (2004) showed that groundwater reaching a well in a 
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heterogeneous aquifer (stream dominated alluvial fan) typically consists of a wide 

distribution of groundwater ages, even over screened intervals less than 1.5 meters long.  

They concluded that the significant dispersion of groundwater ages “implies that 

ultimate, maximum effects of nonpoint source, anthropogenic contamination of 

groundwater may not be reached until after many decades or centuries of gradual decline 

in groundwater quality” (Weissmann et al., 2004). 

 Differential advection of anthropogenic tracers has also been used to interpret 

groundwater flowpaths.  Zhang et al., 2001, concluded that microorganisms, whose size 

limits their passage through small aquifer pores, sample a subset of total pathways that 

favor higher groundwater velocities.  In contrast, conservative solutes are less limited by 

pathway geometries and reflect bulk (mean) groundwater flow velocities.  In fractured 

porous media, such as fractured clayey or silty aquitards or fractured sedimentary rocks, 

diffusion into the low-conductivity matrix prevents the use of methods such as 

tritium/helium -3 dating to obtain more precise groundwater ages (Bradbury et al., 2006).  

Difficulties in interpreting residence time from environmental concentrations in fracture 

rocks settings arise because of abrupt spatial changes in hydraulic properties; macropores 

with a wide range of dimensions and connectivities result in velocities that can vary over 

orders of magnitude (Shapiro, 2011). 

In contrast to their use for calculating absolute ages, both chemical and isotopic 

data have been used in the TCMAx and elsewhere in southeastern Minnesota to assign 

residence time classifications to water samples.  A widely used model that has shown to 

be useful is the three-component model of Alexander and Alexander (1989).  In this 
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model, a “vintage” age is assigned to waters with no detectible tritium and chloride 

concentrations at natural background levels.  These waters are thought to be dominated 

by waters having entered the ground prior to 1953.  “Recent” waters are identified by 

having tritium concentrations greater than 10 tritium units and have chloride levels well 

above natural background levels.  These waters are thought to be dominated by waters 

that entered the ground since 1953.  Finally, “mixed” waters are considered mixtures of 

these two end members, with detectible tritium < 10 tritium units and intermediate 

chloride concentrations.  It should be noted that all groundwaters are mixtures to some 

degree. 

 Recognizing that all groundwaters are mixtures, the presence of an atmospheric 

tracer such as tritium, CFC, or SF6 indicates a hydraulic connection between the land 

surface and an aquifer, and a groundwater age for at least a portion of the water sampled 

can be assigned that is less than or equal to its first known ubiquitous atmospheric 

occurrence.  Furthermore, the premise applied in this study is that groundwater with a 

detectible anthropogenic tracer has traveled wholly or in part along relatively rapid 

pathways, and groundwater without these components traveled along less rapid pathways 

(Bradbury et al., 2006). 

 Chemical and isotopic data have been used to identify zones of preferential flow 

due to secondary porosity and permeability in sedimentary rocks.  There is extensive 

literature on the use of artificial tracers to characterize groundwater flow in karst aquifers 

(see Benishcki et al,. (2007) for a summary of methods and references).  More relevant to 

this study is the use of changes in water chemistry, isotopes or physical parameters such 
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as temperature or conductivity to identify zones of preferential flow at a regional scale.  

The persistence of distinct chemical signatures over larger regions has been attributed to 

groundwater flow along discrete zones that limit the amount of dispersive mixing 

(Scheiber et al., 1999).  Swanson et al,. (2006) found that abrupt changes in fluid 

temperature, fluid resistivity from borehole geophysical logs corresponded to changes in 

flow rate within specific portions of the Tunnel City Group in Wisconsin, and that these 

zones could be correlated over tens of kilometers.  Novakowski and Lepcevic (1988), 

found evidence for rapid flow in the upper portion of a bedrock aquifer based on 

chemical composition and electrical conductivity that matched detailed hydraulic 

measurements using multiple packer tests.  In terms of groundwater flow, similar findings 

of both regional correlation and changes in near-surface and deep bedrock conditions 

have been documented in Minnesota for the Tunnel City Group (Runkel et al., 2006) and 

the Prairie du Chien Group (Tipping et al., 2006).   

Finally, hydrochemical and isotopic information can complement groundwater 

flow modeling efforts in several ways, including interpretation of groundwater recharge 

mode and origin, model calibration, and refinement of conceptual flow models (Lerner, 

2002; Mazor, 2004; Glynn and Plummer, 2005).  Chemical and isotopic data are useful 

for identification of recharge areas, geochemical evolution along flowpaths, mixing of 

different chemical types, and identifying hydraulic connections (flowpaths) between 

aquifers (Matter et al., 2005).  Isotope studies greatly benefit from the addition of 

hydrochemical analyses by providing insights in to groundwater pathways (Matter et al., 

2005; Kendall, 2005).  Different recharge areas and moisture sources can be proposed 
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based on environmental isotope data and tested for their consistency with the overall 

geochemical evolution of the groundwaters (e.g. Matter et al., 2005).  When used in 

conjunction with groundwater flow models, chemical and isotopic data can help refine 

conceptual models of groundwater flow based on hydraulic head data alone.  

Several recent studies have attempted to fully integrate groundwater flow 

modeling with hydrochemical and isotopic data, involving an iterative procedure of flow 

model refinement and hydrochemical facies reinterpretation, ultimately resulting in a 

more accurate depiction of aquifer systems than by either approach on its own (Mattle et 

al., 2001; Plummer et al., 2004; Sanford et al., 2004).  Tracers can reveal the complexity 

of subsurface systems not predicted by numeric modeling based solely on hydraulic head 

(e.g. Clark et al., 2004).  Information on residence time and pathway from chemical and 

isotopic data can help guide calibration of regional groundwater flow models.  Inverse 

modeling of hydraulic properties based on calibration on hydraulic heads does not 

necessarily always provide a unique solution; the use of chemical and isotopic data as 

tracers help constrain conceptual models of groundwater flow, leading to hydraulic 

conductivity distributions that are more consistent with physical measurements and 

depositional settings.  In urban areas, the difficulty in quantifying flux, points to the 

utility of using chemical markers to indicate zones of preferential recharge (Lerner, 

2002). 
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DATA AND METHODS 

One of the goals of this project is to collect data that could be analyzed spatially 

in both the horizontal and vertical sense.  To that end, data was not included unless the 

location and subsequent elevation at the land surface of the well that the water sample 

came from could be determined with some degree of certainty (either field-located for 

more recent data or plotted on a map in the case of older data).  Furthermore, data were 

linked to a Minnesota unique well number wherever possible, allowing the water sample 

to be interpreted in the context of available well construction information.  All wells 

contained in this dataset, with a six digit unique well number, can be found in the 

Minnesota state water well database, County Well Index (CWI) (MDH and MGS, 2012).  

Chemical and isotopic data used in this investigation are stored in a geographic 

information systems “geodatabase” structure (ESRI, 2012), included as an electronic 

appendix to this thesis.  Database structure and field definitions are included in 

Appendices B and C. 

As discussed, in more recent TCMAx studies, sample populations based on 

traditional hydrogeologic framework have assumed hydrogeologic unit boundaries 

correspond to stratigraphic unit boundaries.  By focusing instead on the open-hole 

interval of a sampled well and where it falls with a formation, historical water chemistry 

data was used in this investigation to re-evaluate conclusions reached in previous studies. 

 

Sources of historic chemical and isotopic data 
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Sources of historic water chemistry data used in this investigation are: the U.S. 

Geological Survey National Water Inventory System (U.S. Geological Survey, 2010); the 

Minnesota Department of Health; the Minnesota Pollution Control Agency GWMAP 

program—both ambient groundwater monitoring and land-use studies (Minnesota 

Pollution Control Agency, 2010); University of Minnesota graduate studies (Tipping, 

1992; Nemetz, 1993; Burman, 1995); Dakota County Environmental Management 

(2006); Anoka County Community Health and Environmental Services (Marsh, 1996, 

2001); and samples from 27 wells in northwestern Hennepin County, where there were 

limited existing data.  Additional data include earlier historic data from both regional 

(Hall et al., 1911; Maderak, 1963; Lively et al., 1992) and local studies (Alexander and 

Ross, 2003; Andrews et al., 2005), along with tritium and strontium isotope analyses 

from northwestern Hennepin County (Tipping et al., 2010). 

Types of data, summarized in Table 2 include major cations and anions; field 

parameters, including temperature, electrical conductivity, pH, dissolved oxygen, and Eh; 

stable isotopes of oxygen and hydrogen, radioactive isotopes of carbon and tritium used 

to estimate residence times; and specific groundwater contaminants targeted by public 

health investigations (nitrate and peroflourochemicals). 

Combining a large number of data collected over time by different organizations 

and analyzed by different labs compounds uncertainty in summarizing data values.  

Where documented, field samples were collected by sampling raw water (not having 

passed through a treatment system), typically from an outside faucet for domestic wells, 

or from the well house for municipal wells.  Water was run until field parameters of 
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temperature, conductivity, and pH stabilized.  Cation samples were acidified, and 

alkalinity titrations were generally performed within 24 hours of the time the sample was 

taken. The analyses included in this investigation were performed by labs adhering to 

standard quality assurance and quality control protocol, and collected according to similar 

standards.  Calculations involving cation ratios used a subset of the data where a charge 

balance error of less than 5% could be determined.  To reduce uncertainty where only a 

limited number of analyses were available (charge balance could not be calculated), only 

threshold values higher than the highest recorded detection limit plus estimated 

uncertainty for that analyte were used. 

.    
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Regional hydrochemical facies and baseline conditions 

 Regional hydrochemical facies were established by using a subset of the dataset 

whose calculated charge balance error was less than 5 percent.  Piper diagrams were used 

to characterize general chemical composition by regions.  Cation ratios from this same 

subset were used to further distinguish water types.  Residence time data was then 

combined with chemical composition to differentiate between waters that have been 

impacted by activities at the land surface from those that have not. 

 The three-dimensional distribution of water types was mapped by contouring the 

top of open-hole elevations for each hydrochemical facies.  Maximum and minimum 

elevations for each water type were determined either by their occurrence in water 

samples or by inference based on the presence or absence of confining units or proximity 

to underlying Proterozoic bedrock.  Facies types were not extended into areas of 

insufficient data with the exception of naturally elevated chloride facies, where it is 

assumed that the source of these waters is from underlying Proterzoic bedrock. 

 To represent the three-dimensional distribution of water types in GIS, upper and 

lower boundary elevations for each hydrochemical facies were used to assign attributes to 

a matrix of points spaced 500 meters apart in the horizontal and 20 feet apart in the 

vertical direction.  Points, as opposed to boundary rasters, were chosen based on three-

dimensional viewing considerations when combining with other subsurface data.  Point 

density was chosen based on reasonable memory limitations of current desktop 

computers. 
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Distribution of recent waters compared to bedrock hydrostratigraphy 

 The hypothesis that recent waters are found in macropores within the Paleozoic 

sedimentary bedrock of the TCMAx was tested by comparing open-hole elevation 

intervals of wells with measured chloride concentrations to elevations of known 

macropore development.  These zones include an area within 50 feet of the bedrock 

surface, proximity to bedrock valleys, and enhanced macropore development within 

stratigraphic units (Figure 7).  Specific stratigraphic targets were the Shakopee Formation 

and Shakopee-Oneota contact of the Prairie du Chien Group, and the upper Tunnel City 

Group (Franconia Formation). 

 In order to test enhanced permeability near the bedrock surface, a subset of the 

data was chosen where depth to bedrock was greater than or equal to 100 feet.  This 

cutoff was chosen to reduce the likelihood that elevated chloride in a water sample was 

the result of proximity to the land surface.  Open-hole intervals for bedrock wells with 

chloride data were classified by distance from the top of casing to the bedrock surface, 

and median chloride concentrations compared for wells with distances less than or equal 

to 10 feet to wells with distances greater than 10 feet. 

 In order to test enhanced permeability near bedrock valleys, two separate subsets 

of the data were chosen:  bedrock wells with chloride data and bedrock wells analyzed 

for PFCs.  Occurrence of chloride concentrations above background levels and detectable 

PFCs were compared with horizontal distances from the well’s open-hole interval to a 
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bedrock valley. Edges of bedrock valleys were defined by mapped bedrock topographic 

contours between 400 and 800 feet above mean sea level. 

 Wilcoxon rank-sum statistics with the normal approximation for large sample sets 

were used to compare populations based on water well open-hole intervals (Wilcoxon, 

1945; Helsel and Hirsch, 2002).  Non-parametric methods were used because chloride 

concentrations in the sample data are not normally distributed.  Test and descriptive 

statistics, combined with box plots and maps of well locations were used to summarize 

the range of data values and spatial distribution of each sample set. 

 

Distribution of recent waters compared with vertical flux to upper bedrock aquifers 

In order to evaluate the regional distribution of recent waters based on contoured 

well casing elevations, this distribution was compared with estimated flux through glacial 

deposits by calculating vertical travel times from the regional water table surface to upper 

bedrock aquifers.  Focus on the downward flux of groundwater as a means of assessing 

groundwater recharge through glacial deposits is not a new approach.  Larson-Higdem et 

al. (1975) applied similar methods to investigate downward groundwater leakage to the 

Prairie du Chien–Jordan aquifer system in the Twin Cities metropolitan area; their work 

was incorporated into a more recent evaluation of recharge to Twin Cities unconfined 

bedrock aquifers (Ruhl et al., 2002).  In a more general application, vertical flux of 

groundwater is the fundamental part of groundwater sensitivity mapping (Minnesota 

Department of Natural Resources, 1991).  In all cases, the complex pathways of 
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groundwater movement through unconsolidated materials are simplified by considering 

the vertical component of groundwater flow only. 

 While the vertical movement of groundwater is conceptually clear, its calculation 

is dependent on estimates of vertical hydraulic conductivity that are highly variable and 

difficult to measure.  Most aquifer tests are designed to estimate horizontal hydraulic 

conductivity, based on the premise that groundwater flow to a pumping well is primarily 

horizontal.  Direct measurements of vertical hydraulic conductivity are largely limited to 

laboratory experiments; field based values are typically based on leakage estimates 

derived from deviations from typical water level response curves to pumping.  

Notwithstanding scale effects that account for increases in hydraulic conductivity due to 

scale of measurement—lab to field to regional—it is assumed that a reasonable regional 

scale estimate of vertical hydraulic conductivity falls within the broad range of measured 

horizontal hydraulic conductivities for a given geologic material.  For this investigation, 

mean horizontal hydraulic conductivity values from an earlier investigation for the 

Metropolitan Council (Tipping et al., 2010) were used as estimates of vertical hydraulic 

conductivity (Table 3).  Methods used to calculate mean vertical hydraulic conductivity 

in the TCMAx are provided in Appendix A.  The regional texture database is included in 

the electronic data appendix. 
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Table 3 hydraulic conductivity values for subsurface textures 
Corresponds to field “K_composite” in gridpoint. code specifies range of expected hydraulic 

conductivity in feet/day.  Reference to “deep” in codes 8-11 are for point depths greater than 60 feet 

from land surface, estimated to be 2 orders of magnitude lower hydraulic conductivity than equivalent 

textures in shallow settings: 

 

cod

e 

Texture Description Kmax (ft/day Kmin 

(ft/day) 
  

1 loam to clay loam 3.0E-3 1.0E-3  
2 loam to sandy loam 2.0E+1 1.0E-1  
3 loam, silt rich; silt and clay 2.0E-2 3.0E-4  
4 loam to sandy clay loam 2.0E+1 1.0E-1  
5 sand and gravel 5000 100  
6 fine sand 30 0.3  
7 sandy silt 3 0.1  
8 loam to clay loam - deep 3.0E-5 1.0E-5  
9 loam to sandy loam - deep 2.0E-1 1.0E-3  

10 loam, silt rich; silt and clay - 

deep 

2.0E-4 3.0E-6  

11 loam to sandy clay loam - 

deep 

2.0E-1 1.0E-3  

 

 The most complete data on the distribution of subsurface materials comes from 

areas where Quaternary stratigraphic mapping has taken place (see Appendix A, Figure 

38).  In the TCMAx, Quaternary subsurface mapping occurred first in Washington 

County as part of a county project (Meyer and Tipping, 1998), was included as part of a 

hydrogeologic investigation of the northwestern metropolitan area (Meyer and Tipping, 

2007), and has been part of more recent county atlases in Scott, Carver, and Chisago 

Counties (Lusardi and Tipping, 2006; Lusardi and Tipping, 2009; Meyer, 2010).  In areas 

not covered by subsurface mapping, subsurface texture distributions were estimated from 

data in the Minnesota state water well database County Well Index (CWI), as described 

in Appendix A. 
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 Data on vertical hydraulic head gradients come from two sources.  Water table 

elevations were taken from a regional investigation on groundwater/surface-water 

interaction (Barr, 2010).  Bedrock potentiometric surfaces are based primarily on 

synoptic measurements of the Prairie du Chien and Jordan aquifers (Sanocki et al., 2009), 

augmented with data from CWI where these rocks are absent.  Based on bedrock 

hydrostratigraphy, elevation of bedrock units and elevation of regional discharge 

(Mississippi, St. Croix and Minnesota Rivers), horizontal groundwater flux is assumed to 

be greatest within Prairie du Chien Group and Jordan Sandstone.  It is expected that this 

flux drops off significantly below the St. Lawrence Formation.  By combining synoptic 

measurements from the Prairie du Chien and Jordan aquifers, with CWI data for upper-

most bedrock units beyond the extent of the Prairie du Chien and Jordan, the resultant 

bedrock potentiometric surface is meant to provide generalized base hydraulic head data 

for flow systems most directly connected to activities at the land surface. 

Vertical travel times were calculated as follows: 

T = L/((Kv*365days* (Δ h/L))/n) 

 

 = L
2
n/(365days*Kv* Δ h) 

 

T = vertical time of travel in years 

L = distance from regional water table to bedrock surface, in feet 

Kv = bulk vertical hydraulic conductivity in feet/day 

for saturated conditions:  mean value of gridpoints from water table to bedrock 

surface 

 

Δ h = difference in elevation between regional water table and bedrock poteniometric 

surfaces in feet.  (vertical hydraulic head gradient = Δ h /L) 

 

n = effective porosity, set equal to 0.20 
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 The hydraulic head gradient between the regional water table and bedrock 

aquifers was determined by dividing the difference in hydraulic head, Δ h, by the vertical 

distance, L, from the water table to the bedrock surface (Figure 8).  Perched conditions in 

the central metropolitan area are present within and above the Platteville Formation; in 

places, the upper St. Peter Sandstone is unsaturated below it.  These conditions invalidate 

the use of a Darcy flux-based calculation to estimate travel time from the water table to 

the Prairie du Chien Group and Jordan Sandstones.  Although unsaturated conditions 

within glacial sediments are known to occur under the regional water table surface, the 

unconsolidated deposits below the regional water table were considered to be fully 

saturated for the travel-time calculation. 

 

RESULTS AND DISCUSSION 

Hydrochemical facies and baseline conditions 

 The chemical composition of groundwater in the TCMAx is broadly similar 

between aquifers.  Regional Piper diagrams (Figure 9) of Quaternary (Scott, Hennepin, 

Anoka, and Washington Counties) and bedrock (Dakota County) show predominantly 

calcium-magnesium-bicarbonate waters.  An exception is in Anoka County and to a 

lesser degree in Scott and Hennepin Counties, where a portion of samples have more 

sodium relative to calcium and magnesium.  Higher sodium relative to calcium plus 

magnesium is also found in Carver County (not shown).  Residence time classification 

based on tritium concentrations are represented by color.  Three-dimensional 

representations of these points are also included, where stick height is relative to total 
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dissolved solids (TDS) content (Alexander et al., 2005) 

 Recent waters, shown in red, typically have a greater concentration of chloride 

and/or sulfate relative to older samples.  The substitution of chloride and sulfate for 

bicarbonate in waters dominated by recent recharge can also be seen by comparing 

calcium and magnesium concentrations to bicarbonate (Figure 10).  In a system where 

chemical composition of groundwater is controlled solely by the dissolution of dolomite, 

bicarbonate molar concentrations would be expected to be twice the molar concentration 

of calcium plus magnesium: 

CaMg(CO3)2 + 2CO2(g) + 2H2O => Ca
2+

  + Mg
2+

 +  4HCO3
-
 

This ratio is shown as a straight line in Figure 10.  Waters with no detectable tritium, 

shown in blue, generally plot close to the line, whereas recent waters, shown in red, plot 

above it.  Outliers plotting close to the x axis are likely vintage sodium-bicarbonate 

waters in Anoka County and a mixed-age sodium-bicarbonate-sulfate sample from Scott 

County that have gone through water softeners prior to sampling. 

 A comparison of major cations with residence times provides the first clear 

distinction in water types.  Vintage waters are, for the most part, calcium-magnesium-

bicarbonate waters, whose chemistry is controlled by dissolution of calcite and dolomite.  

Noticeable exceptions to this trend are vintage waters with elevated sodium; recent 

waters typically have elevated chloride and/or sulfate.  Vintage waters with elevated 

sodium could be indicative of ion exchange or contact with end member naturally 

elevated chloride waters discussed later in this section. 

 Further distinction between water types can be made by comparing molar ratios of 
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strontium to calcium and magnesium (Figure 11).  Wells below the Eau Claire Formation 

have markedly higher concentrations of strontium relative to calcium plus magnesium.  

Wells above the Eau Claire Formation show a much smaller, non-linear increase in 

strontium concentrations as calcium plus magnesium concentrations increase.  

Regionally, Sr/(Ca+Mg) ratios in wells above the Eau Claire are most evident in the 

western and southwestern TCMAx (Figure 12.A.)  Based on available data, their 

distribution with depth varies, with higher ratios in the Quaternary limited to the west, 

(Figure 12.B), higher ratios in the Jordan limited to its western extent (Figure 12.C) and 

higher ratios extending throughout the basin in the Mt Simon (Figure 12.D).  Results are 

hand contoured; correlation lengths based on variograms for wells exceeding threshold 

ratio of 0.0009 range from 6600 meters (Mt. Simon) to 80,000 meters (Jordan). 

 Elevated Sr/(Ca+Mg) ratios in Quaternary groundwater samples are interpreted to 

be the result of aragonite dissolution and re-precipitation of pure calcite.  Primary 

aragonite, expected to be present in Des Moines lobe diamicton, contains relatively 

higher strontium substituting for calcium in its crystal structure.  As aragonite dissolves, 

strontium is released into solution, but does not preferentially re-precipitate as calcite 

(Appelo and Postma, 1994).  These strontium-enriched waters are present in bedrock 

wells above the Eau Claire Formation in the western TCMAx.  Below the Eau Claire 

Formation (Mt. Simon Aquifer), still higher ratios exist and may not be attributable to the 

aragonite dissolution/calcite precipitation model (Figure 11).  Because of their regional 

extent, elevated Sr/(Ca+Mg) waters are used to distinguish water from west to east and at 

depth, as a subset of calcium-magnesium-bicarbonate waters.   
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 Recent waters, characterized by elevated chloride and/or sulfate relative to 

bicarbonate are the second regional hydrochemical facies addressed in this investigation.  

The abundance of groundwater samples with both tritium and chloride data allows the 

determination of chloride concentrations in waters that have not been impacted by recent 

recharge.  Tritium to chloride concentrations are compared both as a scatterplot and by 

comparing the range of chloride values in wells with detectable tritium verses wells 

without detectible tritium (Figure 13).  These data support conclusions reached from 

earlier regional work that natural, or background chloride levels in the Paleozoic aquifers 

of southeastern Minnesota are less than 5 milligrams per liter (Tipping, 1994), and are 

similar to a value of 10 milligrams per liter for bedrock aquifers reported by Mullaney el 

al. (2009).  This threshold value makes chloride a useful surrogate for indicating the 

presence of recent waters where tritium data are not available. 

 The distribution of chloride concentrations compared to tritium concentrations 

across the TCMAx is broadly similar (Figure 14A and B).  Contouring the elevation of  

the open-hole tops of bedrock wells with detectable tritium shows the uneven distribution  

of tritium with depth across the TCMAx (Figure 14 C and D).  Results are hand-

contoured; correlation lengths based on variograms for wells with detectible tritium range 

from 50 meters (average open-hole elevations less than 500 feet) to 5000 meters (average 

open-hole elevations greater than 750 feet).  Other open-hole intervals with 

anthropogenic compounds such as PFCs fall within (above) these contours.  Combining 

these elevations of recent waters where data is not available (Tipping et al., 2010) allows 

for construction of a region-wide digital elevation model that marks the base elevation of 
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recent waters within the TCMAx. 

 Not all chloride concentrations above 5 milligrams per liter are indicative of recent 

waters.  Furthermore, as mentioned earlier, several wells in Anoka County have vintage 

waters with sodium concentrations that are distinctly different than elsewhere within the 

TCMAx.  The third hydrochemical facies addressed in this investigation are wells with 

naturally elevated chloride.  These waters have high chloride concentrations that are not 

attributable to man-made sources. 

 Low chloride to bromide ratios in waters with elevated chloride are indicative of 

bedrock sources, often associated with deeper water and longer residence times, where 

longer rock-water interaction has increased the amount of bromide relative to chloride in 

the groundwater.  In this dataset, many of the samples from lower aquifers that do have 

elevated chloride do not have accompanying bromide analyses for comparison.  They do, 

however, have estimated groundwater ages based on carbon 14 samples.  The distribution 

of these samples, along with major fault locations in the TCMAx, is shown in Figure 15.  

The spatial association of naturally elevated chloride and faults is also seen in earlier 

bedrock well data from Hall et al., (1911), and in unconsolidated deposits within a 

bedrock valley near the Belle Plaine Fault system in western Scott County (Figure 15.A).  

Source waters for naturally elevated chloride at these locations are thought to be 

Proterozoic bedrock, where fractures associated with faults provide pathways for these 

deeper, more saline waters to mix with the more dilute waters in Paleozoic bedrock. 

 These Proterozoic waters may also be the source for elevated sodium relative to 

calcium and magnesium seen in several Anoka County wells discussed earlier.  Mean 



45 

 

concentrations for water samples with carbon-14 derived ages of greater than or equal to 

1200 years have a mean sodium concentration of 77 mg/l (n = 40), whereas remaining 

vintage waters with measured sodium concentrations have a mean value of 16 mg/l 

(n=267).  The location of these older waters are included in Figure 15.A and were used 

along with other points to define the upper extent of this hydrochemical facies. 

 High chloride to bromide ratios, where available in the rest of the dataset, are useful 

for distinguishing chloride that is not from bedrock sources.  Their locations fall within 

(above) the base elevation contours for recent waters discussed earlier (Figure 15.B). 

 

Distribution of recent waters compared to bedrock hydrostratigraphy 

Comparison of recent waters to the distribution of bedrock macropores 

 The second goal of this investigation was to test whether recent waters are 

preferentially found in areas of enhanced macropore development.  One zone of 

enhanced macropore development is near the bedrock surface.  Chloride concentrations 

were compared to the distance from this surface to a well’s casing bottom.  To remove 

the influence of high-capacity pumping on the results, only domestic wells were used.  

The subset of data was chosen by the additional constraint that depth to bedrock had to be 

greater than or equal to 100 feet to reduce the influence of shallow to bedrock conditions. 

 A scatterplot of the data shows a trend of decreasing chloride concentrations with 

increasing distance from the casing bottom to the bedrock surface (Figure 16).  However, 

median concentrations for datasets with distances greater than or less than 10 feet are not 

significantly different from one another at alpha = 0.05.  The spread of chloride values 
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from samples with a distance less than or equal to 10 feet is greater and reflected in a 

higher mean value for this data group (Figure 16). 

 A second zone of enhanced macropore development is near bedrock valleys, where 

a greater density of vertical fractures is expected.  Chloride concentrations are compared 

to distance from the sampled well to a buried bedrock valley (Figure 17).  As with the 

bedrock surface comparison, a subset of domestic wells was used to lessen the possible 

impact of high-capacity pumping on the results.  A scatterplot of the data shows a trend 

of decreasing chloride with increasing distance from the bedrock valley.  As with the 

bedrock surface comparison, median values for data grouped by a threshold distance are 

not significantly different from one another at the alpha level of 0.05.  Similarly, the 

range of values for distances less than 400 meters is greater, and reflected in a higher 

mean value for this data group.  The test was repeated for all wells over a greater distance 

with similar results (Figure 18).  Although a trend of lower chloride concentrations with 

greater distance from the bedrock valley is evident in the scatterplot, median values 

between groups separated by a threshold distance of 2000 meters are not significantly 

different at alpha = 0.05. 

 A final chemical test for enhanced macropore development near bedrock valleys, 

perfluorobutanoic acid (PFBA) concentrations were substituted for chloride and a 

comparison of concentration to bedrock valley distance was repeated.  A subset of the 

PFC (PFBA) data was chosen, using only samples whose concentration was greater than 

0.1 micrograms per liter.  This cutoff was used because it is the higher detection limit 

from earlier PFC sampling, uniformly limiting the data to only wells where PFBA was 
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detected. 

 As with the chloride data, the scatter plot shows a trend of decreasing PFBA 

concentration with increasing distance from a buried bedrock valley (Figure 19).  In this 

case, median values for a sample set less than 1000 meters are significantly higher than 

sample set greater than 1000 meters at the alpha = 0.05 level (p < 0.001; one sided test). 

 

Enhanced macropore development within stratigraphic horizons 

 To test whether recent waters are preferentially found in stratigraphic intervals of 

known macropore development, open-hole intervals were compared with stratigraphic 

position.  Specific stratigraphic targets were the Shakopee Formation and Shakopee-

Oneota contact within the Prairie du Chien Group, and the upper Tunnel City Group 

(Franconia Formation). 

 An initial assumption was that there would be enough of a spread of open-hole 

intervals across a stratigraphic unit that separate sample sets could be established.  In 

actuality, wells are typically completed within stratigraphic horizons of enhanced 

macropore development and not elsewhere. 

 The stratigraphic distribution of waters by age class shows recent waters are found 

most often above the St. Lawrence Formation (Figure 20).  Within the Prairie du Chien 

Group, the majority of wells sampled are classified as recent waters.  Furthermore, the 

few wells completed in the lower Prairie du Chien Group highlight by their absence the 

relatively low permeability in this portion of the stratigraphic unit.  

 In the Tunnel City Group, there are similar patterns in both the distribution of 
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recent waters and stratigraphic position of well completions (Figure 20).  Recent and 

mixed waters are found in the upper Tunnel City Group, where the presence of 

macropores has been documented regionally (Runkel, 2006, Swanson, 2006, 2007).  As 

with the Prairie du Chien Group, there is a lack of well completions in the lower Tunnel 

City Group, indicating relatively low porosity and permeability at this stratigraphic 

position. 

 The presence or absence of recent waters and the stratigraphic position of open-hole 

intervals broadly supports the revised hydrostratigraphic framework for these rocks.  

Although the resolution of the chemical combined with open-hole interval data does not 

discriminate flow systems to the degree seen in borehole measurements, it does support 

separation of traditionally lumped stratigraphic intervals (i.e., the Prairie du Chien-

Jordan, and Franconia-Ironton/Galesville aquifers) into separate hydrostratigraphic units.  

Comparison of chemical data between wells finished in the Prairie du Chien Group and 

the Jordan Sandstone warrant further discussion due to the number and distribution of 

wells sampled. 

 Together, the Prairie du Chien Group and Jordan Sandstone provide the majority of 

groundwater for municipal and industrial use in the TCMAx.  Traditional lumping of the  

these two rock units into a single aquifer has largely been based on hydraulic head 

differences of tens of feet or less, which on a regional scale, were considered 

insignificant. 

 A comparison of chloride content by aquifer shows distinct regional differences 

between Prairie du Chien Group and Jordan samples (Figure 21).  In the west region, 



49 

 

concentrations are low in both Prairie du Chien and Jordan samples, with a greater spread 

and higher median value in the Prairie du Chien.  Median chloride values for the Prairie 

du Chien samples are not significantly different than Jordan samples at alpha = 0.05 (p = 

0.192, one sided test).  Greater spread and higher median values in the Prairie du Chien 

are also found in the east region, with overall median values for both Prairie du Chien 

and Jordan sets greater than respective units in the other two regions.  Median Prairie du 

Chein values are significantly different than Jordan values at alpha = 0.05 (p = < 0.001, 

one sided test).  In the central region, there are lower median values but a greater spread 

in the Jordan compared to the Prairie du Chien.  Median Prairie du Chein values are not 

significantly different than Jordan values at alpha = 0.05 (p = 0.149, one sided test).  The 

greater spread in Jordan values from the central TCMAx is attributed to increased vertical 

mixing of recent waters at depth due to high capacity pumping in that region.   

 PFC contamination in Washington County combined with the number and 

distribution of wells sampled provides an independent means to evaluate the hydraulic 

connection between these rock units on a regional scale.  Figure 22 contains a series of 

stacked columns, depicting the number of detect verses non-detects of PFBA for both the 

Prairie du Chien and Jordan wells, in regularly spaced sectors across southern 

Washington County.  In a few sectors, shown by asterisk, there are enough samples from 

each rock unit to show stratification of detections, with markedly greater amount of 

detections in the Prairie du Chien group than in the Jordan.  Cross section H-H’ refers to 

Figure 35.A, discussed in the later section under regional synthesis. 
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Distribution of recent waters compared with vertical flux to upper bedrock aquifers 

 The regional distribution of recent waters was compared to calculated vertical 

flux to upper bedrock aquifers, as a means to evaluate the distribution based on elevation 

contour mapping alone.  The TCMAx (Figure 23) was divided into 250 x 250 meter cells.  

Estimated vertical hydraulic conductivity of unconsolidated deposits in the TCMAx 

ranges from 2 x10
-5

 to 2550 feet per day (Figure 23).  A harmonic mean for each cell was 

chosen in order to give greater weight to low-conductivity sediments.  Details on the 

subsurface texture database construction used in this calculation are provided in 

Appendix A.  The calculated hydraulic head differential between the regional water table 

and March and August 2008 bedrock potentiometric surfaces shows a seasonal increase 

in the downward vertical hydraulic head gradient in the central TCMAx (Figure 24).  

These changes reflect increased drawdown in the bedrock potentiometric surface due to 

higher summer pumping rates from the Prairie Du Chien Group and Jordan Sandstone.  

Together, bulk vertical hydraulic conductivity and vertical hydraulic head gradient were 

used to estimate groundwater flux from the regional water table to the bedrock surface. 

 Estimated travel times from the water table to upper bedrock aquifers are shown 

in Figure 25.  The distribution of recent waters in upper bedrock aquifers broadly 

supports estimated vertical travel times, with recent water found at depth in areas with 

large vertical hydraulic head gradients and coarse material over bedrock.  It should be 

noted that these estimates are based on one of many possible combinations (realizations) 

for composite vertical hydraulic conductivity; each change in subsurface texture is 

represented by a single value of hydraulic conductivity that falls within a range of values 
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considered reasonable for that texture.  In this way, the resulting estimates of vertical 

travel times show relative differences in vertical flux across the TCMAx, rather than 

differences in absolute values. 

 The regions with the shortest calculated vertical travel times are in Dakota and 

Washington Counties, where there are both shallow-to-bedrock conditions and areas of 

thick sand deposits—both on bedrock plateaus and filling bedrock valleys.  Shorter travel 

times are also found in southeastern Hennepin and central Ramsey Counties, where there 

is a greater vertical hydraulic head gradient than elsewhere in the TCMAx.  Shorter travel 

times are also found in central and western Sherburne County where geologic conditions 

are predominantly sand-over-bedrock.  Sherburne County is beyond the extent of 

Paleozoic bedrock aquifers, and surfical deposits are the primary groundwater source. 

 Areas with longer calculated vertical travel times are found in Scott, Carver, and 

western Hennepin Counties, where thick northwest provenance tills are found in 

combination with a small vertical hydraulic head gradient.  Longer calculated travel times 

are also found in Anoka County.  The Anoka Sandplain has traditionally been considered 

a recharge area for Paleozoic aquifers.  Subsurface mapping of glacial deposits reveal a 

more complex stratigraphy below the surficial sand (Meyer, 2007).  These conditions, 

combined with a low vertical hydraulic head gradient, result in a longer calculated 

vertical travel time. 

  



52 

 

 

Regional synthesis 

 Combining estimated vertical travel times with the distribution of hydrochemical 

facies provides a general picture of regional groundwater flow patterns in the TCMAx.  A 

series of oblique images combining hydrochemical facies and key bedrock units are 

shown in Figure 26.  Figure 26.A depicts the Pre-Cambrian surface, considered the 

bottom of the TCMAx bedrock aquifer/aquitard system.  Major river elevations are 

shown for comparison.  Naturally elevated chloride waters are largely limited to the 

lower Mt. Simon aquifer, near the Pre-Cambrian surface (Figure 26.B), with the 

exception of areas near major faults, where it appears above the Eau Claire confining unit 

in parts of Anoka, and northwestern Dakota/southeastern Washington Counties, and 

where the Eau Claire is absent in a bedrock valley near Belle Plaine in western Scott 

County (Figure 26.C). 

 Elevated Sr/(Ca+Mg) waters are found in the western TCMAx, in both glacial 

deposits and in the Jordan Sandstone and Prairie du Chien Group (Figure 26, D, E and F)  

Elevated Sr/(Ca+Mg) waters are also found in the Mt. Simon aquifer as discussed earlier.  

Not shown on Figure 26, these Mt Simon strontium-enriched waters may have a different 

strontium source than waters above the Eau Claire Formation. 

 Recent waters are found below the elevation of the major rivers in the central 

TCMAx, near the intersection of the Mississippi and Minnesota Rivers (Figure 26.G.), 

expanding to higher elevations in the broader TCMAx (Figure 25.H), to present 

everywhere within 50 feet of the land surface (Figure 26.I).  For the most part, recent  



53 

 

waters are found above the elevation of the major rivers, with the exception of areas 

where increased vertical gradient due to high capacity pumping draws water below river 

discharge elevations.  In a stratigraphic sense, most of these recent waters are found 

above the St. Lawrence Formation (Figure 20). 

 These regional water types combined with subsurface geologic conditions and 

vertical hydraulic gradient are summarized regionally by cross sections A-A’ through E-

E’ (Figures 28 to 33; cross section locations are show on Figure 25: a key for cross 

section symbols is included in Figure 27).  From Sherburne County to Mississippi River 

(cross section A-A’, Figures 28 and 29), recent waters are interpreted as present in the 

upper 50 feet of unconsolidated deposits, increasing with depth in the central part of the 

basin.  The lowest elevation of recent waters occurs in the Jordan Sandstone.  Carbon 14 

dates for Mt. Simon are shown, indicating a sharp contrast in recharge rates for the upper 

and lower aquifer systems.    

From St. Francis, in Anoka County to Mississippi River (cross section B-B’, 

Figure 30), recent waters are interpreted as present in the upper 50 feet of unconsolidated 

deposits, increasing with depth in the central part of the basin.  The lowest elevation of 

recent waters occurs in the Jordan Sandstone.  Complexity of unconsolidated deposits 

over bedrock, below surficial sands is shown. 

From Big Marine Lake, Washington County to Mississippi River near downtown 

St. Paul (cross section C-C’, Figure 31), recent waters are shown between Big Marine 

and White Bear Lake in the Prairie du Chien Group, largely based on tritium 

measurements from samples west and east of the cross section line interpreted as mixed 
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waters (TU between 1 and 10).  Recent water is found at depth toward downtown St. 

Paul, coincident with a larger downward gradient and coarse unconsolidated deposits 

over bedrock.  A slight upward gradient is present at White Bear Lake.  A downward 

gradient near Big Marine possibly marks a groundwater divide, with regional discharge 

west toward the St. Croix River.  Vintage waters on this cross section are found in the Mt. 

Simon aquifer, based on carbon 14 measurements. 

From western Dakota County to Mississippi River near Hastings (cross section D-

D’, Figure 32), limited data show that the presence of clay, based on the interpolated 

model, restrict the downward movement of water west of the South Branch of the 

Vermillion River.  The remainder of the cross section is largely sand and gravel over 

Prairie du Chien Group.  A large buried valley filled with sand and gravel is present west 

of Hastings.  Recent waters are present within this valley based on sampled wells within 

and on the edges of the valley to the southeast. 

From southeastern Scott County to Minnesota River near Shakopee (cross section 

E-E’, Figure 33), recent waters area absent below cover of alternating NW and NE 

provenance tills.  Elevated Sr/(Ca+Mg) ratios are limited to a bedrock valley in upper 

aquifers and to the Mt. Simon in the lower aquifer.  Naturally elevated chloride is present 

in the Mt. Simon at the northeast end of the cross section.  The presence of recent water 

in the Jordan in this area based on sampled wells to the east and west of the cross section 

line.  A strong upward hydraulic gradient from the Jordan is present near the Minnesota 

River. 
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Examples of local hydraulic conditions and the effect of strata-bound secondary 

porosity and permeability on groundwater movement are shown by cross section in 

Figures 34 and 35 (cross section locations shown on Figure 25).  In the Edina area (cross 

section F-F’, Figure 34.A), an age inversion within the open-hole of a single well is 

shown.  Grab samples from the lower portion of the open-hole had detectible tritium, 

while the uppermost sample, located within the Shakopee Formation–Prairie du Chien 

Group, did not (MDH, 2010).  Flow logging from a nearby test well (MN unique well no. 

748656) showed strong downflow from the lower Shakopee to the Jordan Sandstone, 

corresponding to stratigraphic position of detectible tritium in this well.  A stagnation 

zone of older water shown on the figure is interpreted as present underneath the central 

portion of the Platteville/Glenwood cap in this area. 

In eastern Hennepin County (cross section G-G’, Figure 34.B), recent water 

occurs at depth only east of till cover present in the western portion of the cross section.  

Flow logging east of Highway 169 showed strong upflow from fractures in the upper 

Jordan Sandstone to the upper Oneota Formation–Prairie du Chien Group (MN unique 

well no. 676445).  Vintage water is interpreted as moving out of the Jordan Sandstone at 

this site, into a zone of lower hydraulic gradient within the Prairie du Chien Group within 

this portion of the cross section. 

In south central Washington County to Mississippi River (cross section H-H’, 

Figure 35.A), stratification of perflourochemical (PFC) detections between Shakopee 

(upper Prairie du Chien Group) and Jordan samples is shown.  Results infer separate flow 
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systems, with possibly greater flux through the Shakopee Formation compared to the 

Jordan Sandstone. 

From southeastern Washington County to St. Croix River (cross section I-I’, 

Figure 35.B), a downward gradient is present over a north-south trending bedrock valley 

in the center of the cross section, west of Manning Avenue.  The valley, filled with 

primarily coarse-grained material, shows cluster of PFC detections.  Occurrence of PFCs 

near the St. Croix River indicates movement of groundwater through fractures and fault 

blocks, crossing stratigraphic units with wide ranging permeability. 

Regional and local conditions provide the context for refining conceptual models 

of groundwater flow within the TCMAx.  In southern Washington and central to east 

central Dakota County, coarse sediments overlie the Prairie du Chien Group.  Much of 

this area is less than 50 feet to bedrock and the water table is largely below the bedrock 

surface.  A large bedrock valley west of Hastings is also filled with coarse sediments.  In 

areas where sufficient data exists, calculated vertical travel times are generally less than a 

year.  Vertical gradients are controlled largely by regional discharge, although high 

capacity pumping for public water supply, commercial use and irrigation enhance vertical 

gradients locally. 

In central and northern Washington County, relatively recent recharge occurs in 

areas of sandy NE provenance till over bedrock.  Calculated vertical travel times are 

generally less than one to greater than 50 years depending on the presence of fine-grained 

sediment in the subsurface.  A groundwater divide runs north-south through this portion 
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of the county as water moves either east toward the St. Croix River or southwest toward 

the Mississippi River.  Vertical gradients are controlled largely by regional discharge. 

Recent waters are found at elevations below regional discharge in east central and 

southeastern Washington County, where high capacity pumping increases vertical 

gradients locally. 

Northeastern Washington, western Chisago and eastern Anoka and Northern 

Ramsey Counties have calculated vertical travel times generally greater than 500 years, 

largely due to the presence of fine-grained NW provenance tills and lacustrine sediment 

in the subsurface combined with a low vertical gradient.  In western Anoka County, 

calculated vertical travel times are less, where the subsurface is composed of a greater 

percentage of coarse-grained sediments.  Further west into Sherburne County, 

predominantly coarse grained sediments over bedrock result in calculated vertical travel 

times of less than a year.  Recent waters are generally found only at shallower depths.  

Elevated Sr/(Ca+Mg) waters are limited to deeper aquifers in the central metro area, 

indicating diminished NW provenance till signature in recharge waters within these 

counties. 

Where sufficient data exists, western Hennepin, Wright, Carver and Scott 

Counties generally have calculated vertical travel times of greater than 500 years.  In 

these areas, a thick succession of NW and NE provenance tills and minimal vertical 

gradient restrict the downward movement of groundwater to bedrock.  Water samples 

from bedrock wells below these tills have no detectible tritium, low chloride, and 

elevated Sr/(Ca+Mg) ratios, all indicative of older water receiving minimal recharge from 
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the land surface.  In northeastern Hennepin County, water chemistry changes to more 

recent waters at depth, concomitant with a thinning and replacement of NW provenance 

till by coarse-grained terrace deposits along the Mississippi River.  Calculated vertical 

travel times in the area are generally less than 50 years. 

Eastern Hennepin and southern Ramsey County generally have calculated vertical 

travel times of less than a year, with the exception of areas where fine-grained material is 

present in the subsurface.  Recent waters are found at elevations below regional discharge 

where high capacity pumping increases vertical gradients locally.  These areas have the 

largest downward vertical gradients in the metropolitan area, in large part due to the 

presence of the Platteville and Glenwood Formations, along with remnants of Decorah 

Shale above them.  Recognizing that much of the water table is perched within and above 

these formations, seasonal changes in the bedrock potentiometric surface based on 

synoptic measurements in March and August clearly demonstrate the influence of high 

capacity pumping on vertical gradient in these areas (Figure 24). 

In eastern Hennepin and southern Ramsey County and elsewhere, recent waters 

are found at depth in areas with large vertical gradients and coarse material over bedrock.  

These areas are commonly located in bedrock valleys which provide important 

“windows” to lower aquifers where upper bedrock aquitards are absent.  Data provided in 

this investigation show that not all bedrock valleys are filled with coarse material.  

Texture-based hydraulic conductivity estimates stored in a regular three dimensional grid 

format should help with groundwater modeling across these bedrock valleys. 



59 

 

Overall, calculated vertical travel times from the water table to upper bedrock 

aquifers range from less than a year to well over 500 years.  Results show differences in 

near surface and deeper subsurface hydraulic conditions.  Anoka County, for example, 

has short travel times to the regional water table through coarse-grained deposits at the 

land surface, and long vertical travel times to bedrock, through complex subsurface 

layering of NE and NW provenance till and sand (Figure 30, cross section B-B’).  Areas 

in the central metropolitan area with travel times that are faster in saturated conditions 

than unsaturated result from texture differences between shallow and deeper sediments, 

and distance differences from the land surface to the water table and water table to 

bedrock, and areas near the Plateville subcrop edges where the saturated vertical gradient 

is greater than 1. 

Chemical results show recent waters in uppermost bedrock aquifers at elevations 

generally above 750 feet (Figure 36).  A limited number of wells in this dataset were 

sampled more than once, allowing variability in chloride concentrations to be compared 

with open-hole depth (Figure 37).  More variability in chloride concentrations is found at 

shallower depths; recent waters detected at lower elevations are most often found in high 

capacity wells and in wells near areas of high capacity pumping.  Bedrock aquifers 

containing highest percentage of recent waters are stratigraphically above the St. 

Lawrence Formation (Figure 20).  Furthermore, chemical results support the premise that 

waters most impacted by activities at the landsurface—“manageable waters”—occur at 

elevations controlled by regional discharge to the major rivers, and high capacity 
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pumping from the Prairie du Chien and Jordan aquifers or other uppermost bedrock 

aquifers where these rocks are not present. 

In the Twin Cities metropolitan area, groundwater ages range from less than a 

year to over 30,000 years.  Stratification of groundwater ages, with younger water found 

in local and intermediate flow systems over older waters is common to most hydrologic 

settings.  In urban settings, the influence of high capacity groundwater pumping on 

vertical hydraulic head gradients can change groundwater flowpaths, resulting in a 

greater contribution of vertical flow to municipal well fields.  In the absence of detailed 

hydraulic head data, these flowpath changes in an urban setting are only recognizable 

over time by monitoring changes in groundwater chemical and isotopic composition. 

For groundwater resource managers and groundwater modelers working in urban 

settings, changes in groundwater flowpaths over time have implications for both long-

term water supply and water quality.  In terms of water supply, limited recharge in areas 

of increased vertical flow can result in conditions that are not sustainable.  Conversely, 

recharge may be adequate, but source water may change, resulting in a change in water 

quality.  Source waters in urban include leaky infrastructure, enhanced infiltration from 

stormwater management, or surface water bodies. 

With the exception of changes in land use and land cover, the rates and pathways 

of urban source-waters into the subsurface will depend on hydraulic head gradient.  In an 

urban setting, these gradients are transient over hourly to seasonal to decadal time scales.  

As with hydrochemical data, collecting and archiving hydraulic head data in urban 

settings is best accomplished using GIS, where relational database capability combined 
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with spatial information allows for storage and analysis of large volume real-time data.  

These data are critical for understanding groundwater pathways, and the response of 

hydrologic systems to change in recharge and discharge. 

 

CONCLUSIONS AND RECOMENDATIONS 

Based on the analysis of chemical and isotopic data presented in this thesis, several 

conclusions can be drawn about the chemical composition and nature of groundwater 

flow in the TCMAx: 

1. Three regional groundwater types can be distinguished within the TCMAx based 

on similar chemical and isotopic composition: a.) recent waters, characterized by 

detectable tritium, elevated chloride and/or the presence of anthropogenic 

compounds; b.) waters with elevated strontium to calcium plus magnesium ratios; 

and; c.) naturally elevated chloride—distinct from recent waters based on carbon-

14 dating and low chloride to bromide ratios where sufficient data exists. 

2. Recent waters are associated with an upper ‘active’ zone of groundwater flow 

characterized by shorter residence times, higher concentrations of anthropogenic 

compounds and greater variability in chemical composition.  The presence of 

recent water at depth in the central TCMAx (Figures 14.D and 26.G), below the 

elevation of regional discharge, show that changes in groundwater flowpaths have 

occurred since the advent of high-capacity groundwater pumping.  More water 

moves in the vertical direction in these areas than did before 100 years of 

groundwater pumping began.  Extending out from the central TCMAx, this active 
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zone is found most often within 60 to 100 feet of the land surface.  This active 

zone includes tills, where the upper 60 feet has markedly higher permeability than 

the same textures at greater depths 

3. Elevated Sr/(Ca+Mg) groundwaters are found in the western TCMAx and at 

depth (Figures 12.B-D and 26.D-F) and are associated with recharge through Des 

Moines Lobe till and/or longer residence times.  The distribution of this 

hydrochemical facies appears to have changed with time as hydraulic conditions 

changed.  Elevated Sr/(Ca+Mg) ratios in the western TCMAx may have, at one 

time, extended further east toward regional discharge in the Mississippi River 

under natural hydrologic conditions.  In eastern Hennepin County, these waters 

are thought to have been replaced by recent waters due to an increased vertical 

head gradient resulting from high capacity pumping, combined with a lack of 

overlying till. 

4. In bedrock aquifers, differences in chemical and isotopic composition subdivide 

traditional hydrogeologic conceptual model (THCM) aquifers into subunits of 

similar porosity and permeability.  Specifically, within the THCM Prairie du 

Chien-Jordan aquifer, chloride content is significantly higher in the Shakopee 

Formation than it is in the Jordan Sandstone.  Similarly, where there is adequate 

data from both the Shakopee and the Jordan in proximity to one another, PFC’s 

are detected more often in the Shakopee Formation. 

5. Although there are considerably less data for comparison, similar results are 

found in the THCM Franconia-Ironton/Galesville (Tunnel City Group-Wonewoc) 
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aquifer, with recent waters found in the upper Franconia (Tunnel City Group), a 

lack of well completions in the lower Tunnel City Group where permeability is 

low, and an absence of recent waters in the Ironton/Galesville (Wonewoc 

Formation). 

6. Below the Eau Claire Formation, chemical and isotopic data show that flow in the 

Mt. Simon is isolated from flow in the units above it.  Residence times in the Mt. 

Simon are considerably longer (centuries to millennia), strontium concentrations 

are higher, and naturally elevated chloride is present in its lower sections and near 

major fault zones.  This aquifer currently has residence times far longer than the 

less than 50 years seen in the upper bedrock aquifers. 

7. There is an apparent trend toward higher chloride, and by inference, greater flux 

of groundwater in proximity to the bedrock surface and near bedrock valleys.  

Although the trend is not statistically significant, it is expected that these areas are 

capable of producing more water to pumped wells compared to wells in dissimilar 

settings.  As with wells finished in other areas of the enhanced macropore 

development, it is also expected that these wells will show a greater temporal 

variability in chemical composition. 

 

In the context of the groundwater flowpaths outlined above, a number of steps can be 

taken to apply this information toward groundwater management in the TCMAx: 

1. In 2012, revisions are underway on the current Metro Area Groundwater Model, 

referred to as Metro Model II (Metropolitan Council, 2012).  The regional 
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distribution of chemical types should be used in this modeling effort to constrain 

possible groundwater flowpaths from the land surface to bedrock.  Because the 

distribution of chemical types, in particular, the distribution of recent waters 

matches the estimated vertical hydraulic head gradient distribution across the 

TCMAx, flux estimates on a cell by cell basis from the regional groundwater 

model should be compared to the distribution of recent waters to test 

recharge/pumping scenarios for the central TCMAx outlined above.  Flux 

estimates should also be compared for other portions of the metro area where 

bedrock aquifers are hydraulically isolated from the land surface, such as portions 

of western Hennepin, Carver and Scott Counties, and in areas where hydraulic 

conditions are expected to change due to population growth, such as Anoka 

County. 

2. Evaluating groundwater flowpaths from the land surface to bedrock aquifers 

depends largely on boundary conditions used.  Several separate numeric solutions 

should be considered, including, at a minimum, no-flow boundaries for bedrock 

layers on the western edge of the model where the subcrop edges of bedrock units 

are overlain by a thick sequence of glacial tills.  No-flow boundaries would 

eliminate a constant lateral source of water for these layers.  Chemical and 

isotopic data show that bedrock aquifers in portions of western Hennepin County 

have no recent water.  Calculated vertical travel times reflect the low vertical 

gradient/low permeability of unconsolidated material in this area; model results 
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should reflect that recharge applied to the upper cells in this area are not in steady 

state with bedrock layers over the time scales of less than one hundred years. 

3. Pre-development data on strontium on concentrations in eastern Hennepin County 

do not exist.  Therefore, source water conditions should be tested in the proximity 

of the Sr/Ca+Mg – recent water border shown on cross section A-A’ (Figure 28) 

by sampling municipal wells in that area.  Waters with Sr/Ca+Mg molar ratios 

greater than 0.001 are likely drawing water laterally from western areas that 

receive limited vertical recharge. 

4. From a water management perspective, the question arises as to whether the 

pattern of recharge and use indicated by recent waters at depth within the central 

TCMAx is sustainable.  Water volume calculations should be conducted to see 

whether the volume of water pumped within this zone matches the amount of 

water available via recharge from above it.  Using the 750 foot contour on Figure 

14.C to approximate the boundary of recent waters at depth, if the recharge 

volume over this area is considerably less than the pumping volume within it, then 

it is expected that water levels in the Prairie du Chien Group and Jordan 

Sandstone will drop with time, and are not sustainable under current pumping and 

recharge conditions. 

5. Hydrostratigraphic units should be incorporated into bedrock model layers by 

modifying hydraulic conductivity values and reducing aquifer thicknesses.  In 

both the Shakopee Formation and upper Tunnel City Group, the occurrence of 

recent waters combined with documented higher permeability due to enhanced 
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macropore development, suggests greater flux through these units relative to the 

Oneota Dolomite and its basal Coon Valley member (lower Prairie du Chien 

Group), and lower Tunnel City Group, with greater temporal variability in 

chemical composition.  Higher K ranges for Shakopee and upper Tunnel City 

Group should be incorporated into the model, with thicknesses of these layers 

reduced to reflect the permeable thicknesses of these subunits.  Thicknesses of the 

Prairie du Chien and Tunnel City Groups vary across the TCMAx, but the lower 

permeability portions of both these units (approximately 40 feet in the Prairie du 

Chien and 60-80 feet in the Tunnel City Group) can be subtracted from the 

bottom of each to leave a remainder of permeable bedrock. 

6. Chemical and isotopic data show a trend toward higher bedrock permeability near 

the bedrock surface and bedrock valleys, regardless of bedrock lithology, 

presumably because of a higher density of vertical, through-going fractures.  In 

GIS, this hydrostratigraphic zone of higher bedrock permeability is most easily 

defined creating a separate raster equal to the bedrock surface minus 50 feet.  The 

resulting raster can be used to modify K values within bedrock groundwater 

model layers. 

7. Buried bedrock valleys provide “windows” to lower bedrock aquifers.  From a 

groundwater resource management perspective, these windows are important in 

areas where a vertical hydraulic gradient is present, or could be present in the 

future as the distribution of high-capacity pumping changes with time.  The 

presence of the Platteville and Glenwood Formation in the central TCMAx, 
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combined with a large vertical gradient in this area highlights the hydrologic 

importance of these bedrock valley windows where the Platteville/Glenwood 

confining units are absent.  The Quaternary subsurface regional texture dataset 

included in this thesis, provides an up-to-date distribution of textures in these 

bedrock valleys, both in areas where subsurface mapping as occurred, and in areas 

modeled by interpolation from the Minnesota state water well database, CWI.  

These data are in GIS format, and should be used to guide hydraulic conductivity 

estimates for buried bedrock valleys in regional and local groundwater models. 

8. There are significant gaps in chemical, isotopic, subsurface, and hydraulic head 

data that should be addressed in future data collection.  Stable isotopes of oxygen 

and hydrogen—useful for both identification of surface water/ground water 

interaction and recharge from glacial melt water—are largely absent from this 

dataset.  This dataset also has a limited number of bromide analyses that are 

extremely useful for identifying sources of chloride.  In the subsurface, 

Quaternary subsurface mapping is missing for important recharge areas of the 

central TCMAx, including southern and eastern Hennepin County, Ramsey, and 

Dakota Counties.  Finally, real time hydraulic head data, both from pumping and 

observation wells, are necessary to evaluate transient conditions within and 

between aquifers.  These data, along with chemical and isotopic data, should be 

collected and archived in a georeferenced database so that trends can be identified 

as groundwater quality and flowpaths change with time. 
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APPLICATIONS 

The work presented in this thesis has applicability to the broader, non-provincial 

hydrogeologic community.  For planners, it demonstrates, for the first time, the utility of 

having mapped, three-dimensional hydrochemical facies in a GIS format, combined with 

a hydrogeologic framework model over a regional urban area.  Groundwater managers 

can compare the age and chemical quality of groundwater with other, more familiar 

factors in an urban setting, such as the location and pumping levels of high capacity 

wells.  Furthermore, it demonstrates the need for continued archival of georeferenced 

chemical data.  This type of data collection is critical in an urban setting, where hydraulic 

conditions change over regional scales and human time scales.  For the technical 

hydrogeologic community, this work investigates the distribution of hydrochemical facies 

at regional and local scales, interpreted in the context of a revised hydrogeologic 

conceptual model, where water-bearing characteristics of sedimentary aquifers and 

aquitards are more closely aligned with regional compilations of  borehole geophysical 

measurements, temperature profiling, short-interval packer testing, multi-level hydraulic 

head measurement, and dye tracing results.  Specifically, it documents the presence of 

recent waters in areas of known macropore development, both parallel to bedding along 

previously identified stratigraphic horizons, and perpendicular to bedding in proximity to 

the bedrock surface and/or buried bedrock valleys.  For both planners and the technical 

hydrologic community, this work raises fundamental questions about the pathways for 

groundwater to move vertically in urban settings, where high capacity pumping creates 

conditions to move contaminants at depths, either along vertical fractures or multiple 
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aquifer wells, at rates that greatly exceed modeled porous media transport through 

aquitards. 
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Figure 1.  Investigation covers the extended 11 county Twin Cities metropolitan area 

(TCMAx), Minnesota.  7 county metropolitan area (TCMA) shown in grey.  
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Figure 2.  Location of major rivers and regional hydrologic gradients.  A. March 2008 

Prairie du Chien-Jordan potentiometric surface (Sanocki et al., 2009); B. Regional water 

table surface (Barr, 2010).  Arrows show directions of groundwater flow.  Regional 

discharge for both unconsolidated deposits and uppermost bedrock aquifers is toward the 

Mississippi, Minnesota, and St. Croix Rivers. 
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Figure 3.  Groundwater-level changes in the Prairie du Chien-Jordan aquifer between 

March 2008 and August 2008, based on synoptic water level measurements.  (Figure 10 

from Sanocki et al., 2009). 
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Figure 4.  Regional distribution of unconsolidated materials and bedrock geologic map.  

A. Generalized lithology of parent materials at the land surface (sub soil), modified from 

Meyer, 2007.  B.  Bedrock map modified from Mossler and Tipping, 2000 
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Figure 5.  Distribution of bedrock valleys and major faults within the TCMAx.  Bedrock 

valleys from Mossler and Tipping, 2000.  Faults modified from Jirsa et al., 2011. 
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Figure 6.  Schematic cross section through an urban setting showing examples of zones 

where water recharging bedrock aquifers could receive different chemical signatures: tills 

with different compositions (zones A and D); river seepage (zone B); rapid recharge 

through outwash (zone C); evaporative setting – closed basin lake or wetlands (zone E); 

urban infrastructure recharge such as water mains and sewers (zone F); and highways 

(zone  G). 
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Figure 7.  Schematic cross section through southern Washington County Minnesota, 

showing water well open hole intervals exposed to: zones of preferential flow (enhanced 

porosity and permeability – wells A and B), bedrock valley conditions (well C), and 

bedrock surface conditions (well D). 

 

  



80 

 

Figure 8.  Schematic drawing showing the time of travel calculation.  Mean hydraulic 

conductivity is calculated for points that fall between the water table and the bedrock 

surface.  Hydraulic gradient is calculated over this same distance.  The presence of  

Decorah/Plattville/Glenwood Formations and the possibility of unsaturated St. Peter 

Sandstone below precludes the use of Darcy calculation for time of travel where these 

units area present. 
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Figure 9.  2D and 3D piper diagrams, showing regional differences in the chemical 

composition of groundwater in unconsolidated deposits of Scott, Hennepin, Anoka and 

Washington Counties, and in upper bedrock in Dakota County where unconsolidated 

deposits are largely thin or absent. Colors indicate age class based on tritium content 

(TU): Red are recent waters, TU >= 10; Green are mixed waters, TU > 1 and < 10; Blue 

are vintage waters, TU < 1. 
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Figure 10.  Scatterplot of calcium plus magnesium compared to bicarbonate 

concentration in millimoles per liter for all water well samples with charge balance errors 

less than 5 percent.  Age classification based on the presence of detectible tritium.  

Location map shows distribution of points.  Box plots show median, upper and lower 

quartile and outlier values for distance from point to the dolomite dissolution line for 

recent, mixed and vintage waters. 
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Figure 11.  Scatterplot of strontium compared to calcium plus magnesium concentrations 

in millimoles per liter for all water well samples with charge balance errors less than 5 

percent.  A. Wells below the Eau Claire formation have markedly higher concentrations 

of strontium relative to calcium plus magnesium.  B. wells above the Eau Claire 

Formation show a smaller, non-linear increase in strontium as calcium plus magnesium 

concentrations increase. 
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Figure 12.  Regional map showing distribution of Sr/(Ca+Mg) ratios.  A Sr/(Ca+Mg)  

molar ratios for all wells with acceptable charge balance.  Elevated ratios to the west and 

southwest.  B.) Contours of open hole top (casing bottom) elevation for Quaternary wells 

with Sr/(Ca+Mg) ratios greater than 0.001.   Variogram above shows correlation length 

of approximately 8000 meters C.) Contours of open hole top (casing bottom) elevation 

for Jordan wells with Sr/(Ca+Mg) ratios greater than or equal to  0.001.  Variogram 

above shows correlation length of approximately 80000 meters D.) Contours of open hole 

top (casing bottom) elevation for Mount Simon wells Sr/(Ca+Mg)  ratios greater than 

0.001.  Variogram above shows correlation length of approximately 6600 meters.   

Elevated ratios may be associated with recharge through NW provenance tills and/or 

longer residence time. 
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Figure 13.  Scatterplot and summary statistics for chloride concentrations in wells with 

and without detectable tritium. Location map shows distribution of points.  Box plots 

show median, upper and lower quartile and outlier values for chloride concentrations 

versus tritium detection.  Median chloride concentrations for samples with detectible 

tritium are significantly higher than from samples without detectable tritium at alpha = 

0.05.  The spread of chloride values from samples with detectable tritium is greater and 

reflected in a higher mean value for this data group. 
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Figure 14.  Regional maps showing the distribution of recent waters.  A.) Chloride 

concentrations from water wells.  Concentrations greater than 5 mg/l considered to be 

indicator of recent recharge.  B.) Tritium results from water wells.  Well with tritium 

concentrations greater than 10 tritium units (TU) considered to be dominated by waters 

having entered the ground since 1960; wells with less than 1 TU considered to be 

dominated by waters having entered the ground prior to 1960; intermediate values from 1 

to 10 TU considered a mixture of older and recent waters.  Distribution of elevated 

chloride and tritium is broadly similar.  C.)  Contours of open hole top (casing bottom) 

elevation for wells with detectable tritium.  D.) raster surface marking the base elevation 

for recent waters, constructed in part using the contours shown in C. 
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Figure 15.  Regional maps showing naturally elevated chloride concentrations.  A.) 

Chloride concentrations in mg/l for wells with  carbon 14 – determined ages of greater 

than 1200 years.  Also shown are chloride outliers from Hall et al., 1911.  Blue contours 

show height of open hole bottoms  above the pre-Cambrian bedrock surface; colored 

contours show elevation for elevated chloride in unconsolidated deposits in the Belle 

Plaine area, Scott County.   Major metropolitan area bedrock faults are also shown.  Old 

waters with elevated chloride are associated with fault zones, possibly due to upwelling 

of waters associated with pre-Cambrian bedrock.  B.) Chloride to bromide ratios, all 

wells.  Chloride to bromide ratios less than 200 considered to be indicator of chloride 

from bedrock as opposed to anthropogenic sources.  Contours of recent water elevations 

from Figure 13 shown for comparison to chloride bromide ratios.  Elevated ratios (greater 

than 1000) are generally found in shallow wells with recent waters. 
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Figure 16.  Scatterplot and summary statistics for chloride concentrations compared to 

distance from casing bottom to the bedrock surface, domestic wells only. Location map 

shows distribution of points.  Box plots show median, upper and lower quartile and 

outlier values for distance from well open-hole to the bedrock surface.  Median 

concentrations for datasets with distances greater than or less than 10 feet are not 

significantly different from one another at alpha = 0.05.  The spread of chloride values 

from samples with a distance less than or equal to 10 feet is greater and reflected in a 

higher mean value for this data group. 
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Figure 17.  Scatterplot and summary statistics for chloride concentrations compared to 

distance from a bedrock valley, domestic wells only, threshold distance of 400 meters. 

Location map shows distribution of points.  Box plots show median, upper and lower 

quartile and outlier values for distance from well to the bedrock valley.   Median 

concentrations for datasets with distances greater than or less than 400 meters are not 

significantly different from one another at alpha = 0.05.  The spread of chloride values 

from samples with a distance less than or equal to 400 meters is greater and reflected in a 

higher mean value for this data group. 
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Figure 18.  Scatterplot and summary statistics for chloride concentrations compared to 

distance from a bedrock valley, domestic wells only, threshold distance of 2000 meters. 

Location map shows distribution of points.  Box plots show median, upper and lower 

quartile and outlier values for distance from well to the bedrock valley.   Median 

concentrations for datasets with distances greater than or less than 2000 meters are not 

significantly different from one another at alpha = 0.05.  The spread of chloride values 

from samples with a distance less than or equal to 2000 meters is greater and reflected in 

a higher mean value for this data group. 
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Figure 19.  Scatterplot and summary statistics for PFBA concentrations greater than 1 

microgram per liter, compared to distance from a bedrock valley, threshold distance of 

1000 meters. Location map shows distribution of points.  Box plots show median, upper 

and lower quartile and outlier values for distance from well to the bedrock valley.   

Median concentrations for datasets with distances greater than or less than 1000 meters 

are significantly different from one another at alpha = 0.05.  The spread of PFBA values 

from samples with a distance less than or equal to 1000 meters is greater and reflected in 

a higher mean value for this data group. 
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Figure 20.  Lithostratigraphic column showing distribution of residence time by open 

hole interval.  Recent waters found most often in bedrock stratigraphically higher than the 

St. Lawrence Formation 
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Figure 21.  Boxplots of chloride concentrations in Prairie du Chien and Jordan samples, 

grouped by western, central and eastern regions.  In the west region, concentrations are 

low in both Prairie du Chien and Jordan samples, with a greater spread and higher median 

value in  the Prairie du Chien;  Greater spread and higher median values in the Prairie du 

Chien are also found in the east region, with overall median values for both Prairie du 

Chien and Jordan sets greater than respective units in the other two regions;  In the 

central region, there are lower median values but a greater spread in the Jordan compared 

to the Prairie du Chien. 
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Figure 22.  Series of stacked columns, showing the number of detect verses non-detects 

of PFBA for both the Prairie du Chien and Jordan wells, in regularly spaced sectors 

across southern Washington County.  Location of cross section H-H’ (Figure 36) is 

shown. 
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Figure 23.  Estimated composite vertical hydraulic conductivity in feet per day from the 

land surface to the bedrock surface.  Estimate based on harmonic mean of texture-based 

hydraulic conductivities of unconsolidated suburface materials, calculated at regularly 

spaced 250 meter by 250 meter intervals in the horizontal direction.  Details on 

subsurface texture database construction included in Appendix A. 
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Figure 24.  Regional maps showing adjusted vertical change in hydraulic head for March 

(A.) and August (B.) 2008.  Bedrock surfaces were adjusted to be one half foot below the 

water table surface except in areas of groundwater discharge (Mississippi, Minnesota, St. 

Croix, and portions of the Crow River).  Constructed by subtracting the bedrock 

potentiometric surface from the water table surface, summer increases in hydraulic 

gradient are most visible in the central metropolitan area.  These changes reflect 

increased drawdown in the bedrock potentiometric surface due to higher summer 

pumping rates from the Prairie du Chien Group and Jordan Sandstone.  
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Figure 25.  Calculated vertical travel time from regional water table the bedrock surface 

(saturated conditions)  travel times greater than 500 years calculated for much of the 

western metropolitan area, where a thick sequence of clay loam NW provenance till and 

sandy loam NE provenance tills overlie bedrock.  Shorter residence times are present 

where relatively coarse sediment overlies bedrock and in areas of large hydraulic 

gradient. 
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Figure 26.  Oblique views of the TCMAx from the southeast, showing the three 

dimensional distribution of regional hydrochemical facies in bedrock and surfical 

deposits.  Selected bedrock units included for vertical reference. A. Pre-Cambrian surface 

and major rivers; B. Naturally elevated chloride are present above the Pre-Cambrian in 

the lower St. Mt. Simon; C. Naturally elevated chloride present above the  Eau Claire 

Formation, shown in green, in fault zones; D, E and F.  Elevated Sr/(Ca+Mg)  waters 

present in the western TCMAx in Quaternary, Jordan, Prairie du Chien and Mt. Simon 

(not shown); G, H, I. Recent waters found at elevations below 700 feet in the central 

TCMAx, broadening out at elevations closer to the land surface. 
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Figure 27.  Cross section key for Figures 26 through 33. 
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Figure 28 and 29.  Left and right sides of regional cross section A-A’, Sherburne County 

to Mississippi River.  Recent waters interpreted as present in the upper 50 feet of 

unconsolidated deposits, increasing with depth in the central part of the basin.  Lowest 

elevation of recent waters occurs in the Jordan Sandstone.  Carbon 14 dates for Mt. 

Simon are shown, indicating a sharp contrast in recharge rates for the upper and lower 

aquifer systems. 
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Figure 30.  Regional cross section B-B’, St. Francis, Anoka County to Mississippi River. 

Recent waters interpreted as present in the upper 50 feet of unconsolidated deposits, 

increasing with depth in the central part of the basin.  Lowest elevation of recent waters 

occurs in the Jordan Sandstone.  Complexity of unconsolidated deposits over bedrock, 

below surficial sands is shown. 
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Figure 31.  Regional cross section C-C’, Big Marine Lake, Washington County to 

Mississippi River near downtown St. Paul.  Recent waters between Big Marine and 

White Bear Lake in the Prairie du Chien Group largley based on tritium measurements 

from samples west and east of the cross section line interpreted as mixed waters (TU 

between 1 and 10).  Recent water is found at depth toward downtown St. Paul, coincident 

with a downward gradient and coarse unconsolidated deposits over bedrock.  Slight 

upward gradient at White Bear Lake; downward gradient near Big Marine possibly 

marking groundwater divide, with regional discharge west toward the St. Croix River.  

Vintage waters in the Mt. Simon aquifer. 
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Figure 32.  Regional cross section D-D’, western Dakota County to Mississippi River 

near Hastings.  Limited data show presence of clay, based on the interpolated model, 

restrict the downward movement of water west of the South Branch of the Vermillion 

River.  Remainder of the cross section is largely sand and gravel over Prairie du Chien 

Group.  A large buried valley filled with sand and gravel is present west of Hastings.  

Recent waters within this valley based on sampled wells within and on the edges of the 

valley to the southeast. 
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Figure 33.  Regional cross section E-E’, southeastern Scott County to Minnesota River 

near Shakopee.  Anthropogenic waters absent below cover of alternating NW and NE 

provenance tills.  Elevated Sr/(Ca+Mg) ratios limited to bedrock valley in upper aquifers 

and to the Mt. Simon in the lower aquifer.  Naturally elevated chloride present in the Mt. 

Simon at the northeast end of the cross section.  Presence of recent water in the Jordan in 

this area based on sampled wells to the east and west of the cross section line.  A strong 

upward gradient from the Jordan is present near the Minnesota River. 
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Figure 34.A. Local cross section F-F’ Edina area.   Age inversion within the open hole of 

a single well is shown.  Grab samples from the lower portion of the open hole had 

detectible tritium, while the uppermost sample, located within the Shakopee Formation – 

Prairie du Chien Group, did not (MDH, 2010b).  Flow logging from a nearby test well 

(MN unique well no. 748656) showed strong downflow from the lower Shakopee to the 

Jordan Sandstone, corresponding to stratigraphic position of detectible tritium in this 

well.  Interpreted stagnation zone of older water illustrated as present underneath the 

central portion of the Platteville/Glenwood cap. 

 

Figure 34.B. Local cross section G-G’ Eastern Hennepin County.  Recent water occurs at 

depth east of till cover.  Flow logging east of Highway 169 showed strong upflow from 

fractures in the upper Jordan Sandstone to the upper Oneota Formation - Prairie du Chien 

Group (MN unique well no. 676445. 
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Figure 35.A.  Local cross section H-H’, south central Washington County to Mississippi 

River.  Stratification of perflourochemical (PFC) detections between Shakopee (upper 

Prairie du Chien Group) and Jordan samples is shown.  Results infer separate flow 

systems, with possibly greater flux through the Shakopee Formation compared to the 

Jordan Sandstone. 

 

Figure 35.B.  Local cross section I-I’, southeastern Washington County to St. Croix 

River.  Downward gradient over  a north-south trending bedrock valley in the center of 

the cross section, west of Manning Avenue.  The valley, filled with primarily coarse-

grained material, shows cluster of PFC detections.  Occurrence of PFC’s near t he St. 

Croix River indicates movement of groundwater through fractures and fault blocks, 

crossing stratigraphic units with wide ranging permeability. 
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Figure 36.  Histogram comparing chloride concentrations to top-of-open-hole elevation 

in sampled wells. Elevated chloride in metropolitan area water well samples, indicative of 

recent waters, is typically found at elevations above 700 feet above mean sea level, 

approximate elevation of the Minnesota, Mississippi and St. Croix Rivers. A.) Y axis 

from 400 to 1000 feet.  B.) Expanded Y axis from 600 to 900 feet. 
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Figure 37.   Temporal variability of chloride concentrations compared with depth.   

Greater variability in chloride concentrations are found at depths less than 150 feet below 

the land surface. 
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APPENDICIES 

Appendix A. Methods for determining the distribution and hydraulic characteristics of 

subsurface unconsolidated materials. 

 

In this investigation, vertical hydraulic conductivity values for unconsolidated 

materials are based on their textural distribution from the land surface to the bedrock 

surface.  Subsurface mapping of unconsolidated deposits is not continuous across the 

Twin Cities metropolitan area (Figure 38).  As a result, the compilation of subsurface 

Quaternary textures presented here is a hybrid of detailed subsurface mapping based on 

cross sections, and interpolation of textures from the state water well database – the 

County Well Index (CWI). 

Although the methods for detailed subsurface mapping have changed with time, 

the basic approach is the same. Subsurface materials are mapped in three dimensions by 

evaluating well records and cuttings, rotosonic core and textural analyses, within the 

context of stratigraphic order and conditions of deposition.  To clarify textural 

descriptions in this report, the term fine-grained materials is used to describe clay loam 

to sandy loam basal tills, but can include lacustrine deposits composed of laminated fine 

sand, silt and clay; the term coarse-grained materials is used to describe sand and gravel 

glacio-fluvial deposits, including ice contact, valley train, subglacial and outwash 

deposits; the term mixed fine and coarse-grained materials is used to describe textures 

found in ice stagnation zones and other conditions resulting in a complex mixture of the 

two.  Digital elevation models of the tops and bottoms of stratigraphic units produced by 
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subsurface mapping were used in this investigation to delineate subsurface textures in 

these mapped areas shown on Figure 38. 

Within the TCMAx, areas with no Quaternary subsurface mapping include 

Dakota, Ramsey, Isanti and portions of Hennepin County.  Subsurface mapping is 

currently underway as part of the Wright and Sherburne geologic atlases, but are not 

completed at this time.   In order to determine the distribution of subsurface textures in 

these areas, interpolation methods were used modified from those earlier geologic atlases 

were used (e.g. Meyer et al., 1995).  With this approach, stratigraphic records from water 

wells are coded based on primary lithology into three generalized textural categories of 

fine-grained, coarse-grained, or a mixture of fine and coarse-grained.  In driller’s records, 

these intervals are typically referred to as clay, sand/gravel, and sandy clay/clayey sand.  

The stratigraphic record is then resampled into equal 10 foot elevation intervals.  Two-

dimensional interpolation using ordinary kriging is used to determine the likelihood of 

each category for a given elevation interval. 

Two-dimensional, rather than three-dimensional interpolation is used, based on 

the premise that glacial deposits have undergone minimal structural deformation since 

their deposition, and that correlation is optimized by evaluating data at equal elevations.  

Interpolated results for each elevation interval are merged to into a single dataset to create 

a three-dimensional model for each of the three textural types. 

In order to combine textural datasets from subsurface mapping and the 

interpolated model, a matrix of points between the land surface and bedrock surface was 

created, spaced 250 meters apart in the horizontal direction and 20 feet apart in the 
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vertical direction, herein referred to as gridpoints.  The size was chosen to cover the 

TCMAx at a scale that can be reasonably managed on a desktop computer.  A range of 

vertical hydraulic conductivities (Kv) were assigned each gridpoint, based on its location 

within mapped Quaternary stratigraphic layers.  Where subsurface mapping does not 

exist, a range of values were assigned based on interpolated model results.  If neither of 

these sources were available for a given gridpoint, a null value was assigned.  A final 

adjustment to assigned Kv values was made based on depth.  If the gridpoint is within 20 

feet of the land surface (upper-most gridpoint) it texture-derived hydraulic conductivity 

was assigned based on the current 1:200,000 scale surfical geologic map of the Twin 

Cities metropolitan region (Meyer, 2007).  If the gridpoint is greater than 60 feet in depth 

from the land surface, its assigned range of hydraulic conductivity is two orders of 

magnitude less than the values assigned to a similar texture in the upper 60 feet.  Textures 

and assigned ranges of hydraulic conductivities are included in Table 3.  These estimates 

are based on a regional compilation of hydraulic conductivity measurements for glacial 

deposits, conducted at a wide range of scales (Tipping et al., 2010).  Methods for 

gridpoint assignment are illustrated on Figure 39. 

In addition to hydraulic conductivities, gridpoints contain attributes on texture, 

texture source (subsurface mapping or interpolated model), Quaternary stratigraphic unit 

if mapped, surficial map unit, and unique identifiers for the six neighboring points.  The 

latter is included to facilitate finite difference modeling. 

 For travel time calculations, a single “composite” Kv was assigned to each 

gridpoint based on the following hierarchy.  If no other texture estimate was available, 
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Kv was assigned based on texture from interpolated model.  These Kv’s were replaced by 

texture-based Kv’s from subsurface mapping, which in turn were replaced by texture-

based Kv’s from the surficial map (upper 20 feet only).  After these assignments were 

made, if a single column of gridpoints from the land surface to the bedrock surface had 

texture-derived Kv’s  for more than 40 percent of its points, the remaining blanks were 

assigned an intermediate value 10.05 ft/day;  if less than 40 percent had texture-derived 

Kv’s, the remaining blanks had no value assigned.  

A second dataset was created to summarize subsurface conditions for each XY 

location within gridpoints, herein referred to as XY locations.  This dataset contains 

information on: what percent of the subsurface is represented, either by subsurface and 

surface mapping or interpolation, by a texture attribute and associated K value; regional 

water table surface elevation; bedrock potentiometric surface elevation; and top of 

bedrock elevation.  

For each XY location with greater than 40 percent of its subsurface gridpoint 

textures represented by mapping or interpolation, arithmetic, geometric and harmonic 

mean Kv values were calculated.  This calculation was done both for points from water 

table elevation to the bedrock surface and from the water table elevation to the land 

surface, and are referred to as “Kv_sat” and “Kv_unsat” respectively in dataset XY 

locations.   Kv_sat values based on harmonic mean of each composite Kv for a given XY 

location are shown on Figure 6.  Field descriptions for datasets gridpoints and XY 

locations are included in Appendix D. 



159 

 

 

Hydraulic Gradient 

Hydraulic head differences used to establish a hydraulic gradient between the 

water in upper, unconsolidated deposits and water in bedrock aquifers were determined 

using raster calculations.   The regional water table raster surface was constructed to help 

evaluate the impact of pumping on surface water bodies at a regional scale (Barr, 2010).  

By design, it is well suited for this investigation, by providing generalized regional 

elevations of saturated conditions, without including zones of perched groundwater 

systems.    Main sources of data sources for the regional water table surface are 

Minnesota Department of Natural Resources observation well network for water table 

wells, the County Well Index (CWI), and data from site specific studies.  Results from 

regional groundwater flow models and surface-water elevations for reaches of some 

streams known to be gaining were also used as a control, particularly where data from 

other sources were sparse (Barr, 2010).  

The regional bedrock potentiometric raster surface is a combination elevations 

from contoured synoptic water level measurements in the Prairie du Chien Group and 

Jordan Sandstone (Sanocki et al., 2009) and contoured water levels from the County Well 

Index for upper-most bedrock aquifers where the Prairie du Chien and Jordan are not 

present.  The resultant bedrock potentiometric surface is meant to provide generalized 

bedrock hydraulic head data for flow systems most directly connected to activities at the 

land surface. 

The regional water table and bedrock potentiometric surfaces are generalized 

surfaces both spatially and temporally.  Both surfaces are based, in part, on measurements 
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from CWI, taken most often at the date of installation, spanning all seasons over many 

decades.    Filtering and data processing and final cross-validation of the water table CWI 

dataset resulted in values dropped with absolute residuals 20 feet or greater (Barr, 2010).  

Error for both regional water table surface and the bedrock potentiometric surface 

elevations are estimated to be at a minium +/- 20 feet in areas based solely on data from 

CWI.    Water table data from the DNR’s observation well network are based on reliable 

measurements, but are subject to seasonal variations not included in this model.  Bedrock 

water level data from 2008 synoptic water level measurements provide data that is 

temporally consistent across the metro area.  Measurements were taken in March and 

August of 2008, and provide information on seasonal changes in hydraulic head within 

bedrock aquifers. 

Subtracting the bedrock potentiometric surface from the regional water table 

surface produced negative values over much of the TCMAx.  Many of these areas were 

focused on the major rivers, where upward discharge of bedrock aquifers is reflected in 

expected negative values.  In other areas, it is less clear whether actual artesian conditions 

exist, or where uncertainty in the surface values produces overlap.  For the purposes of 

travel time calculations, areas with negative values near major discharge areas, or areas 

where CWI records indicate flowing (artesian) bedrock wells were identified and are 

shown on the vertical recharge map.    Outside of these areas, bedrock potentiometric 

surface elevations greater than the regional water table were lowered to one-half foot 

below the regional water table. 
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Subtraction of the adjusted bedrock potentiometric surface from the regional 

water table surface reveals seasonal changes in bedrock hydraulic head (Figure 24).   

Synoptic measurements taken in August 2008 show a broadening and deepening of 

hydraulic head in the central metropolitan area when compared to March 2008 

measurements.  The cause of this change is likely increased high capacity pumping in 

response to increased summer demand. 

The hydraulic gradient between the regional water table and bedrock aquifers was 

determined by dividing the difference in hydraulic head by the vertical distance from the 

water table to the bedrock surface (Figure 8).   Perched conditions in the central 

metropolitan area are present within and above the Plattville Formation; in places, the St. 

Peter Sandstone is partially unsaturated below it.  These conditions invalidate the use of a 

Darcy flux- based calculation to estimate travel time from the water table to the Prairie du 

Chien Group and Jordan Sandstones.  Although unsaturated conditions within glacial 

sediment are known to occur under the regional water table surface, the unconsolidated 

deposits below the regional water table were considered to be fully saturated for the 

travel-time calculation. 

Calculation of vertical travel times 

Vertical travel times were calculated as follows: 

T = L/((Kv*365days* (Δ h/L))/n) 

 

 = L
2
n/(365days*Kv* Δ h) 

 

T = vertical time of travel in years 

L = distance from regional water table to bedrock surface, in feet 

Kv = bulk vertical hydraulic conductivity in feet/day 
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for saturated conditions:  mean value of gridpoints from water table to bedrock 

surface 

 

Δ h  = difference in elevation between regional water table and bedrock poteniometric 

surfaces in feet.  (vertical hydraulic head gradient = Δ h /L) 

 

n = effective porosity, set equal to 0.20 

 

 

Time of travel estimates were calculated for arithmetic, geometric and harmonic means 

for saturated conditions, and are included in the XY location dataset. 
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Figure 38.   Eleven county extended TCMAx showing areas where subsurface 

Quaternary stratigraphy has been mapped. (Meyer and Tipping, 1998; Lusardi and 

Tipping, 2006; Meyer and Tipping, 2007; Lusardi and Tipping, 2009; Meyer, 2010) 
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Figure 39.   Schematic drawing of Quaternary points model.  Columns of points where 

less than 40 percent of the column can be assigned texture- and depth-based range of 

hydraulic conductivities were left out of the final time of travel calculation. 
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Appendix E.  Guide to database use. 

Travel time calculations 

Several choices were made that impact the time of travel calculations shown on 

Figures 12 and 13, and on the accompanying map: 

1.) Harmonic mean of vertical hydraulic conductivity (Kv) values for set of 

gridpoints at each XY location was used, as opposed to arithmetic or 

geometric mean.   The harmonic mean is influenced more by lower values 

than the geometric or arithmetic mean.  It was chosen based on the premise 

that low conductivity layers have the greatest influence on ground water 

flowpaths. 

2.) In places other than those identified as regional discharge zones, the bedrock 

potentiometric surface was lowered one-half foot below the regional water 

table surface in places where it was greater than the water table surface.  

(Note: gradients shown on cross sections were not changed).  This allowed for 

travel time calculation over a broader area where adequate subsurface data 

was available. 

3.) Effective porosity was set at 20% for all calculations based on literature 

values.  It is expected that actual effective porosity varies substantially over a 

range of textures and depositional environments. 

These choices result in extremely long travel times under certain conditions, 

such as very low gradients and low bulk  Kv.  Rather than replace these travel 

time values with a realistic number, they were left in to reflect the limitations 

of this type of method at depicting actual groundwater flow.    The resulting 

map is a reasonable depiction of the relative rather than absolute differences in 

vertical travel times across the metropolitan area.   It should also be noted that 

in areas identified as regional discharge zones – bedrock potentiometric 

surface higher than the regional water table – travel time values were set to 

null. 
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Layer files 

The following ArcGIS layer files are included to assist with database display.  

Depending on processing speed of the desktop computer, it may be help to use the 

“Definition Query” tab under layer properties to display only subsets of the larger 

database. 

XY_locations feature class 

Name Description 

travel_time_yrs_Kzh _sat.lyr Use to display vertical travel time in years from the 

regional water table to the bedrock surface calculated 

using harmonic mean of composite vertical hydraulic 

conductivity 

travel_time_yrs_Kzh_unsat.lyr Use to display vertical travel time in years from land 

surface to regional water table calculated using 

harmonic mean of composite vertical hydraulic 

conductivity 

 

gridpoints_Q  feature class – represents any occurrence from landsurface to bedrock 

Name Description 

gridpoints_Q_K_classM.lyr Use to display subsurface textures as determined 

by interpolated model – based on driller’s 

descriptions 

gridpoints_Q_K_class.lyr Use to display subsurface textures as determined 

by stratigraphic mapping 

gridpoints_Q_K_classSG.lyr Use to display near surface textures as determined 

by surfical mapping 

gridpoints_Q_K_class_composite.lyr Use to display near surface and subsurface 

textures, as determined by hierarchy of K_classM 

superceded by K_class, superceded by 

K_classSG. 

 

gridpoints_waterchem 

Name Description 

gridpoints_waterchem_nat_elev_cl.lyr Use to display subsurface distribution of 

naturally elevated chloride waters 

gridpoints_waterchem_srcamg.lyr Use to display subsurface distribution of 

elevated strontium to calcium plus magnesium 

waters 

gridpoints_waterchem_recent.lyr Use to display near subsurface distribution of 

recent waters 

 

 

 


