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PROJECT SUMMARY 
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Julie Maas, Graduate Student  

University of Wisconsin-Green Bay, Department of Natural and Applied Sciences (Geoscience), 2420 

Nicolet Drive, Green Bay, Wisconsin 54311 

Period of Contract: Beginning 7/01/08 through 06/30/09 

Background/Need: 

In eastern Wisconsin, water levels over large regions have decreased due to many wells pumping from 

beneath a confining layer.  This combination of geology and cumulative pumping from the wells has 

resulted in a large regional drawdown cone centered around Brown County, Wisconsin.  The region has 

experienced drawdowns greater than 400 feet with a significant portion of Brown County showing 

drawdowns greater than 150 feet in the confined aquifer.   

 Wisconsin groundwater quantity legislation, 2003 Act 310, addresses these large drawdowns by 

designating areas with drawdowns greater than 150 feet as Groundwater Management Areas (GMAs). 

These GMAs are to receive special attention. However, there had not been any analysis of the drawdowns 

or pumping rates in nearly 10 years (Walker and others, 1998) in the northeastern GMA, the region in 

this study.  In this report we remedy this gap in our knowledge with compilations of drawdowns, pumping 

rates, and an improved hydrostratigraphy of the northeastern GMA in Brown, Outagamie, and Calumet 

counties, WI.  In addition, eight communities in the northeastern GMA switched from groundwater to 

surface water, providing an opportunity to observe changes in water levels from the decreased pumping 

rates. 

Objectives: 

The objective of this study was to improve our understanding of the hydrogeology, flow system, and 

drawdowns in the northeastern GMA.  This will allow the WDNR to assist those communities and parties 

in the northeastern GMA who still rely on groundwater for their current and future water supply needs. 

Methods: 

We collected basic data: water levels, pumping rates, and hydrostratigraphy.  These data were compiled 

into a database of water levels and pumping rates (municipal and non-municipal hi-cap) over time.  We 

analyzed those data and developed maps of drawdown cones and created tables with associated pumping 

rates.  We used the switch from groundwater to surface water by the eight municipalities to estimate a 

vertical conductivity of the confining layer through a Hantush leaky aquifer analysis.   We refined the 

hydrostratigraphy by using results from an ongoing STATEMAP proposal and the Glacial Lake Oshkosh 

project (Moeller and others, 2007; Hooyer and others, 2009).  We tested several boreholes using 

geophysical logging, flowmeters, and packer testing to improve the geologic interpretation and to derive 

hydraulic properties of the confining unit and the confined aquifer. 
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Results and Discussion: 

In general, the water levels in the deep sandstone aquifer have increased more than 100 ft around the 

central portion of the main cone of depression located in central Brown County since the eight 

communities switched from groundwater to surface water.  Although the rate of water level increase has 

slowed, water levels are still slowly rising.  In fact, water levels in the deep sandstone aquifer have the 

potential to rise above the land surface causing flowing wells; the town of Howard’s well #3 has already 

begun to flow.  A smaller portion of the cone of depression in the northeastern GMA, located to the south 

and centered around the Fox Cities area near the north end of Lake Winnebago has not shown any 

change.  This smaller portion is located too far from the change in pumping to have seen any changes in 

water levels.   

 Pumping rates in the northeastern GMA decreased by 12 mgd due to the switch from 

groundwater to surface water supplies by the eight communities.  Current pumping rates in the area in 

central Brown County are around 4.2 mgd.  However pumping rates in the Fox Cities area remain at 

around 7 mgd. 

 The hydrostratigraphy of the area has been refined. Analyzing recovery curves from central 

Brown County wells with the Hantush method using an automated fit approach resulted horizontal 

conductivity (Kh) values of the deep aquifer that ranged from 2.7 to 19.1 feet per day.  Vertical 

conductivity (Kv) values of the confining unit ranged from 2.8x10-7 to 2.3x10-3 feet per day. Geophysical 

logs, flowmeter logs, and packer testing were collected at several wells.  One result of this logging is an 

increased appreciation for high conductivity zones in the sandstone aquifer, whether it be vertical 

fractures seen in the Shorewood golf course well, BN-422, or the horizontal high K zones in the McKeefry 

borehole, BN-424, that received or produced flows greater than 50 gpm over zones less than 1 foot in 

thickness. 

Conclusions and Recommendations: 

Pumping rates control water levels in the deep sandstone aquifer in the northeastern GMA.  We now have 

two instances, one from 1957 and one from 2005-2007, where pumping rates have decreased 

dramatically and the aquifer has been allowed to recover.  As a result we know that if the aquifer is 

overpumped (around 7 mgd in central Brown County), the mineralized zone of the St. Peter Sandstone 

may become dewatered and might act as a source of arsenic. Also, if the pumping rate is too low, many 

wells open to the deep sandstone aquifer may begin to flow, creating a need to deal with the excess water.   

Related Publications (Abstracts): 

1. Hart, D.J., Luczaj, J.A., and Chase, P.M., 2008, A Large Scale Pumping Test in the Northeastern 

Wisconsin Groundwater Management Area. American Water Resources Association Conference, 

Wisconsin Chapter, Brookfield, WI, page 50. 

2. Maas, J.C., Hart, D.J., and Luczaj, J.A., 2009, Groundwater Recovery and Hydrostratigraphy in the 

Northeastern Groundwater Management Area of Brown, Outagamie, and Calumet Counties, 

Wisconsin.  American Water Resources Association Conference, Wisconsin Chapter, Stevens Point, 

WI, page 39. 

Keywords: 

Hydrostratigraphy, pumping rates, drawdowns, groundwater management area 

Funding: Wisconsin Department of Natural Resources 

Final Report:  

A final report containing more detailed information on this project is available for loan at the Water  

Resources Institute Library, University of Wisconsin–Madison, 1975 Willow Drive, Madison, Wisconsin  

53706; (608) 262-3069. 
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INTRODUCTION 
 

 Recent groundwater legislation, 2003 Wisconsin Act 310, addresses concerns about groundwater 

as a resource and provides the Wisconsin Department of Natural Resources (WDNR) with additional 

groundwater management tools.  This project was designed in response to a WDNR request for additional 

information supporting Act 310 in the northeast Wisconsin Groundwater Management Area (GMA; 

Figure 1). 

 

 
Figure 1. Location of the Northeastern GMA shown in blue. 

 

Objectives 

 Our objective was to collect basic hydrogeologic data for the northeastern GMA and the 

surrounding area.  These data include water levels and pumping rates for a variety of municipal, 

industrial, and residential wells, with a focus on the deep aquifer.  In addition, a two-year U.S. Geological 

Survey funded project to map the bedrock geology of Brown County (Luczaj and McLaughlin, 2007, 

2008) has provided resources and information to aid in our understanding of the hydrostratigraphy of the 

region.   

 This basic study is necessary because of the large data gaps in the water levels and pumping 

rates in this GMA.  In 1998, results of groundwater flow modeling were published for this region (Walker 

and others, 1998; Conlon, 1998).  Since that time, there has been little data collection and less analysis of 

the hydrogeology in the GMA, even though the drawdowns in the GMA had greatly exceeded 150 feet in 

1998.  Between 1998 and the beginning of this project, we did not have a full understanding of the 

variation in pumping rates or water levels and little knowledge of the overall state of the resource.  Some 

data were available in WDNR and Public Service Commission records submitted by municipalities but 

they had not been compiled or analyzed. 

 This project contains three principal components, each of which focuses on different aspects of 

the hydrogeology of the northeastern GMA.  Two of these components are pumping rates and water 

levels over time, and they are included in a Microsoft Access database (Appendix 3).  The third 

component is a refined understanding of the hydrostratigraphy of the northeastern GMA, with a focus on 

the Green Bay region.  

 This project has supported graduate student Julie Maas at the University of Wisconsin – Green 

Bay as a graduate research assistant.  She was responsible for compiling most of the water levels and 

pumping rates, and for serving as a liaison with private and municipal well operators.  Julie also 

participated in onsite investigations, hydrogeologic calculations, and cross section compilations. 
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Background   

 The northeastern GMA includes all of Brown County and parts of Outagamie and Calumet 

counties (Figure 1).  It has an area of around 700 square miles that lies completely within the Great Lakes 

basin and is home to more than 350,000 people (U.S. Census, 2009).  As concerns over groundwater 

quantity and quality have grown within the northeastern GMA, surface water has become the 

predominant source of municipal water supply for the larger municipalities.  However, significant 

industrial, commercial, municipal, and residential groundwater use continues in the northeastern GMA. 

 The geology of the area (Figure 2) is generally similar to that of southeastern Wisconsin with a 

few important stratigraphic differences.  The area is underlain by a basement of Precambrian crystalline 

rocks at depths ranging from around 700 feet in the northwest to as much as 1,700 feet, with depths 

increasing toward the southeast.  These crystalline rocks have little capacity for groundwater production.  

Above the crystalline bedrock is an aquifer that consists of Cambrian and Ordovician sandstone and 

dolostone.  These rocks go from the Mount Simon Sandstone at the bottom of the section to the St. Peter 

Sandstone at the top of the section to form a deep aquifer with a thickness of around 600 feet.  The Prairie 

du Chien Group dolostones (up to 200 feet thick) are present within this aquifer, and are sandwiched 

between the Cambrian and Ordovician sandstones.  This aquifer is very productive and was historically 

the predominant source of water for the region.  Above the deep aquifer is a confining unit, the 

Ordovician Sinnipee Group, containing dolostone and shaly dolostone with a thickness of 200 feet.  In the 

eastern part of the GMA, the Sinnipee Group is overlain by the Maquoketa Shale (an aquitard) and 

several Silurian dolostone formations.  The Silurian dolostone units are part of a regional karst aquifer but 

do not produce nearly as much water as the deep sandstone aquifer and have water quality problems 

relating to bacteria and nitrate contamination.  A variety of glacial materials ranging in thickness from 0 

to 200 feet covers the bedrock. 

 
Figure 2.  Generalized cross section showing the regional hydrostratigraphy in the northeastern GMA 

(modified after Conlon, 1998; Bradbury and Batten, 1996). 

 

 The northeastern GMA has a history of large drawdowns greater than 150 feet in the deep 

confined aquifer in two general locations. The largest cone of depression is centered in central Brown 

County near the Green Bay metropolitan area, and the other is centered in the Fox Cities Area between 

Kimberly and Kaukauna.   The most significant historical changes in the northeastern GMA occurred in 

central Brown County, near the Green Bay metropolitan area, and are the focus of this report. 
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 The problem of declining water levels in northeastern Wisconsin first impacted the Green Bay 

area.  Before 1957, groundwater was the major source of water for the region with a withdrawal rate of 

13 million gallons per day (mgd) in the metropolitan area.  Approximately half of the withdrawals were 

from municipal wells in the City of Green Bay.  At that time, the water levels in the deep aquifer wells 

had been lowered by about 400 feet below pre-development conditions.  Initially, the heads in the deep 

sandstone aquifer were around 100 feet above land surface.  However, by 1957 they were 340 feet below 

land surface due to pumping in the deep aquifer.  Because of this drawdown, Green Bay switched from 

groundwater to surface water in 1957.  The switch significantly reduced pumping and the water levels 

rebounded accordingly from lows of around 340 feet below ground surface to less than 100 feet below 

ground surface.  The rebounds and pumping rates are documented in Knowles (1964).   

 Over the subsequent 50 years, pumping rates for municipal and industrial wells in the 

communities surrounding Green Bay had increased significantly.  By 1979, 22 years after Green Bay 

switched to surface water, approximately 8.9 mgd of groundwater were withdrawn from the deep aquifer 

in Brown County (Krohelski, 1986).  At that time, six public supply systems and four industrial users 

were responsible for 60 percent of that amount.  By 2005, our present study estimates that approximately 

14-16 mgd of water was being withdrawn from the deep aquifer in central Brown County.  In response, 

the water levels in the deep sandstone aquifer had decreased at a rate of 2-3 feet/year to conditions similar 

to those present in 1957 (Figure 3).   Water levels for well BN-76 are available from the Wisconsin 

Groundwater Monitoring Network to April 2009.   

 

 
Figure 3. Water levels over a 54-year period in Well BN-76, Green Bay, WI.  The water level recovery 

events of 1957 and 2007 are both illustrated in this hydrograph. 

 

 

 In 1992, eleven communities surrounding Green Bay commissioned an engineering report to 

study long-term solutions to the declining water levels in the deep aquifer system (Consoer, Townsend & 
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Associates, Inc., 1992).  The report concluded that the deep aquifer system in the Green Bay metropolitan 

area would not be able to sustain the needs of the community through the subsequent 10 to 20 years.  

While these regional decreases in deep aquifer water levels were a significant long-term concern, new 

EPA standards for radium taking effect in December 2006 would have required all Brown County 

municipal water utilities to treat for high radium levels.  These high radium levels were the principal 

driving force behind the desire to switch to surface water.   

 These groundwater quantity and quality concerns led municipalities to consider the options 

available to them.  State Legislation passed in 1998 allowed communities to combine efforts to address 

water problems and in 1999 the Central Brown County Water Authority (CBCWA) was formed.  The 

CBCWA communities (the City of De Pere, the Villages of Allouez, Bellevue, and Howard, and the 

Towns of Lawrence, and Ledgeview) considered several solutions for their water supply concerns.  These 

options included purchasing water from Green Bay or independently building a pipeline to Lake 

Michigan.  After comparing these options amid much political controversy (e.g., Egan, 2006), the 

CBCWA signed an agreement to purchase water from the City of Manitowoc’s Public Water Utility. 

 In 2006, construction began on a 65-mile long pipeline that would eventually transport water 

from Manitowoc’s processing facility on the shore of Lake Michigan to each of the CBCWA 

communities.  This project was completed and all member communities were connected and receiving 

surface water by autumn of 2007.  Rather than join the CBCWA, the Village of Ashwaubenon and the 

Town of Scott addressed their water needs by signing agreements to purchase their municipal water from 

the City of Green Bay.  Scott’s well was turned off in October 2005 and Ashwaubenon stopped pumping 

groundwater in June 2006.  The eight communities that stopped pumping groundwater are shown in 

Figure 4.  

 The switch from groundwater to surface water by these eight communities has resulted in a 

substantial reduction in withdrawals from the deep aquifer.  Since the switch, water levels in the aquifer 

have shown dramatic recovery, which is a primary focus of this study. 
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Figure 4. Townships and cities of the Northeastern GMA, with emphasis on municipalities that recently 

switched from groundwater to surface water.  Black dots represent municipal wells for which water levels 

were recorded after the switch to surface water. 
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PROCEDURES AND METHODS 

 

Hydrostratigraphy 

 Our first objective was to gain a better understanding of the hydrostratigraphy in the northeastern 

GMA.  We compiled existing hydraulic conductivity, lithologic, and geophysical data from published and 

unpublished sources.  We performed geophysical logging (gamma and resistivity), spinner and heat pulse 

flow meter logging, video logging, and caliper logging on two existing wells and a third borehole near 

Pulaski, Wisconsin that was drilled in conjunction with this project.  In this report, wells or boreholes 

designated by BN-xxx refer to WGNHS well identification numbers, as used in the WiscLITH database. 

 

Pulaski Borehole Investigation 

 The borehole south of Pulaski, designated BN-424, was drilled as part of a U.S. Geological 

Survey (STATEMAP) funded project to map the bedrock geology of Brown County (Luczaj and 

McLaughlin, 2007).  In addition to the parameters mentioned above, this borehole was more intensely 

studied from a hydrostratigraphic perspective.  Flowmeter testing was performed under a variety of 

conditions, including non-pumping, as well as pumping at 40 gpm and 105 gpm with the pump set at 100 

feet.  Due to equipment malfunction, the quality of the video log for this well was limited, so an acoustic 

borehole image log was run to gain a better understanding of the stratigraphy and fracture characteristics 

in the borehole.  In addition, packer testing using a U.S. Geological Survey rig was conducted on the 

borehole at 17 different depth intervals ranging from 60 feet to 719 feet below ground surface to 

determine heads and horizontal hydraulic conductivities of the aquifer. 

  

Hantush Analysis of Regional Aquifer Properties 

 Knowles (1964) and Krohelski (1986) analyzed recovery curves from Green Bay’s 1957 switch 

to surface water, which reduced the volume pumped from the deep aquifer in the City of Green Bay by 

7.8 mgd.  For this project, a similar analysis was performed for the recovery curves from sixteen wells 

after the recent switch from groundwater to surface water by eight central Brown County communities.   

 This analysis is really equivalent to a “giant pumping test” because groundwater withdrawals by 

the eight municipalities in central Brown County ceased over a short period of time, analogous to turning 

off a single giant pumping well.  Aqtesolv™ software was used to apply an “automated-fit” method to the 

recovery curves, as well as recovery curves for two wells used by Knowles.   

 

 

Water Levels 

 Our second objective was to obtain water level data from a variety of sources.  Complete or 

partial static water level records for the period between January 2006 and June 2009 were provided by 17 

municipalities (Figure 4).  These water levels were entered into the project database.  Some records also 

include water levels measured during pumping conditions and some begin earlier than January 2006.  

Early in the project four Solinst level loggers were installed in wells open to the deep aquifer in Brown 

County.  Three of these loggers suffered from technical problems, including Well BN-76 (Figure 3), 

which recorded water levels through April 2009.  One level logger continues to record data in a well 

owned by the Oneida Nation (see Figure 21).  Static water levels were also obtained from well 

construction records accessed through the WDNR Well data disc (WDNR, 2009a).  Additional historical 

water levels were obtained from the U.S. Geological Survey’s Active Groundwater Level Network 

website (USGS, 2009).  
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Pumping Rates 

 Our third objective was to assess the volume and nature of groundwater withdrawals from the 

deep aquifer before and after the recent switch to surface water by eight municipalities in central Brown 

County.  We obtained pumping data from a variety of sources to estimate the volume of withdrawals and 

to understand who continues to use water from the deep aquifer, how it is used, and how this has changed 

over time.   

 Municipal well operators in our study area were requested to supply monthly pumping records for 

each well in service within their utility.  The operators who maintain such records provided them to us.  

Some utility operators did not provide monthly volumes pumped per well, but municipal well operators in 

Wisconsin are required to report their monthly groundwater withdrawals to the Wisconsin Public Service 

Commission (PSC).  These values are published in annual reports that are available to the public.  These 

values are reported as the combined total volume pumped from all wells within each public utility.  For 

pumping data acquired from PSC annual reports, we were able to use the combined total because all 

municipal wells for which we relied on PSC data are open to the deep aquifer.  One municipality, the 

town of Greenleaf, has one well open to the deep aquifer and one open to the shallow aquifer.  The well 

operator for this utility confirmed that the deep well has not been in use during our study period, 

therefore, no pumping volumes were included for Greenleaf wells (T. Weyenberg, personal 

communication, 2009). 

 Non-municipal wells fall into a wide range of categories, including but not limited to industrial, 

commercial, agricultural, irrigation, and residential.  The State of Wisconsin requires permits for all high 

capacity wells.  High capacity wells in Wisconsin are defined as those having a capacity higher than 

70 gpm (or a combined capacity of greater than 70 gpm if there is more than one well on a property).  We 

searched the WDNR’s well database (WDNR, 2009a) for high capacity wells in our study area and 

contacted well operators to request pumping records for the period between January 1, 2006 and 

December 31, 2008.  We obtained some pumping records from high capacity well operators by contacting 

them directly.  However, other operators were not locatable or did not keep pumping records.   

 Since 2007, the WDNR has required permit holders to report withdrawals by each of their high 

capacity wells annually.  For wells in which we were unable to obtain data directly from operators, we 

searched the annual reported values, available from the WDNR’s online high capacity well inventory 

(WDNR, 2009b).  Pumping records for many wells were reported for one or more years, with a noticeable 

increase in reporting in 2008.  Partial records were available for some wells, and we used the values we 

received to estimate the use in missing time periods.  For example, if volumes were available for 2007 

and 2008 for a particular well, the average monthly values for these years were applied to 2006.  If only 

one year of volumes was reported, that year’s values were applied to the missing years.  For wells drilled 

during the study period, zeroes were applied to all months before that well became operational. 

 Pumping rates for non-high capacity wells are not collected in an official manner in Wisconsin.  

Many residents obtain water for their household use from non-high capacity, domestic self-supplied 

wells.  Two methods were used to estimate withdrawals from the deep aquifer in the Northeast GMA.   

 For the first method, residential water use values reported by the PSC and average household size 

information from the US Census (US Census, 2009) were used to determine average residential use in 

gallons per capita per day (gpcpd) throughout our study area.  Additional population data from the 

Program for Agricultural Technology Studies (PATS) (PATS, 2009) and PSC values were used to 

estimate the number of residents who live in areas not served by municipal water providers, as well as 

how much water they consume per day.  The WDNR’s well records database (WDNRa, 2009) provided 

data to determine the percentage of wells that are open to the deep aquifer in each township.  This 

percentage was applied to the total estimated above to estimate residential withdrawals from the deep 

aquifer.   

 A simpler method was also applied to estimate water usage from domestic water supply wells.  

We used the total number of wells open to the deep aquifer in each township (from our search described 

above) and multiplied that number by the average household size in that township.  We then multiplied 

that number by the average residential consumption in gpcpd and summed the totals for all townships.   
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 These two methods for estimating residential withdrawals suffer from some limitations.  

Population data are from the 2000 census and do not account for growth that has taken place in the study 

are since then.  Also, the WDNR well records database contains, with few exceptions, only wells that 

have been drilled since 1988.  These methods also assume that all wells reported in the WDNR database 

are residential.  Commercial non-high capacity wells are not included in our estimates for this report. 

  

Estimation of St. Peter Sandstone Dewatering Point 

 We attempted to estimate the volume of water that could be pumped in central Brown County 

without dewatering the St. Peter Sandstone.  This is important because the top of the St. Peter typically 

contains abundant arsenic-bearing sulfide minerals that oxidize when exposed to the air.  Krohelski 

modeled the underflow and vertical leakage of the deep aquifer in Brown County to estimate the volume 

of water that could be withdrawn from aquifer storage without dewatering the St. Peter Sandstone.   

Before eight communities recently switched to surface water, several wells in the northeastern 

GMA had water levels that were below the top surface of the St. Peter Sandstone, particularly those 

located in or near the center of the cone of depression.  The distance between the water level and the top 

of the St. Peter Sandstone was determined for these wells both before the switch in 2005-2007 and after 

the switch in 2008.  We used linear interpolation to estimate the regional pumping rate that would keep 

water levels at or above the top of the St. Peter.  While this is obviously a simplistic solution to a four-

dimensional problem, it does provide a basic estimate of target pumping. 

 

RESULTS AND DISCUSSION 
 

Hydrostratigraphy 
 

Geologic Framework 

 The northeastern GMA is underlain by a basement of Precambrian crystalline igneous and 

metamorphic rocks (Krohelski, 1986; Young, 1992).  The Precambrian rocks are overlain by sedimentary 

rocks that are Cambrian to Silurian in age.  Cambrian to Ordovician sedimentary rocks comprise the deep 

aquifer, which is described in detail later in this section.  The deep aquifer is overlain and confined by a 

sequence of dolostone, shaly dolostone, and some shale.  Silurian dolostone overlies the confining layer 

in the eastern portion of the study area and is generally an aquifer, although it does not typically produce 

as much water as the deep aquifer.  Pleistocene lacustrine clays, tills, and other glacial sediments overlie 

the entire sequence.  The clays and tills generally act as aquitards, while other sediments could act as 

either aquifers or aquitards.  Tables 1 and 2 and Figure 2 summarize regional geology and 

hydrostratigraphy.  Figures 5 and 6 are cross sections illustrating the stratigraphy of the northeastern 

GMA. 

 

Precambrian 

 The study area is underlain by a basement of Precambrian igneous and metamorphic rock that 

slopes eastward at about 31 feet per mile in the western half of the county and increases to about 35 feet 

per mile between Scott and Luxemburg, Wisconsin.  These rocks are predominantly red granite, but also 

contain some schist and other crystalline rocks.  The depth of the Precambrian rock surface ranges from 

700 to 1,700 feet, increasing towards the east (Krohelski, 1986; this study).   
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Figure 5.  West to east cross section across Brown County. A is McKeefry Borehole, BN-424, Pulaski, Wisconsin; B is Village of Howard Well 2; C is City of Green Bay Well 10; D is City of Green Bay Well 4; E is Shorewood Golf Course 

Well at UW-Green Bay, BN-422; F is Town of Scott Well 1; G is former Green Bay and Western Railroad well, Luxemburg, Wisconsin.  Gamma logs are shown for A and E, as well as a log from MW-1 near C.  Vertical conductivity values 

(Kv) for the confining unit, as well as horizontal conductivity values (Kh) for the deep aquifer are shown for wells that were included in the Hantush pumping test analysis for this study.  Dashed black lines indicated inferred contacts.  The 

dashed blue line indicates the potentiometric surface in the deep aquifer in 2005, before eight communities switched to surface water.  The solid blue line shows the piezometric surface in 2008, after the switch.  Water levels for nearby wells 

were used for A and B, as water levels were not available for these specific wells at that time.  
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Figure 6. Southwest to northeast cross section across the northeastern GMA.  H is Village of Little Chute Well 1; I is Village of Wrightstown Well 4; J is Village of Wrightstown Well 2; K is City of De Pere Well 5; L is Village of Bellevue Well 

2; F is Town of Scott Well 1, which also appears on the west to east cross section in Figure 5. Vertical conductivity values (Kv) for the confining unit, as well as horizontal conductivity values (Kh) for the deep aquifer are shown for wells that 

were included in the Hantush pumping test analysis for this study.  Dashed black lines indicated inferred contacts.  The dashed blue line indicates the potentiometric surface in the deep aquifer in 2005, before eight communities switched to 

surface water.  The solid blue line shows the piezometric surface in 2008, after the switch.  
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Cambrian 

 The Cambrian geologic units interpreted to be present in the northeastern GMA are presented in 

Table 1.  The Elk Mound Group is the oldest Cambrian rock group and has a uniform thickness of 250 to 

300 feet in the Northeast GMA.  The Elk Mound contains, in ascending order, the Mount Simon, Eau 

Claire, and Wonewoc formations.  The Mount Simon Formation consists of poorly cemented, subangular, 

fine to very fine-grained sandstone, which may be silty.  The Wonewoc Formation consists of poorly 

cemented, subrounded, medium- to coarse-grained sandstone.  Because it can be difficult to distinguish 

these formations, and because the Eau Claire Formation cannot be identified in Brown County, these 

rocks are referred to by their group name (Krohelski, 1986). 

Above the Elk Mound Group lies the Tunnel City Group, a sandstone sequence 100-150 feet 

thick in the Northeast GMA.  The Tunnel City Group includes the Lone Rock and Mazomanie 

Formations.  The Lone Rock Formation, referred to as the Franconia Formation in older publications, 

ranges from a dolomitic, feldspathic, glauconitic siltstone or sandstone to a sandy glauconitic dolomite.  

Abundant glauconite gives these sandstones a distinctive green color.  Either or both of these formations 

can be present throughout the study area (Krohelski, 1986).  In the Pulaski borehole, there were no 

glauconite-rich stratigraphic horizons typical of the Tunnel City Group.  We believe that this is because of 

a facies change within the unit as one moves toward the Wisconsin arch.  Gamma logs suggest that much 

of the Tunnel City is still present at that location (Figure 5), but that most or all of the Trempelau Group 

was removed by erosion. 

The Trempeleau Group, the youngest in the Cambrian sequence, overlies the Tunnel City Group 

and is typically 20-50 feet thick where present (Batten and Bradbury, 1996).  The Trempeleau consists of 

the St. Lawrence and Jordan Formations.  The St. Lawrence Formation is a silty, shaly dolomite that 

commonly contains glauconite and might be present in parts of the study area.  The Jordan Formation is 

composed of very fine to very coarse sandstone and can contain dolomite, shale, and glauconite 

(Krohelski, 1986). 

 

Ordovician 

The early Ordovician Prairie du Chien Group overlies the Trempeleau Group in most of the 

northeast GMA.  However, in some locations it is absent due to erosion that occurred before the 

deposition of the overlying Ancell Group.  Where present, the Prairie du Chien can be up to 200 feet 

thick.  The Prairie du Chien includes the Oneota and Shakopee Formations.  The Oneota Formation 

consists of massive dolostone and oolitic chert (Krohelski, 1986).  Overlying the Oneota, the Shakopee 

Formation contains grain- and matrix-supported dolostone, quartz sandstone, and shale. 

While the lithostratigraphy of the Northeast GMA is generally similar to that of southeastern 

Wisconsin, the presence of the Prairie du Chien Group is an important difference between the two 

regions.  In southeastern Wisconsin, the Prairie du Chien sequence is largely absent.   

Above the Prairie du Chien is the Ancell Group, which consists of the St. Peter and Glenwood 

formations.  The St. Peter is primarily a pure, poorly-cemented, fine- to medium-grained quartz sandstone 

that contains some sandy shale (Mai and Dott, 1985).  The thickness of the St. Peter Formation ranges 

significantly in the study area.  It is thickest (up to 300 feet) beneath the Fox River Valley near De Pere, 

thins rapidly to 40 feet over several miles to the east and west, and is nonexistent in some areas 

(Krohelski, 1986).  The variations in thickness occur because of the erosion that took place on the surface 

of the underlying Prairie du Chien Group before the St. Peter was deposited.  In northeastern Brown 

County, Krohelski (1986) describes, in cross section, a dramatic thickening of the Ancell Group that cuts 

entirely through the Prairie du Chien Group several miles southeast of Pulaski.  Similar conditions were 

observed in the Pulaski borehole (BN-424; WUWN WH979) where the Prairie du Chien group was 

completely absent (Figure 7).  



18 

 

Table 1: Geology and hydrostratigraphy of the Northeastern GMA  

(Modified after Knowles, 1964; Krohelski, 1986; and Conlon, 1998) 

Geologic Age Geologic Unit Lithology 
Hydrostratigraphic 

Unit 

C
E

N
O

Z
O

IC
 Quaternary 

(Pleistocene) 
Unconsolidated 
deposits 

Lacustrine silt and clay, 
till, fluvial sand and 
gravel, and other 
deposits.   

Local unconfined 
aquifer (sand and 
gravel) or regional 
confining unit 
(lacustrine clays and 
tills) 

Silurian Undifferentiated  Dolostone 
Upper Aquifer 

Maquoketa Formation Dolomitic shale. 

Sinnipee Group Dolostone with some 
shale. 

Confining Unit 

Ancell Group Silty sandstone, fine- to 
medium-grained 
sandstone, sandy shale. 

Confined Deep 
Aquifer 

Ordovician 

Prairie du Chien Group Dolostone with varying 
amounts of oolitic chert 
and minor sandstone. 

Acts as an aquitard, 
relative to the 
adjacent sandstones 

Trempealeau Group Fine- to medium-grained 
sandstone with some silty 
glauconitic dolomite. 

Tunnel City Group Fine- to medium-grained 
sandstone, silty 
sandstone to sandy 
dolomite. 

P
A

L
E

O
Z

O
IC

 

Cambrian 

Elk Mound Group Very-fine to fine-grained 
sandstone and medium- 
to coarse-grained 
sandstone. 

Confined Deep 
Aquifer 

P
R

E
-

C
A

M
B

R
IA

N
 

Precambrian Undifferentiated  Crystalline rock, 
predominantly red 
granite, contains igneous 
and metamorphic rock. 

Yields little to no 
water. 
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In Wisconsin, the St. Peter consists of two members, the Tonti and the Readstown.  The Tonti 

Member is poorly cemented quartz sandstone, and makes up most to all of the thickness of the St. Peter, 

where present.  The Readstown Member is described as a very poorly sorted deposits of white to red or 

orange cherty conglomerate that may contain clayey sandstone with red to brown shale (Krohelski, 1986 

and Young, 1992).  A unit that fits the shaly description of the Readstown Member is identified 

intermittently in well construction reports throughout the Northeast GMA.  This unit is present in the 

Pulaski borehole (BN-424).  The Glenwood Formation overlies the St. Peter and is a thin black/brown 

shale up to a few feet in thickness. 

 The Ordovician Sinnipee Group overlies the Ancell Group and is composed of dolostone and 

some shale.  The unit is uniform 200 feet thick where not eroded, and thins to as little as 70 feet thick to 

the northwest.  The unit consists of the Platteville and Galena formations, which are buff to gray medium- 

to thick-bedded dolostone.  Substantial thicknesses of greenish shale interbeds are present at various 

intervals in the unit. 

 In the eastern part of the study area, the Sinnipee Group is overlain by the Ordovician Maquoketa 

Formation.  The Maquoketa Shale is a relatively impermeable, soft, bluish-gray dolomitic shale that 

contains some beds of gray fossiliferous dolomite.  The Maquoketa is present in a narrow belt (1 to 5 

miles wide) just west of the Niagara escarpment (Knowles, 1964) and everywhere beneath the Silurian.  

Where not eroded, the unit thickens from 350 in the central part of Brown County to about 500 feet 

toward the northeast. 

 

Silurian Carbonates and Pleistocene to Modern Sediments 

 There are several Silurian dolostone units that overlie the Maquoketa Shale.  Their western 

erosional limit defines the Niagara escarpment that runs southwest to northeast across Brown County.  In 

ascending stratigraphic order, these units are the Mayville Formation, the Burnt Bluff Group, the 

Manistique Formation, and the Engadine Formation.  Together, they are as much as 450 – 500 feet thick 

in the eastern and southeastern portion of the GMA.  Because these Silurian units are not specifically part 

of this investigation, they are not discussed in further detail in this report. 

 Pleistocene deposits overlie the Paleozoic rock and range in thickness from 0 to 200 feet 

throughout the Northeast GMA.  The unconsolidated materials include glacial till, fluvial sand and gravel, 

and lacustrine sediments (mostly clays and silts) (Need, 1985).  The glacial till “hardpan” and the 

lacustrine silt and clay sediments are thought to significantly contribute as a regional confining unit 

(Thomas Hooyer, personal communication). 

 

Hydrostratigraphy 

 The rocks that comprise the lithologic sequence described above form the hydrostratigraphic units 

of the Northeast GMA.  Several aquifers and confining units are present in this sequence and their 

characteristics provide the framework for groundwater movement within the region. 

 The deep sandstone aquifer (“deep aquifer”), which is the focus of this study, overlies the 

Precambrian basement crystalline rocks.  The deep aquifer is a high-yield groundwater source for the 

region.  It contains the Cambrian sandstones, the Prairie du Chien Group, and the Ancell Group and 

ranges in thickness from 550 to 640 feet in the Green Bay area (Knowles, 1964).  The sandstones in the 

lower part of the aquifer are the most productive, and the Prairie du Chien carbonates are believed to 

contribute only small amounts of water from openings along fractures and bedding planes (Knowles, 

1964).  The Prairie du Chien Group dolostones likely act as an aquitard, where present, and have the 

potential to hydraulically disconnect the Cambrian sandstones from those of the Ancell Group.  The 

thickness of the rock units within the deep aquifer varies considerably throughout the study area.  In areas 

where the St. Peter Sandstone is thin or non-existent, the Prairie du Chien Group is very thick, and where 

the Prairie du Chien Group is thin, the St. Peter tends to be thick (Emmons, 1987).  Because its thickness 

is highly variable, and because it is not always separated from the Cambrian sandstones by the Prairie du 

Chien Group, the St. Peter’s contribution to the deep aquifer system is variable.   



20 

 

 Previous researchers (Krohelski, 1986; Emmons, 1987; Mandle and Kontis, 1992; and Batten and 

Bradbury, 1996) have divided the lithologic sequence into multiple aquifers and confining units.  Conlon 

(1998) grouped all Cambrian sandstones with the Ordovician Prairie du Chien and Ancell Groups as a 

single deep aquifer unit. For this study, Conlon’s (1998) interpretation of the hydrostratigraphy is applied 

for a number of reasons.  First, much of our water level data are from wells that penetrate the deep aquifer 

units to various depths or from wells in which parts of the aquifer are restricted by casing.  Many deep 

aquifer wells are open to many different sandstone units, which allows interaquifer flow, thus potentially 

equalizing the water levels among the different sandstone units.  Also, a confining unit that has been 

described as separating the Elk Mound Group into two aquifers is not easily distinguished from its 

neighboring sandstones and is not always present in the Northeast GMA.  Finally, Emmons (1987) 

showed that water levels throughout the Paleozoic sequence below the Sinnipee Group are similar. 

 The hydrogeologic properties of the deep aquifer are generally similar throughout the study area.  

Published well test results have shown the horizontal hydraulic conductivity of the deep aquifer to range 

between 1.2 and 23.0 ft/day (Conlon, 1998).  Table 2 contains a compilation of hydraulic values from this 

study and published sources.  

 Water enters the deep aquifer primarily when precipitation infiltrates outcrop areas in 

northwestern Brown County, eastern Outagamie and Shawano Counties, and southern Oconto County 

(Knowles, 1964).  Recharge is favorable in these areas because the uppermost layers of the deep aquifer 

have a coarse texture and the Sinnipee-Maquoketa unit and the glacial lake clays of Glacial Lake Oshkosh 

are thin or absent, allowing vertical leakage through the confining units.  Recharge occurs fairly quickly 

after precipitation, but does not occur uniformly over the study area, and is highest in the spring and fall 

(Krohelski, 1986).   

 The deep aquifer is confined from above by the overlying Maquoketa Formation and Sinnipee 

Group, which form a continuous low conductivity layer that thins and becomes absent toward the west.  

The Sinnipee Group (along with the Maquoketa Shale, where present) acts as a confining layer for the 

deep aquifer.  Published well test results (Conlon, 1998) indicate that the vertical hydraulic conductivity 

of the Maquoketa-Sinnipee confining unit ranges from 0.000004 to 0.007 ft/day, with higher values 

generally to the west where the units thin (Table 2). 

 Above the confining unit is the upper aquifer, composed of Silurian dolostone.  This aquifer 

produces large quantities of water but the water is poor quality in many places due to contamination by 

coliform bacteria and nitrates. 

 Glacial sediments above the upper aquifer can act as a confining unit to the underlying Silurian 

aquifer (Emmons, 1987; Moeller and others, 2007; Hooyer and others, 2009), particularly in areas where 

these deposits are thicker and composed of clays and silts.  Where glacial deposits are absent, areas of 

exposed bedrock may indicate areas of recharge.  While glacial materials are not a major focus of this 

study, Hooyer and others (2009) have indicated that glaciolacustrine clays, if sufficiently thick, can act as 

an important regional confining unit for the deep aquifer.  As part of an ongoing bedrock geology 

investigation for Brown County, author Luczaj has recognized areas in which the Pleistocene glacial 

deposits are thin or absent, especially in areas near the Fox River between De Pere and Ashwaubenon.  

Work presently underway has revealed a greater variability in the thickness of these Pleistocene deposits.  

As a result, new thickness maps for unconsolidated deposits will differ substantially from those of 

Krohelski (1986, his figure 4). 
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Table 2: Hydraulic properties of deep aquifer and confining unit (modified after Conlon, 1998) 

Hydrostratigraphic 

Unit 

Horizontal 

Conductivity 

Kh (ft/day) 

Storage 

Coefficient 

Vertical 

Conductivity 

Kv (ft/day) 

Source and Remarks 

Maquoketa-Sinnipee 

Confining Unit 

  .000007 Krohelski 1986 (model 

calibration) 

   .0005 Krohelski, 1986 (reevaluation 

of Knowles, 1964) 

   .007 Krohelski, 1986 (reevaluation 

of Drescher, 1953) 

   .0001-.000004 Emmons, 1987  

   .00002 Aquifer Test, central Brown 

County, geometric mean 

values (This Study) 

     

Sandstone Aquifer 

(Cambrian & 

Ordovician) 

1.6-2.4 .01-.0002  Krohelski, 1986 (model 

calibration) 

 5.1-5.5   Krohelski, 1986 (specific 

capacity test) 

 5.4-6.1   Krohelski, 1986 (packer test) 

 3.0-3.9 .001-0.002  Knowles, 1964 (aquifer test) 

 2.8 .0002  Drescher, 1953 (aquifer test) 

 2.5-8.3 .0002  Emmons, 1987  

(model calibration) 

  .0002  LeRoux, 1957 (aquifer test in 

Seymour, WI, using Theis 

solution) 

  .00015  LeRoux, 1957 (aquifer test in 

Appleton, WI, using Theis 

solution) 

 9.42 .0004  Aquifer Test, central Brown 

County, geometric mean 

values (This Study) 

 .62-240   Packer test, McKeefry Quarry 

(BN-424) (This Study) 

 

 In addition to stratigraphic variability, structural features can also influence the behavior of 

groundwater.  As part of ongoing research on the bedrock geology of Brown County, an east-west 

trending fault with at least 100 feet of vertical displacement has been identified approximately six miles 

north of Greenleaf, WI (Luczaj, 2009).  This fault could be hydrologically important, as it occurs near the 

hydrologic divide between the Central Brown County and the Fox Cities cones of depression.  It could 

potentially act as a barrier to flow in the deep aquifer, especially in the St. Peter Sandstone and the upper 

Cambrian where sandstone is juxtaposed against dolostone aquitards of the Sinnipee and Prairie du Chien 

Groups on either side of the fault. 
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Site Specific Hydrogeologic Research 

McKeefry Quarry Borehole, Northwestern Brown County, WI (BN-424; WUWN WH979) 

 In April 2009, a borehole with a depth of 778 feet was drilled near a quarry approximately two 

miles south of Pulaski, Wisconsin as part of a STATEMAP project to map the bedrock geology of Brown 

County (Luczaj, 2009). The McKeefry borehole was drilled to understand the bedrock in the northwestern 

portion of Brown County, but it offered a special opportunity to study the hydrogeologic properties of an 

unusually thick section of aquifer where the Prairie du Chien Group is absent.  WGNHS personnel 

conducted a variety of geophysical tests at the site. 

 Cuttings collected during the drilling of the McKeefry borehole indicated that the geology of this 

location consists of 75 feet of Sinnipee Group dolostone underlain by 660 feet of sandstone with minor 

red shale.  Below the sandstone were 15 feet of granite underlain by 27 feet of black schist at the bottom 

of the borehole.  The lack of additional dolostone below the Sinnipee Group indicates that the Prairie du 

Chien Group is absent at this location, along with a portion of the Cambrian section.   

 A variety of geophysical tests were performed in the borehole.  A video log shows air bubbles, 

remnants of the air injected during the air rotary drilling conducted several days earlier, entering the 

borehole and moving downward through the hole starting at a depth of 80 feet.  The volume and speed of 

the bubbles decrease with depth but some bubbles are still visible at 160 feet.   

 Flowmeter logs (Figure 7) show downward flow throughout the McKeefry borehole, which is 

typical of a recharge area.  The flowmeter log taken under unstressed conditions shows a series of sudden 

reductions in flow instead of a gradual decrease in flow with depth.  These results were not expected for 

this sandstone aquifer.  The step-like nature of the flow log suggests that flow is dominated by discrete 

high permeability zones.  Under non-pumping conditions, water entered the borehole from a fracture in 

the Sinnipee Group and moved downward at an average rate of more than 100 gallons per minute (gpm).  

Three abrupt decreases in the flow rate occurred at depths of 374, 516, and 619 feet in the borehole.  

These changes are indicative of locations where water was leaving the borehole through very high 

conductivity zones.  The video log showed washouts or fractures at these depths. 

 Stressed flowmeter results obtained while pumping the well at various rates produced similar 

results.  The flow logs for BN-424 (Figure 7) show how the flow rates were affected by pumping.  The 

well was very prolific since there was still over 100 gpm flowing downward at 300 feet even though the 

well was pumping at 105 gpm.  Even under pumping conditions, the flow was still downward and cross 

connecting the aquifers.   

 A gamma log (Figure 7) taken in the McKeefry borehole shows several gamma spikes between 

330 and 470 feet, two of which are particularly significant.  The first of these spikes occurs around 330 

feet, where there are several feet of maroon fissile shale, possibly the Readstown Member of the St. Peter 

Sandstone.  Beneath this shale, the sandstone contains small white fragments that are similar to silicified 

brachiopod shells observed in Cambrian sandstones from western Wisconsin.  Another gamma spike 

occurs at 375 feet, apparently near the contact between a hard, cemented sandstone unit from 365-375 feet 

and thin maroon shale layers near 375 feet.  

 Packer tests were conducted at 17 intervals within the McKeefry borehole.  Slug tests were 

conducted at each interval and analyzed using Aqtesolv™.  The Butler (1998) solution was used when 

oscillating water levels were present, and the KGS solution (Hyder and others, 1994) was used when the 

water levels were overdamped.  Based on these slug tests, horizontal conductivity values within the deep 

aquifer range between 0.62 and 240 feet/day and are shown in Figure 7.  Transmissivity in the deep 

aquifer ranged from 2,892 ft2/day to 60,953 ft2/day with a geometric mean value of 6,209 ft2/day.  In 

general, the St. Peter Sandstone had significantly higher horizontal hydraulic conductivities than the 

Cambrian Sandstone units, for parts of the formation away from discrete high permeability horizons at 

375, 518, and 620 feet.  The nature of these discrete high permeability horizons is not known with 

certainty, but might be related either to bedding plane fractures and/or to zones with little or no cement 

that produce washed out horizons during drilling.  The vertical head profile derived from the packer tests 

indicates a 10-foot head drop at around 340 feet.  This head drop corresponds to the shale layer shown in 
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the geologic log and the gamma and normal resistivity logs and suggests that the thin shale layer is a 

regional aquitard that is separating the two sandstone aquifers above and below it. 
 

 
Figure 7.  McKeefry Borehole, BN-424, Pulaski, Wisconsin.  Hydraulic analysis includes transmissivity 

(T) and horizontal conductivity (Kh).  Gamma logs and flowmeter testing results are shown with the 

stratigraphy of the borehole. 
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Shorewood Golf Course, Green Bay, WI 

 Shorewood Golf Course, located on the University of Wisconsin - Green Bay campus, uses an 

irrigation well that is 860 feet deep.  The pump was removed for repair in May 2008.  While the pump 

was out, geophysical testing was performed on the well.  A video log revealed a sub-vertical parabolic 

fracture at a depth of 786 feet (Figure 8).  Geophysical test results, including gamma values, caliper 

readings, flow rates, fluid temperatures, and fluid conductivities can be seen in Figure 9.  

 Heat pulse flow meter readings indicate that flow is upward in this well, which is typical of a 

discharge area, unlike the McKeefry Quarry borehole discussed above, where all flow was downward. 

 

 
Figure 8. Parabolic fracture at depth of 786 feet in Shorewood Golf Course well (BN-422), Green Bay, 

Wisconsin. 

 

Scray Hill, Ledgeview, Wisconsin 

 Geophysical tests were performed in a 925 feet deep well drilled at a golf course near Scray Hill 

in Ledgeview, Wisconsin (BN-316).  The results are shown in Figure 10.  Heat pulse flow meter testing 

shows divergent flow in this well at low flow rates.  Within the St. Peter Sandstone, flow is upward.  

Within the Cambrian sandstones, flow is downward. 

 

Green Bay Well 10, MW-1, and adjacent Core Hole 

 The City of Green Bay conducted a hydrogeologic study for Well 10 and two adjacent boreholes 

(MW-1 and an adjacent core hole) as part of an aquifer storage and recovery (ASR) project.  The 

investigation was completed by CH2MHill and resulted in the generation of several unpublished reports.  

One of the reports (CH2MHill, 2000) contains geophysical logs for MW-1 and GB#10.  As part of that 

study, a drill core was taken to a depth of 706 feet and provides valuable lithologic control for the 

stratigraphy in the northeastern GMA.   
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Figure 9. Geophysical and flowmeter logs from Shorewood Golf Course Well (BN-422) on the University of Wisconsin – Green Bay Campus. 
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Figure 10. Geophysical and flowmeter logs for BN-316 from Scray Hill, Ledgeview, Wisconsin. 
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Hantush Analysis of Regional Aquifer Properties 

 Analyzing recovery curves from central Brown County wells with the Hantush method using an 
automated fit approach resulted in horizontal conductivity (Kh) values of the deep aquifer that ranged 
from 2.7 to 19.1 feet per day, with a geometric mean of 9.14 feet per day.  Vertical conductivity values of 
the confining unit ranged from 2.8x10-7 to 2.3x10-3 feet per day with a geometric mean of 2.2x10-5 feet per 
day.  Results are shown on a regional map in Figure 11.  Horizontal conductivities are higher than those 
reported by others (summarized in Table 2), but vertical conductivity values are similar. 

 
Figure 11. Results of Hantush analysis.  (a) Spatial distribution of horizontal hydraulic conductivity (Kh) 
of the aquifer and vertical hydraulic conductivity (Kv) of the confining unit, based on recovery curves 
since August 2007.  Values have units of feet per day. (b) Recovery curve of Bellevue Well #1 (BF210; 
BE-1) between June 2007 and July 2008. (c) Aqtesolv! fit for Hantush pumping test analysis for data in 

Figure 11b.   
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Water Levels 

 There are two cones of depression in the Northeast GMA.  The larger cone is located in central 
Brown County, in an area that has experienced multiple changes in groundwater use throughout history.  
The second cone, located between Kaukauna and Little Chute in the Fox Cities area, has developed over 
several decades of regional growth.  The two cones of depression are the results of groundwater use by 
two population centers.  Hydrographs for wells located in each of these two pumping centers are 
discussed below. 
 

Central Brown County 

 Central Brown County is unique in the world because this region has experienced two 
independent recovery events on a major cone of depression in its deep aquifer.  The first event happened 
when the City of Green Bay switched from groundwater to surface water for its municipal supply in 
August 1957.  Before Green Bay wells were turned off, a deep cone of depression, with relief of at least 
350 feet, was centered in downtown Green Bay, near well BN-0009 (Knowles and others, 1964, their 
Plate 1).  The northwest portion of the cone was more steeply sloped than other parts of the cone, 
indicating that the greatest movement of water toward the cone seemed to be from the northwest, the 
region’s area of recharge (Knowles, 1964).  Green Bay stopped pumping water from the deep aquifer in 
August 1957, and by February 1958 the shape of the piezometric surface had changed noticeably; the 
depression was much shallower.  Figure 12 illustrates the recovery of water levels in several wells open to 
the deep aquifer after Green Bay switched to surface water.  Water levels continued to rise in response to 
the reduction in pumping for 31 months, and by September 1960, a smaller cone of depression remained, 
which was likely due to industrial pumping that continued in the area (Knowles, 1964). 

 

Figure 12. Water level response in seven Green Bay area wells after the city stopped using groundwater 
for its municipal supply in 1957. 
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 The second recovery event in central Brown County occurred when eight communities in the 
Green Bay metropolitan area switched to surface water for their municipal supplies between 2005 and 
2007.  In the years immediately preceding this recent switch, the center of the Brown County cone of 
depression was located in the Allouez area.  The cone was steepest on its northwest side, similar to the 
earlier cone of depression (Figure 13).  The Town of Scott stopped pumping groundwater in October 
2005, the Village of Ashwaubenon turned its wells off in June 2006, and the six CBCWA communities 
switched to surface water between June 2007 and August 2007.  Water levels in the deep aquifer rose in 
response to the reduced withdrawals.  Figure 14  shows the cone of depression approximately a year after 
the last communities switched.  During that year, the cone became shallower, but remained at least 150 
feet below pre-development conditions.  Hydrographs showing the response of water levels to the 
reduction in pumping in the deep aquifer are shown in Figures 15 through 23.  Wells closest to the center 
of the cone of depression experienced the greatest recovery.  As of June 2009, the water levels in several 
wells continue to experience recovery.  Future water level measurements for these wells will be included 
in Maas (in progress). 
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Figure 13.  Deep aquifer potentiometric surface map of the northeastern GMA for the 2004-2005 period 
before the first switchover by the Town of Scott.  Numbers indicate water level elevations above mean 
sea level.  Two distinct cones of depression are visible here with the Central Brown County cone centered 
near Allouez and the Fox Cities cone to the southwest near Kimberly-Kaukauna.   
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Figure 14. Deep aquifer potentiometric surface map of the northeastern GMA for 2008, approximately 
one year after the major switch to surface water by CBCWA communities in 2007.  Numbers indicate 
water level elevations above mean sea level.  Two distinct cones of depression are still visible, with the 
Central Brown County cone centered near Allouez and the Fox Cities cone to the southwest near 
Kimberly-Kaukauna.  Significant recovery of water levels has occurred in the Central Brown County 
cone of depression. 
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Figure 15. Static water elevations in De Pere, WI municipal wells, January 2005 – July 2008.  Water 
levels were no longer collected after July 2008.   
 

 
Figure 16. Static water elevations in Green Bay, WI municipal wells, January 2005 – March 2008.  Water 
levels were not recorded between October 2005 and August 2007. 
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Figure 17. Static water elevations in Bellevue, WI municipal wells, January 2005 – June 2009.  Well 4 
water level was too high to measure after November 2007, Well 1 water level was too high to measure 
after June 2008 (Glen Simonson, personal communication, 2009). 
 

 
Figure 18. Static water elevations in Scott, WI municipal well, January 2005 – May 2009.  No water 
levels were recorded between October 2005 and August 2007.  Water levels continue to rise in this well. 
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Figure 19. Static water elevations in Ashwaubenon, WI municipal wells, January 2005 – September 2008.  
Ashwaubenon began using surface water for public supply on June 6, 2006, but no water levels were 
recorded between June 2006 and December 2007.  Municipal well testing and maintenance caused 
fluctuations in static water levels in January 2008. 

 

 
Figure 20. Static water elevations in Howard, WI municipal Well 3.  This well began flowing in January 
2009. 
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Figure 21. Static water elevations on the western limb of the Central Brown County cone of depression.   
(Top figure) Hobart, WI municipal Well 1.  The airline in this well developed a hole in January 2009 and 
no water levels were recorded after then.  Hobart continues to pump groundwater for public supply.  
(Bottom figure)  Static water elevations for Oneida Tribe well (BN504-WCR of WGNHS Scanned Well 
Records CD for Brown County).  This is the only well with an operating level logger at the present time. 
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Figure 22. Static water elevations in Suamico, WI municipal wells.  Suamico continues to pump 
groundwater for its public supply. 

 
Figure 23. Static water elevations in Pulaski, WI municipal wells.  Dotted line indicates possible outlier.  
Pulaski continues to pump groundwater for its municipal supply and these hydrographs suggest a seasonal 
fluctuation.  Located away from the center of depression, Pulaski did not experience overall change in 
water levels as a result of the change in pumping. 
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Fox Cities Cone 

 While the central Brown County cone of depression has changed dramatically since the reduction 
in groundwater pumping from the deep aquifer by the communities in its vicinity, the second cone of 
depression, centered between Kaukauna and Little Chute, appears to have been unaffected by the Green 
Bay area pumping changes (Figure 13 and 14).  Figures 24 and 25 show hydrographs between January 
2005 and May 2009 for two communities in this area.  Little Chute, Kimberly and Darboy are located in 
or near the center of pumping and longer-term static water level records from these communities show the 
decline of water levels over time (Figures 26-28).  Pumping rates, discussed in the following section, will 
determine the future shape of the cone of depression in this area. 
 

 
Figure 24. Static water elevations in Kaukauna, WI municipal wells, January 2005 through May 2009.  
Dotted line indicates outlier. 
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Figure 25. Static water elevations in Forest Junction, WI municipal wells, January 2006 through 
December 2008.  Well 2 was drilled in March 2006. 
 

 
Figure 26. Static water elevations in Kimberly, WI municipal wells, January 1974 through February 2009.  
Water levels have typically been recorded in February and August each year. 
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Figure 27. Static water elevations in Little Chute, WI municipal wells, January 1997 through December 
2008.  Water main break in February 2004 may explain low water levels for Well 1. 

 
Figure 28. Static water elevations in Darboy, WI municipal Wells 1 and 3, January 1985 through January 
2008.  Darboy Well 2 (not shown) began operating in January 1991 and is located 75 feet from Well 1.  
Static water levels in Wells 1 and 2 have been identical since then.  
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Region of Cone Overlap 

 There is a hydrologic divide between the two cones of depression that is located in southwestern 
Brown County near Wrightstown.  There is no obvious recovery in this region that resulted from switch 
to surface water in 2006-2007 (Figure 29).  Wrightstown is on the northern edge of the Fox Cities cone.  
These wells typically show seasonal fluctuation due to increased demand during the summer season.   
 

 
Figure 29. Static water elevations in Wrightstown, WI municipal wells, January 2005 through February 
2009.  
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Pumping Rate 

 
Historical Pumping 

 The Fox River Valley region of northeastern Wisconsin has experienced much growth during the 
past century.  This growth is reflected in groundwater pumping over time. 
 Between 1950 and 1957, withdrawals from the sandstone aquifer in the Green Bay area ranged 
seasonally between 10 and 15 million gallons per day (mgd) (Drescher, 1957; Knowles, 1964).  Before 
switching to surface water for its municipal supply in August 1957, the City of Green Bay made 
approximately 60 percent of those withdrawals (Knowles 1964).  From the time Green Bay’s wells were 
turned off until 1960, pumping in the area remained around 5.5 mgd.  Industries, including paper 
manufacturers, dairy producers, and meat packing companies, used approximately 3.15 mgd in 1960, 
while public supply wells continued to withdraw 2.12 mgd.  Figure 30 shows how groundwater 
withdrawals from the deep sandstone aquifer were reduced when Green Bay wells stopped pumping. 
 LeRoux (1957) estimated that in 1951 and 1952, total groundwater withdrawals in Outagamie 
County averaged about 9.0 mgd.  Industrial, commercial, and public-supply pumping along the Fox River 
accounted for 48 percent of that total.  Industries and businesses in the Appleton area withdrew 1.7 mgd 
and the cities of Kaukauna, Little Chute, Kimberly, and Combined Locks pumped 2.6 mgd from their 
deep municipal supply wells.  An unspecified percentage of the total pumping in Outagamie County in 
the 1950s withdrew water from the shallow aquifer for domestic and general farm use (LeRoux, 1957).    
 By 1979, 22 years after Green Bay switched to surface water, approximately 8.9 mgd of 
groundwater were withdrawn from the deep aquifer in Brown County (Krohelski, 1986).  At that time, six 
public supply systems and four industrial users were responsible for 60 percent of that amount.   

Figure 30.  Monthly withdrawals from the deep sandstone aquifer in the Green Bay, WI, area between 
1956 and 1958.  The City of Green Bay stopped pumping groundwater for its municipal supply in August 
1967.  (Modified after Knowles, 1964.) 
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 Until 2005, pumping continued to increase.  Walker and others (1998) projected that if no 
management strategies were implemented by 2030, withdrawals from the deep aquifer could reach 24.7 
mgd in central Brown County and 9.1 mgd in the Appleton area. 
 
 

 
Figure 31.  Monthly withdrawals from the deep sandstone aquifer in the Northeast GMA, Brown, 
Outagamie, and Calumet Counties, Wisconsin. 
 
 
Today 

 Figure 31 shows monthly withdrawals from the deep aquifer in the northeast GMA between 
January 2006 and December 2008.  When eight central Brown County communities stopped using 
groundwater for their municipal supplies between 2005 and 2007, withdrawals from the deep aquifer 
were reduced by 12.25 mgd.  These eight communities accounted for an estimated 75% of total pumping 
in central Brown County before they switched to surface water. 
 As discussed in the previous section, there are two cones of depression in the northeastern GMA.  
One is centered in central Brown County, near Allouez and De Pere, and the other is located in the Fox 
Cities area northeast of Appleton, near Kaukauna and Little Chute.  Each cone of depression is centered 
around the pumping center that forms it.  The switch to surface water by communities in central Brown 
County did not affect drawdown in the Fox Cities.  Figure 32 shows pumping over time in each pumping 
center. 
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Figure 32. Monthly withdrawals from the sandstone aquifer in pumping centers around each cone of 
depression during the three-year period between January 2006 and December 2008.  Upper graph shows 
pumping in central Brown County and lower shows pumping around the Fox Cities cone of depression.   
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 Before the 2005-2007 switch to surface water, total withdrawals from the deep aquifer near the 
Central Brown County cone of depression were estimated to be at least 15.8 - 17.0 mgd.  Tables 3 and 4 
describe how water use changed after the switch. 
 
Table 3. Water Use Categories for water withdrawn from the deep aquifer in Central Brown 

County before eight communities switched from ground to surface water in 2005 - 2007. 

Percent of Total 
Category Volume (mgd) 

Oct-March April-Sept  

Municipal 13.1 83.0 77.1 
Industrial 2.4 15.2 14.1 

Seasonal (Irrigation) 
0.0 – 1.2  

(April – September) 
<1 7.1 

Residential 0.28 1.8 1.7 

Total: 
15.78 – 16.98 mgd  

(weighted average 16.44 mgd) 
100 100 

 
Table 4. Water Use Categories for water withdrawn from the deep aquifer in Central Brown 

County after eight communities switched from ground to surface water. 

Percent of Total 
Category Volume (mgd) 

Oct-March April-Sept  

Municipal 0.83 23.6 17.6 
Industrial 2.4 68.4 51.0 

Seasonal (Irrigation) 
0.0 – 1.2 

(April – September) 
<1 25.5 

Residential 0.28 8.0 5.9 

Total: 
3.51 – 4.71 mgd  

(weighted average 4.19 mgd) 
100 100 

 
 The reduction in municipal withdrawals from the deep aquifer shifted the nature of groundwater 
use in central Brown County.  Previously, public water supplies were responsible for more than 80 
percent of total withdrawals.  After the switch, industrial users became the dominant users of groundwater 
from the deep aquifer.  Today’s largest volume users are summarized in Table 5. 
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Table 5. Current large-volume users of water from the deep sandstone aquifer in central Brown County, 
WI.  (Volumes of Village of Pulaski’s two public supply wells are combined.) 

Well Operator ID Category Volume (mgd) 

Fox River Fiber FRF Industrial – paper production 1.0 

Georgia Pacific GPC Industrial – paper production 0.64 

Village of Pulaski 
PU-1  
PU-2 

Municipal 0.32 

Sanimax SAN Industrial – Rendering 0.25 

Allen Canning ALC Seasonal – food production 0.23 

Village of Hobart HB-1 Municipal 0.23 

Pioneer Metal Finishing PMF Industrial – metal finishing 0.19 

Green Bay Country Club GBC Seasonal – golf course irrigation 0.16 

Mid Vallee Golf Course MVG Seasonal – golf course irrigation 0.09 

 
 Paper production operations and municipal water suppliers account for the largest year-round 
withdrawals from the deep aquifer in the central Brown County region.  During summer months, seasonal 
wells withdraw significant amounts, as well.  Two large volume users, MVG and NHD in Tables 3 and 4, 
are located between the two cones of depression along the hydrologic ridge.  Because their volumes 
pumped are relatively low compared to the other largest volume users, we assigned one to each center of 
pumping.  Table 6 summarizes the users of the largest-volume withdrawals in the Fox Cities area. 
 
Table 6. Current large-volume users of water from the deep sandstone aquifer in the Fox Cities area.  
(Volumes reported for public utility operators include combined total pumping of all wells operated by 
each utility.) 

Well Operator ID Category Volume (mgd) 

Kimberly Municipal Water 
Utility 

KI-1 
KI-2 
KI-3 

Municipal 
1.47 

Kaukauna Utilities 

KA-4 
KA-5 
KA-8 
KA-9 

KA-10 

Municipal 

1.42 

Little Chute Municipal 
Water Department 

LC-1 
LC-3 
LC-4 

Municipal 
1.36 

Darboy Joint Sanitary 
District #1 

DB-1 
DB-2 
DB-3 

Municipal 
0.56 

Thrivent Aid Association THR Heating and Cooling 0.40 

New Horizons Dairy NHD Agricultural – dairy 0.20 

Appleton Papers APP Industrial – paper production 0.19 

 
 The Fox Cities area also has numerous large volume users that draw from high capacity wells.  
Overall, high capacity users in the Fox Cities area use significantly more groundwater than those in 
Central Brown County.  While the City of Appleton and many industries use surface water supplies in 
this area, three public water utilities withdraw significant volumes of water from the deep aquifer. 
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Estimation of St. Peter Sandstone Dewatering Point 

 We used water levels and well construction reports to calculate the position of the potentiometric 
surface, relative to the top of the St. Peter Sandstone, both before and after the recent switch to surface 
water.  Near the center of the cone of depression in central Brown County, the St. Peter Sandstone was 
saturated after approximately 80% of the recovery had taken place.  Using linear interpolation, we 
estimate that wells in central Brown County can supply at least 5.8 to 7.5 mgd without potentially 
dewatering the St. Peter Sandstone.  These are likely underestimates of possible pumping because none of 
the recovery in these wells since July 2008 has been taken into account.  If additional recovery of water 
levels since 2008 is taken into account, this would allow for a somewhat higher regional pumping rate 
before dewatering of the St. Peter would occur.  Still, this compares favorably to Krohelski’s (1986) 
estimate that the deep aquifer in Brown County could supply a maximum of 6.7 mgd before becoming 
dewatered. 
 The wells in the center of the cone of depression near De Pere were most likely to have the most 
residual drawdown.  Unfortunately, the most recent water data available for these wells are from July 
2008, before water levels had approached full recovery.   Water levels in some of these wells were only 
10-24 feet above the top of the St. Peter Sandstone.  If recovery continued after July 2008, as expected, 
then our target pumping estimate would be higher.  Additional pumping west of the cone of depression 
(e.g., Howard, etc.) could also occur without substantially lowering those water levels below the top of 
the St. Peter. 
 
The Problem of Flowing Wells 

The rising water levels in central Brown County could have significant implications for residents, 
businesses, and policymakers.  Well pumps and other equipment, particularly in older wells, may not 
perform properly, requiring costly repairs or replacement.  Flooding could also cause property damage for 
homeowners.  A municipal well in Howard began flowing early in 2009.  If other locations experienced 
similar conditions in the future, the formation of new wetlands or springs could occur, and policymakers 
will be faced with determining what level of protection to provide them.  The water levels in several wells 
in the Green Bay area are less than 50 feet from the ground surface.  The Village of Howard’s Well 3 
(Figure 20) started flowing early in 2009.  Static water levels in Suamico (Figure 22) have been as high as 
25 feet below ground surface.  The water level in Green Bay’s Well 10 (Figure 16) is approximately 40-
50 feet below ground surface.  With some wells continuing to experience rising water levels in recent 
months (e.g., Bellevue and Scott, Figures 17 and 18), it is likely that the recovery from the reduction in 
pumping is not complete and could continue in the study area. 
 

 

CONCLUSIONS AND RECOMMENDATIONS 

 
 The water levels in the deep sandstone aquifer in the northeastern GMA have risen more than 100 
feet in response to the switch from ground water to surface by eight municipalities in Brown County, a 
reduction of 12 mgd in ground water pumping. The water levels continue to slowly increase and will 
likely do so for the next several years.  Currently, the town of Howard’s well #3 is flowing due to the 
increased water levels.  It is possible that more wells will start flowing as water levels rise.  Furthermore, 
if pumping rates decrease further, even more wells will have the potential to become flowing wells.  The 
hydrostratigraphy of the region was refined by using multiple geologic and geophysical logs.  Borehole 
geophysical logging and testing provided additional information on the individual units.  For example, in 
the Pulaski borehole, BN-424, the flows in the deep sandstone aquifer are dominated by high K zones.   

When Conlon (1998) modeled drawdown in northeast Wisconsin, measured hydraulic head 
values were available nearly everywhere in the study area.  In the period between that study and this, few 
data were compiled or analyzed.  Although the region had been the subject of many studies, differences 
between modeled and measured heads of more than 40 feet were evident in the central Brown County 
area. To understand that discrepancy, Conlon stressed the need for more accurate hydraulic data, 
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particularly the regional vertical conductivity of the Sinnipee Group confining unit.  This study 
contributes additional understanding of regional hydraulic properties and has the potential to be useful for 
future, more complete, modeling efforts in northeast Wisconsin. 
  
We recommend that: 

1. The pumping rates and water levels in central Brown County continue to be monitored and if the 

pumping rate begins to increase once more that a groundwater flow model be created that can 

accurately model the impacts of pumping to surface waters and determine the flow paths of the 

pumped water so that the origins of contaminants such as radium and arsenic can be delineated. 

2. If the pumping rates decrease much more than their current rate of 3 mgd in the central Brown 

County cone of depression, then the WDNR should be aware that many wells, especially those of 

private homeowners, may start flowing and will need to be capped or have the water routed to 

prevent flooding. 

3. If the pumping rates in the central Brown County cone of depression rise above 7 mgd, then the 

St. Peter Sandstone may become dewatered and the WDNR should be aware of the potential for 

increased arsenic release in wells located there. 

4. The cone of depression in the Fox Cities area should continue to be monitored so that any 

increase in water use will not create groundwater quantities or quality issues. 
5. The 150-foot drawdown limit set by Act 310 will unlikely be met in the northeastern GMA, unless 

the pumping rate drops very low (<2 mgd).  If this were to occur, the flowing well issue would 

need to be addressed. 
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6=88?X;$7Y$ZF=XWN<N7[> 3JD5LJ222 EJM52J222 3J32DJ222 3JMK1J222 MJ3MIJ222 5JKE1J222 5JI23J222 5JI51J222 3JL1EJ222 3J1EDJ222 EJEE3J222 3JDE5J222

D-C,@FGD;E

@AA8;N7>$*?A;F< \(MM2 E3IKK MJME2J222 MJ222J222 MJME2J222 MJE22J222 MJME2J222 MJE22J222 MJME2J222 MJME2J222 MJE22J222 MJME2J222 MJE22J222 MJME2J222

\F=XWN<=B;$0?=FH ."DDK DL2D !*!"))) !*%"*)) !*("$)) !**"%)) !'!"*)) !#)"))) !#'"%)) !**"%)) !'&"))) !%+"))) !!'"*)) !%("&))

,;?B7[8?FT$0?=FH +@KKD 35EEE +"+)$"'(* #&("+$& +")%)"#&% '#!"+%* '(("+)( *%#"(!! +")+'"%$' '+("(&% '+$"($& !($"*++ $))

-;[$R7F=]7><$0?=FH "*M2I K11L LM2J222 LE2J222 LE2J222 LM2J222 L52J222 L52J222 LL2J222 LL2J222 L52J222 L52J222 L32J222 L32J222

@F8?$!77B< \(1L3 I2ED2 EJ252J222 KJ3L2J222 1JI32J222 3D2J222 KE2J222 322J222 IJKE2J222 KJ3I2J222 1J1I2J222 KJDL2J222 KJD22J222 KJKL2J222

'=>;B?8;$!?F:< ,^KLK 1M2M DJ322J222 DJ322J222 DJ322J222 DJ322J222 DJ322J222 DJ322J222 DJ322J222 DJ322J222 DJ322J222 DJ322J222 DJ322J222 DJ322J222

\9B$.;FF=N< "&DL1 3LKID DE2J222 DE2J222 DE2J222 DE2J222 DE2J222 DE2J222 DE2J222 DE2J222 DE2J222 DE2J222 DE2J222 DE2J222

!7F;:7<N$!?F:<$+)@ \(MIK E3I21 KJMMKJM5K KJ1D5J1E1 KJ5EEJ31D KJEL2JK13 KJ51IJ135 KJM2EJDK2 KJM32J1E5 KJ52IJ5E2 KJ53LJD5M KJMDEJKMD KJMD2JM5E KJM51J1DL

!7F;:7<N$!?F:<$+)@ \(MII E3I2K KJMMKJM5K KJ1D5J1E1 KJ5EEJ31D KJEL2JK13 KJ51IJ135 KJM2EJDK2 KJM32J1E5 KJ52IJ5E2 KJ53LJD5M KJMDEJKMD KJMD2JM5E KJM51J1DL

!7F;:7<N$!?F:<$+)@ \(MI1 E3I2D 522J122 K2KJ522 2 2 2 2 2 2 2 2 2 2

';B$67<N;F<$_!?F:` R+EME 1M1M DJIL2JL22 DJKM5JL22 DJEL3JI22 DJE52JE22 DJ3M2J122 DJ332JK22 DJI22JE22 DJM12J222 DJKMMJI22 DJM32J222 DJILIJ522 DJ3EKJ322

'=BH$6=;[$0?=FH -%I52 1M15 DJ2E2J322 DJDDEJ522 DJ25EJ322 DJDD1J522 DJ22LJL22 DJ2LKJ122 DJDDIJ522 DJDDIJ522 DJKE5JME2 DJ1D5J1E2 DJKI2JE22 DJLL5J522

-7FNW$U?T;$6=88?X; '*5DM 1LKM 55JL22 MLJ522 51JL22 5IJ322 LEJL22 L3JE22 DK1JD22 D1DJ322 5DJL22 5KJM22 M3JE22 LIJE22

-;=XWG7FW77B$0?=FH )+1MD 3MM13 ILMJL22 IDEJ3E2 KL2JE22 I2KJ222 IDIJ322 35MJI22 LIKJ222 II2JK22 IE3JK22 ILIJ222 IL2JKE2 ILDJ522

'=BH$6=;[$0?=FH 6UEM3 352IE 3I2JM22 3I2J222 3E2JK22 3EIJ122 3E1JK22 332JE22 3M2JE22 3EDJDKK 3LDJEKI 3E2J122 332JE22 3M2J322

'=BH$6=;[$0?=FH \UEMM 352I3 KJD2EJE22 KJD12J322 KJ1L2J222 KJ122J122 KJDL5JE22 KJ1KEJ122 KJ1KIJE22 KJDEDJ222 KJ2I3JE22 KJ11KJ322 KJ11KJM22 KJ1E5JE22

S;>$6;FW?<<;8N$_Y?F:` /-23K 35K5I L32J222 L32J222 L32J222 L32J222 L32J222 L32J222 L32J222 L32J222 L32J222 L32J222 L32J222 L32J222

S;>$6;FW?<<;8N$_Y?F:` ZRLKI 35K5E L32J222 L32J222 L32J222 L32J222 L32J222 L32J222 L32J222 L32J222 L32J222 L32J222 L32J222 L32J222

\;8X=7=7<7$%W;;<; ZS5I3 355E5 +"%++"*#% +"%*#")#! '&)"#** ("$+&"*)) &"$'*"#(' !"!&!"*() !"$*#"'*) !"&$!"#&& %"$$!"%') &"+*#"($! &"+!$"%)) &"!)*"!+%

'WF=a;>N$@=B$@<<7P=?Q7>$

@(253J$

@(25MJ$

(,1DE DMJ1EMJM22 D5JE1KJM22 DKJ5D3J122 DEJLEMJDI3 DIJEIEJLE2 12JM2EJKE2 12JM2EJKE2 11J532JKI5 DKJ5M5JEI1 DJ2IDJ1E2 DDIJMD2 2

!7C$6?88;H$';PW>=P?8$%788;X; KJIE5JE22 KJIE5JE22 KJIE5JE22 KJIE5JE22 KJIE5JE22 KJIE5JE22 KJIE5JE22 KJIE5JE22 KJIE5JE22 KJIE5JE22 KJIE5JE22 KJIE5J322

@H;@!-;E

(?X8;$U=>T$.78Y$%79F<; SbIL3 D5L1 ) ) ) +**"+%+ +"$*'")%! $"&'!"*%! $"*&$"!#! $"(!!")*) +"$)*"#$! ) ) )

%79>NFH$@=F;$!?F:< ,6IML 1E52 1JD32J222 1JD32J222 1JD32J222 1JD32J222 1JD32J222 1JD32J222 1JD32J222 1JD32J222 1JD32J222 1JD32J222 1JD32J222 1JD32J222

%79>NFH$@=F;$!?F:< ).MIK 3MMK1 D52J222 D52J222 D52J222 D52J222 D52J222 D52J222 D52J222 D52J222 D52J222 D52J222 D52J222 D52J222

+)@$^79NW U.5KL D5MK ) ) ) ) ) ) &'+"!)) '*("))) $'&"')) 2 2 2

/=a;Fa=;[$%79>NFH$%89G 112E 2 2 2 D5DJ222 5LKJ222 1J215J222 KJKKMJ222 DJDE3J222 3E1J222 2 2 2

*?A;F$6?88;H$%7FA$_%W?<T?$.78Y` \%3DE 1DM2E 2 2 2 2 2 DJ25EJI22 1JML3JD12 DJE1LJ152 2 2 2 2

*?A;F$6?88;H$%7FA$_%W?<T?$.78Y` \%3DI 1DM2I 2 2 2 DJM12 LJL52 E5J512 31J5E2 15J2I2 DMJM32 1JLE2 51M 2

*?A;F$6?88;H$%7FA$_%W?<T?$.78Y` \%3D3 1DM23 2 2 2 2 2 1J22EJE32 1J3MMJK12 DJ3M1JL12 KKKJM12 2 2 2

!7C$6?88;H$.78Y$%89G \%3D1 1DM2D 2 2 2 K22J222 322J222 KJ222J222 5J222J222 3J222J222 E22J222 K2J222 2 2

/;=B$,9>=P=A?8$.78Y$%79F<; \%3DM 1DM2M ) ) ) ) +"&#&"))) $"($)"))) $"&&'"))) &"('%"))) ("%!*"))) ($'"))) ) )

/7H?8$)Nc$*?NF=PT$0;a$_.78Y$%79F<;` b"EE5 KILL 2 2 2 DJ3I3J3I2 KJM3DJM32 3J25KJ152 5J2IEJ152 LJD2KJ122 DJ22LJ122 LL3JL32 2 2

%79>NFH$@=F;$!?F:< +-EKI 3LKIK *"))) '"))) +$"))) +*"!)) +'"))) +*"))) +*"!)) +*"))) +*")))

GH@DCH-FD;E

);8Y4<9AA8=;B$B7:;<QP$[;88< *"!$!"))) #"#))"))) *"!$!"))) *"$!)"))) *"!$!"))) *"$!)"))) *"!$!"))) *"!$!"))) *"$!)"))) *"!$!"))) *"$!)"))) *"!$!")))
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@AA;>B=C$D EM

!"#$%&'$(!)*#$ +,+-

./0%"1

2#$3 4%*1566J 8#91566J :%$1566J ;"$1566J :%<1566J 4=*1566J 4=>1566J ;=?1566J @#"1566J !A&1566J -'B1566J C#A1566J

:,-D0D2;E

0?FG7H DEJE3IJ222 DIJ5DIJ222 D3J23MJ222 DEJ2KMJ222 D5J333J222 D5J23IJ222 D5JED1J222 1DJDDDJ222 DMJK2DJ222 DIJ3EDJ222 D3J5K3J222 DIJ5IKJ222

!7F;<N$O9>PQ7> DJDLMJ222 DJ211J222 DJ2K5J222 DJDIKJ222 DJD2EJ222 DJ155J222 DJD3KJ222 DJ15LJ222 DJ2I1J222 L55J222 LM5J222 DJDMLJ222

!F;;B7: 1JMI2J222 1JI1MJ222 KJD5DJ222 1JE5MJ222 KJ5IIJ222 KJ32KJ222 IJK51J222 IJMIEJ222 IJ3LIJ222 IJEMEJ222 IJ5K1J222 EJM21J222

R788?>B 1JKD5J222 1J11DJ222 1JMDLJ222 1JEIIJ222 1JIK2J222 1J1M1J222 1J151J222 1J3LEJ222 1J13EJ222 1J2MMJ222 DJLM1J222 1JDEEJ222

S?9T?9>? KLJMK5J222 K5J5I1J222 IKJ21LJ222 KLJME3J222 I3JM51J222 KLJ5IKJD22 I1J3E2J222 I3JIEEJLLL I1JKEMJ222 IIJD2IJ222 K5J3LDJ222 I1J2L5J222

S=:G;F8H IIJK1KJ222 K5JLL3J222 IDJ3E5J222 I2JM33J222 IEJK11J222 I1JM5DJ222 I2J55EJ222 IEJMLDJ222 I2J52IJ222 KLJ31KJ222 KDJDIKJ222 KMJIIIJ222

U=V8;$%W9N; K5JMI3J222 K3J2K3J222 KLJD3EJ222 KLJK1KJLLL IDJMMEJ222 I2JDDEJ222 IDJD2KJ222 IIJ552J222 IIJM5KJ222 I1J2KLJ222 KLJD2LJ222 IDJD21J222

6=88?X;$7Y$ZF=XWN<N7[> 3JDIEJ222 EJI35J222 3J2D3J222 EJL5LJ222 MJDD2J222 3JM21J222 MJIK2J222 5J31IJ222 5J212J222 5J1EEJ222 MJKM3J222 MJIMLJ222

D-C,@FGD;E

@AA8;N7>$*?A;F< \(MM2 E3IKK KJM21JLLI KJ3DDJ33E KJE13JML1 KJELLJ35D IJ2LMJKKE IJE51JMED EJ22DJE51 IJMKDJ231 IJEEDJD5I IJ12LJI2M KJM1DJ5L1 KJID2JMI2

\F=XWN<=B;$0?=FH ."DDK DL2D E5EJ222 E53J522 E5KJ122 E55J322 ELEJ522 EM2J222 EMLJ322 E55J322 ELIJ222 E3DJ222 EELJ522 E3KJI22

,;?B7[8?FT$0?=FH +@KKD 35EEE DJD21JLK5 MIKJD1I DJ232JMI3 LMEJD35 LKKJD2K 53MJKEE DJ2DLJ31L LDKJKI3 LD1JK1I EK1J5DD 122

-;[$R7F=]7><$0?=FH "*M2I K11L D2J522J222 D2J522J222 D2J522J222 D2J522J222 D2J522J222 D2J522J222 D2J522J222 D2J522J222 D2J522J222 D2J522J222 D2J522J222 D2J522J222

@F8?$!77B< \(1L3 I2ED2 DMJL22 ELJ222 5MJ222 DLKJI22 1JIEEJK22 KJ222J222 KJE22J222 KJM32J222 KJ3E2J222 IJ3E2J222 IJDL2J222 IJDE2J222

'=>;B?8;$!?F:< ,^KLK 1M2M DJ322J222 DJ322J222 DJ322J222 DJ322J222 DJ322J222 DJ322J222 DJ322J222 DJ322J222 DJ322J222 DJ322J222 DJ322J222 DJ322J222

\9B$.;FF=N< "&DL1 3LKID D21JD22 D21JD22 D21JD22 D21J122 DD1JK22 DD1JK22 DD1JK22 DD1JK22 D21JD22 D21JD22 D21JD22 D21JD22

!7F;:7<N$!?F:<$+)@ \(MIK E3I21 KJ555J5D2 KJILDJ1LE KJEKLJ1M2 1J521JLDE 1JM53JIE2 KJM32J1ME KJLEEJ2I1 KJLLIJDML KJM35J2IE KJD3LJM2K K35J3I2 KJ5EDJML3

!7F;:7<N$!?F:<$+)@ \(MII E3I2K KJ555J5D2 KJILDJ1LE KJEKLJ1M2 1J521JLDE 1JM53JIE2 KJM32J1ME KJLEEJ2I1 KJLLIJDML KJM35J2IE KJD3LJM2K K35J3I2 KJ5EDJML3

!7F;:7<N$!?F:<$+)@ \(MI1 E3I2D 2 2 2 1JMI2J5L2 1J522JD23 2 2 2 2 1JIL3JKLL 1JED3JM22 2

';B$67<N;F<$_!?F:` R+EME 1M1M 1J1L2JD22 1JDDDJ122 1J2DMJ522 1J1KKJD22 DJ51DJK22 1J1DKJI22 1JDKKJE22 1JDIIJ522 1J2KDJL22 1JDKLJE22 1JDIIJM22 1JK2DJE22

'=BH$6=;[$0?=FH -%I52 1M15 LL5J522 M5KJL22 513J122 5I3J122 DJDIEJI22 DJ1EEJK22 DJIDKJE22 DJI2IJ322 DJK25JL22 DJ1EKJE22 DJD2MJ522 DJ21DJE22

-7FNW$U?T;$6=88?X; '*5DM 1LKM M3JE22 3MJE22 L2J222 L2J222 LLJ222 DDMJ222 DDMJ222 DIIJ222 DIIJ222 L2J222 LLJ222 LLJ222

-;=XWG7FW77B$0?=FH )+1MD 3MM13 DJ1IKJ522 DJ15KJI22 DJ15KJI22 DJ1M3J122 DJ1M1J322 DJ13LJ222 DJ132J222 DJ1EDJ222 DJ1E5J122 DJ1E3JI22 DJ1IMJI22 DJ1EDJ222

'=BH$6=;[$0?=FH 6UEM3 352IE ELIJLE2 EM2J522 31EJ222 E1DJE22 3ILJM22 MDKJL22 DJ21LJ122 DJ2M5JL22 M53JK22 MKEJ522 3I5JK22 351J322

'=BH$6=;[$0?=FH \UEMM 352I3 KJD1KJL22 1JLKEJ322 KJK1LJI22 KJD1EJE22 KJE1EJE22 KJI55JD22 KJILLJD22 KJ321JM22 KJK5DJK22 KJKEMJD22 KJ25IJI22 KJDE5J322

S;>$6;FW?<<;8N$_Y?F:` /-23K 35K5I DJ122J222 DJ122J222 DJ122J222 DJ122J222 DJ122J222 DJ122J222 DJ122J222 DJ122J222 DJ122J222 DJ122J222 DJ122J222 DJ122J222

S;>$6;FW?<<;8N$_Y?F:` ZRLKI 35K5E DJ122J222 DJ122J222 DJ122J222 DJ122J222 DJ122J222 DJ122J222 DJ122J222 DJ122J222 DJ122J222 DJ122J222 DJ122J222 DJ122J222

\;8X=7=7<7$%W;;<; ZS5I3 355E5 DJ3DDJ5M3 DJ35MJ2ME LI2JM55 KJ1DIJ522 IJ1L5JMKL EJEIEJ5K2 EJ15MJL52 EJI1EJMII 3J11EJ3L2 IJD5MJK1E IJDE1J322 IJE25JED3

'WF=a;>N$@=B$@<<7P=?Q7>$

@(253J$

@(25MJ$(,1DE 15JE22 1JLD3JL22 IJIKLJD22 5JLK1JEE2 D2JKM2J322 D5J25DJEL2 12J5IDJEEK DIJK52J2MM DEJDIIJLE2 D1J1DIJLL2 LJ15MJM52 D2J5IKJE22

!7C$6?88;H$';PW>=P?8$%788;X; 32J222 2 I52J222 DJK3LJ222 IJDM5J222 LJDM2J222 D1J1IDJ222 DDJ53LJ222 IJ5KMJ222 DJMLKJ222 KM2J222 D12J222

@H;@!-;E

(?X8;$U=>T$.78Y$%79F<; SbIL3 D5L1 ) ) ) ) ("&+&"$)) $"++'"))) +"'+("&)) '"$*("')) !"+%+"!)) &(+"#!) ) )

%79>NFH$@=F;$!?F:< ,6IML 1E52 1JDDMJE22 1JDDMJE22 1JDDMJE22 1JDDMJE22 1JDDMJE22 1JDDMJE22 1JDDMJE22 1JDDMJE22 1JDDMJE22 1JDDMJE22 1JDDMJE22 1JDDMJE22

%79>NFH$@=F;$!?F:< ).MIK 3MMK1 D3IJ122 D3IJ122 D3IJ122 DMIJK22 DMIJK22 DMIJK22 D5IJ522 D5IJ522 DMIJM22 DMIJ122 DMIJ122 DMIJ122

+)@$^79NW U.5KL D5MK 2 2 2 2 2 2 ILDJE22 L5KJ222 1LIJL22 2 2 2

/=a;Fa=;[$%79>NFH$%89G 112E 2 2 2 DLMJ222 DJ1M5J222 DJILEJ222 DJDE5J222 1JDLIJ222 DJ33DJ222 2 2 2

*?A;F$6?88;H$%7FA$_%W?<T?$.78Y` \%3DE 1DM2E 2 2 2 2 2 2 I5MJ252 DJ1L1JM32 DJDE1JK32 1K2J2I2 2 2

*?A;F$6?88;H$%7FA$_%W?<T?$.78Y` \%3DI 1DM2I 2 2 2 IJKK2 1J2I2 D3J552 13JLI2 11JKL2 DMJME2 DJ5E2 1L2 2

*?A;F$6?88;H$%7FA$_%W?<T?$.78Y` \%3D3 1DM23 2 2 2 2 I31J1I2 I3EJI52 DJKDDJD12 1JD52JE12 DJE55J352 2 2 2

!7C$6?88;H$.78Y$%89G \%3D1 1DM2D 2 2 2 1ELJ122 DJ2K3J522 DJM15J222 3J5DLJ122 KJ2MKJ322 DJ3E1J122 DJ235JK22 2 2

/;=B$,9>=P=A?8$.78Y$%79F<; \%3DM 1DM2M 2 2 2 2 DJIMIJ222 1JK12J222 1JIILJ222 IJKL3J222 KJ3E5J222 K1LJ222 2 2

/7H?8$)Nc$*?NF=PT$0;a$_.78Y$%79F<;` b"EE5 KILL 2 2 2 123JLDM 123JLDM 123JLDM DJ5I1J221 MJELIJ32K 3JK25JM5L DJDEDJKLE 2 2

%79>NFH$@=F;$!?F:< +-EKI 3LKIK 2 2 2 5J222 LJ222 D1J222 D5JE22 DLJ222 D5J222 D5JE22 D5J222 D5J222

GH@DCH-FD;E

);8Y4<9AA8=;B$B7:;<QP$[;88< *"!$!"))) #"'#!"))) *"!$!"))) *"$!)"))) *"!$!"))) *"$!)"))) *"!$!"))) *"!$!"))) *"$!)"))) *"!$!"))) *"$!)"))) *"!$!")))
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APPENDIX 2 

 

ABANDONMENT LOG FOR MCKEEFRY BOREHOLE 
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