
 

 

 

 

University of Wisconsin - Madison 

Department of Geography 

 

GIS Application(Geog578)- Final Project Paper 

 

 

Wellhead Protection and the Future Water Demands from 

Public Wells in the City of Madison 

 

 

 

Instructor: BLILL GARTNER 

TA: MEILIU WU 

 

 

 

 

 

 

 BY: FNU ABDULLAH & BOYUAN LU 
DATE: MAY 06, 2018 
 



Introduction and Background: 

 

Ultimately, chemicals and other contaminants wasted on the ground will make their way to 

reach the groundwater or aquifer and that way these pollutants will make the ground water 

unsafe for drinking. Where all these uncertainty about groundwater came from. Groundwater 

pollution most often results from inappropriate disposal of wastes and the Landuse 

management. It can also accrue naturally due the presence of chemical elements in the aquifer 

layers. But the majority of groundwater contamination come from human activities. There 

might be several reasons such as population growth, urbanization, rainfall, Landuse 

management and etc. that has impact on the groundwater quantity and quality across the 

nation, but having good quality, safe drinking water at a reasonable cost is something that 

most people want it, especially if their water comes from a public water supply system .  

in this paper, we are mainly focusing on a few components that might affect the quantity and 

quality of groundwater in the city of Madison Wisconsin if they aren’t considered seriously.  

Madison is relatively a rapidly growing city and as of July 1, 2016, Madison's estimated 

population of 252,551 (Madison City Population .2018) made it the second largest city in 

Wisconsin. According to the Demographic Service Center of Wisconsin “City of Madison is 

estimated to have the fasted proportional growth of (7.23%) from 2010 - 2017”.  

Potential consequences of rapid population growth include groundwater depletion and 

contamination, to make sure the groundwater quantity and quality is safe from human 

activities, our goal in this project is to estimate the Wellhead Protection Area, Well Recharge 

Area and the future water demands from Madison wells in the next 50 years 
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1. Wellhead Protection Area: 

Wellhead Protection Area means protecting the area surrounding public drinking water supply 

wells from contamination. As all the 22 wells are and will continue to be the sources of drinking 

water for many year and for most of the people in the city of Madison, so protection of these 

dynamic resources from rapid population growth, agricultural practices and building chemical 

factories around them is crucial!  

For example, building chemical factories nearby the public water supply well may bring with 

potential sources of contamination. Rapid growing of population around a well may stress the 

quantity of water, and agricultural practices around a well may contaminate the groundwater 

with Nitrate.  

Some advantage of Wellhead Protection Program: 

• Avoid cleaning up contaminated groundwater  

• Less spending on water treatment 

• Having long lasting of clean water supply to public 

• Having a positive climate for commercial growth  

 

2. Well Recharge Area: 

The surface from which water is added to the zone of saturation is called Well Recharge Area. 

Sometime the recharging area of a well is bigger than the wellhead protection area, but mostly it 

depends to the Time of Travel, while the Well Recharge Area is regardless of Time of Travel. 

There are more details information about the Wellhead Protection and Well Recharge area in the 

implementation part. Most of the groundwater recharge came from natural infiltration (snow, 

rainfall, sleet, hail), when the precipitation occurs, a portion of it infiltered to the ground and 

Figure 1. 

Wellhead Protection Area and Recharge Area 
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making the groundwater. To protect the recharging areas for all 22 wells in the city of Madison, 

we need to avoid paving more surfaces and reducing open area where the wells get their 

recharges from. 

3. Population Growth and Future Water Demands: 

As stated previously, Madison is relatively one of the rapid growing city in Wisconsin and 

according to the Demographic Services Center of Wisconsin “Madison city population is 

projected to be 281,150 at 2040” and it may go above than this in 2068. Considering the 

population growth in the city, determining the amount of water needed in the future is one of the 

key concepts of our project. We used Minor Civil Division formula to estimate the annual 

population growth for the city of Madison and based on the daily water consumption rate, we 

will estimate the total water demands for estimated population now and in 2068. For more 

information about the water demands now and in 2068, please see the implementation part of our 

paper. 

Below tables shows the largest municipalities projected population from 2010 – 2040, 

(Wisconsin Future Population, Robertson 24).   

 

 

 

 

 

 

 

From the table above, we can see that city of Madison is #1 in numeric change, while Kenosha is 

#1 for percent changes. 

Table 1 
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Conceptualization: 

There are three significant key concepts in our project: wellhead protection area, well recharge 

area and the future water demand in the next 50 years. Wellhead protection area and recharge 

area could take the charge for the quality and quantity of groundwater. For conceptualizing 

wellhead protection and well recharge areas, we need to find wells and aquifer attributes, and for 

that we need to contact with city of Madison Water Utility, Wisconsin Department of Natural 

Resources, Dane County Planning and Development department and other organization. 

In the meantime, we are doing a regression analysis of the city population for the past three 

decades, its projected population in the next 50 years, number of wells, water consumption and 

the future water demands.  

Currently there are 22 public wells in the city of Madison that provide drinking water to the 

residents, we will contact the Water Utility if they could provide us with the number of people 

each well is serving, otherwise we are going to divide the city in to 22 polygons using Theisen 

Polygon method in ArcMap to analyze the dense of population around each well. Theisen 

Polygon is an interpolation method that define individual areas of influence around each of a set 

of points.   

After we completed our analysis, we may or may not recommend more investment on the 

technologies to keep the quality of drinking water safe and to construct a new public well(s), if 

we figure out that the existing 22 public wells won’t meet the projected population water 

demands in 2068.  
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 Figure 2. Conceptualization diagram 
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1. Wellhead protection area 

Wellhead protection area was identified by Safe Drinking Water Act Amendments of 1986 as: 

“The surface and subsurface area surrounding a well or well field, supplying a public water 

system, through which contaminants are reasonably likely to move toward and reach such well 

or well field”. This definition indicates some features of a wellhead protection area should be a 

circle or like a circle and the well could be its centroid. Another feature is that groundwater and 

surface water could contribute to wellhead protection area simultaneously. The groundwater 

table could contribute to the radius of wellhead protection area and direction of groundwater 

flow could form the shape of the wellhead protection area (that wellhead protection area is not a 

perfect circle, it could be twisted and squeezed in direction of surface water flow). 

There are some requirements for the wellhead protection area in Wisconsin Administrative Code, 

Chapter NR 811.12. Here are some significant details included in the wellhead protection plan:  

“(a) identification of the groundwater flow direction.” 

“(b) identification of the zone of influence for the well consisting of the distance to one foot of 

aquifer drawdown at the anticipated final pumping rate when pump age of the well is assumed 

to be continuous without recharge for 30 days.” 

“(c) identification of the recharge area for the well. The recharge area shall be calculated 

using the Uniform Flow Equation or be computer modeled unless another method is approved 

by the department” (Wisconsin Administrative Code, Chapter NR 811.12.) 

To delineate the wellhead protection area, based on the Wisconsin Administrative Code, Chapter 

NR 811.12., we come up with a method to calculate the radius of wellhead protection area:  
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Volumetric Equation or Fixe Radius:  

 

𝑹 = √(𝑸𝑻/𝝅𝒏𝑯) 

 

 

 

We could notice that here are 4 variables for estimating the wellhead protection area: well 

discharge rate, well screen or open interval, time of travel and the porosity number of the aquifer. 

We got most of the wells attribute data such as well depth, casing depth, static water table and 

the pump age rate from Water Utility, while the aquifer porosity, hydraulic conductivity and 

aquifer thickness were obtained from Dane County Groundwater Model and Wisconsin DNR.  

2. Well recharge area 

As stated previously that the Well Recharge are is the total land that contributing water to the 

well regardless time of travel. The well recharge area could be like a circle, ellipsoid, irregular 

polygon, a parabolic shape and etc. there is always a shape and size difference in the wellhead 

protection area and the well recharge area, because the first one is a fixed radius and it mostly 

rely on the Time of Travel (ToT), while the 2nd one is relying on the water flow direction 

regardless of ToT. 

In Wisconsin Administrative Code, Chapter NR 811.12., it is recommended that “The recharge 

area shall be calculated using the Uniform Flow Equation or be computer modeled unless another 

method is approved by the department.” 

Where: 

Q = well pumped volume per day 

T = time of travel (5 years) 

n = aquifer porosity 

𝝅 = 3.14 

H = height of the open interval or screen (ft). 
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Uniform Flow Equation: 

We will use below equation for estimating the well recharge area for all the 22 wells, and as 

stated in the previous page, we need to figure out or estimate all the variables that we need in 

below equation before implementation process.  

      XL = Q/(2πKbi) 

      YL = Q/(πKbi) 

Where: 

XL = down gradient null point (ft) 

YL = side gradient width (ft) 

Q = pumping rate (gpd) 

K= hydraulic conductivity (ft/day) 

b = aquifer thickness (ft) 

Kb = transmissivity (ft2/day) 

i= hydraulic gradient (ft/ft)

 

3. Water Demands: 

Madison is second largest city in Wisconsin state and according to Madison City Population, 

2016, the population of citizen in Madison City for 2016 is 252,551 and its annual growth rate 

is 1.5%. We are going to analyze the demographic change pattern in the past 3 decades and 

from there we will figured out the average annual population growth and then projected future 

population for the city of Madison and then the future water demands. In our project, we 

decided to use Minor Civil Division Projection Methodology to evaluate the demographic 

attributes and predict its change pattern in the future. In Vintage 2013 Minor Civil Division 

Projection Methodology: Some Salient Points, some of main principles governing the 

projection methodology are summarized by UW-Madison Applied Population Laboratory as 

below: 
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• It requires consideration of historical data in the past for the long-term population 

projection, especially for small group of people, so that past and anticipation time are 

equal length. 

• The recent changing tendency should have greater influence in the projection process 

than older experience. 

From this statement, we could access the reliability and feasibility of our key concept. First, 

we mainly focus on group of people by block which could be considered as small area. 

Second, we are interested in the changes during Travel of Time. We could anticipate the 

future change pattern by past tendency which is equal length. 

We used Minor Civil Division (MCD) Equation to estimate the annual population growth for the 

city of Madison and then estimated its projected population for 2068. 

Growth (G) = ((P2016-P1990/T2016-T1990) + (P2016-P2000/T2016-T2000) + (P2016-P2000/T2016-T2000))/3   

Where: 

𝑃_2016 is the final MCD estimate for 1/1/2016; 

𝑃_1990^ , 𝑃_2000^ , 𝑃_2010^  are the adjusted Census values; 

𝑇𝑠 are the calendar dates for the censuses and most recent estimate; the values produced are 

treated as quarter-years. 
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Implementation Diagram 

Figure 3.1. Implementation Diagram 

Geoprocessing>Buffering>Field 
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Implementation Diagram Cont. 

Figure 3.2. Implementation Diagram 
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Implementation 

Here is the list of our original data layers that we got from Dane County Planning and 

Development Department, DEM from Wisconsin View, Population by Block Group from 

Census, Madison Wells shapefile from Robinson Library, Aquifer attribute from Wisconsin 

DNR and Wells attribute from Water Utility. 

• Madison Administrative Boundaries  

• DEM                  

• Population by Block Group Dane County      

• Madison Wells      

• Dane County Aquifer  

The Madison Administrative Boundaries map is our study area, and we divided the city into 22 

polygons and added the population from the Blocks to each polygon to estimate the number of 

people round each well. The Digital Elevation Model (DEM) and Static water table in each well 

helped us to determine the surface water flow direction and groundwater table in the study area. 

To estimate the Wellhead Protection Area and the Well Recharge Area, we needed to have all of 

the variables for our two previously stated equations. For that purpose, we searched a lot on the 

internet and contacted several relevant departments (WDNR and Wisconsin Geological & 

Natural Survey) in the area to help us in finding some of the variables, e.g. aquifer thickness, 

aquifer porosity and hydraulic conductivity. WDNR and The Capital Regional Planning 

Commission were very cooperative to share with us the Dane County Groundwater Model 

from which we obtained the hydraulic conductivity(K) and the porosity number (n).  As most of 

the 22 wells are pumping their water from lower sandstone aquifer, so that is why we considered 

the same hydraulic conductivity and the same porosity number for all 22 wells. In all our 

calculation, we considered the porosity number (n) = 0.15 and the Hydraulic Conductivity (K) = 
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15 ft/day. Both number were taken from the Dane County Groundwater Model, while the 

hydraulic gradient was estimated in a separate spreadsheet based on the static water table in each 

well. For more detail please see page 16 hydraulic gradients. 

It was not easy to find the aquifer thickness from which the public wells are getting their water, 

because we didn’t have enough time, skills and technology to measure the aquifers thicknesses, 

but thanks to WDNR for sharing with us all the four layers of aquifer maps with their 

thicknesses. After we got and obtained all our variables we made an excel spreadsheet with 

having the fixed radius and uniform flow equations in it and then estimated the wellhead 

protection and recharge areas for all the 22 wells. Table 2 and Table 3 show our estimation of the 

wellhead protection and well recharge areas.  

Using ArcMap to Estimate WHPA with Creating Buffers with 5 and 50-year ToT  

We added the two estimated columns (WHPA 5 years & WHPA 50 years) from the Wellhead 

Protection Spreadsheet-Table2 into the Well shapefile attribute table and then from 

Geoprocessing tool in the ArcMap we used buffering to estimate the Wellhead Protection are for 

5 and 50 years respectively. Figure 6 and 7 show the Wellhead Protection Area for all 22 wells in 

the city with 5 and 50 years ToT. The geometry of a wellhead protection area will look like the 

image below: 

 

 

 

 

Zoon1, Zoon2 and Zoon3 

represent WHPA with different 

TOT 

Figure 4. Wellhead Protection Area 

Geometry 
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Well Recharge Area: 

As stated above that we used the Uniform Flow Equation for estimating Well Recharge Area, 

because it was recommended by Wisconsin Administrative Code, Chapter NR 811.12. the 

geometry of the well recharge area is different than the wellhead protection area, because the 

first one follows the Time of Travel with a fixed radius shape, while the second one follows the 

surface water flow direction and its regardless of travel of time. The surface water flow direction 

was found by adding Dane County DEM to ArcMap and then converting it contour lines to see 

the surface elevation changes and then based on the elevation changes, we made a flow direction 

map figure 10.  

In this project we estimated the well recharge areas for all 22 wells, but due to the lack of time 

and producing too many maps in our report we decided to only map the well (13) with the largest 

recharge area and the well (29) with the smallest recharge area. An approximate geometry of 

well recharge area will look like in the figure below: 

 

 

 

 

 

 

The geometry of recharge area for well 13 and 29 are drawn in ArcMap by creating a new 

polygon shapefile considering the surface water flow direction. Please see page 25.

YL 

X

Stagnation point 

-YL 

Figure 5. The Geometry of Well Recharge Area 
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Dane County Groundwater Model Layers 

Hydraulic Conductivity 

Lower Sandstone Aquifer Layers 

Data Obtained from Dane County Groundwater Model 

Hydraulic Gradients Estimated 

by the group members 
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Lower Sandstone Aquifer Thickness in Feet 

 

 

 

 

 

 

 

 

 

Source: Wisconsin DNR 
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Table – 2- Wellhead Protection Area 
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Figure 6. Wells Location Map 
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 Figure 7. Wellhead Protection Area with 5 years’ Time of Travel 
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Figure 8. Wellhead Protection 5 and 50 years’ Time of Travel 

20 



 

 

 

 

 

 

 

 

 

 

 

 

 
Table – 3- Estimated Well Recharge Area XL & YL 
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The Geometry of the Well Recharge Area: 

As stated previously that the Well Recharge area is regardless of the time of travel and it mostly relies on the flow direction. We 

needed to figure out the flow direction so that we can make/draw the geometry of the recharge area by showing the estimated XL and 

YL on the map. For this purpose, we converted the Dane County DEM in to contour lines to show the difference in elevation across 

the city and then made the surface water flow direction map as shown in figure10. 

 
Figure 9 – City of Madison & Its Neighboring DEM 
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Figure 10 – Contour Lines Maps 
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Figure 11 – Flow Direction Map 
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 Figure 12 – Well 13 and Well 29 Recharge Area  
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Figure 13 – Overlay of Wellhead Protection Area and Well Recharge Area 
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Water demands: 

Water demand analysis could be divided into two parts: the population and water consumption 

part now and the population and water consumption part in 2068. As the population keeps 

growing in the past and might be increasing in the future as well, the water consumption will 

change too. The water demand now and in the future should be equal to product of the 

population and water consumption usage per-capita. We have gathered the historical population 

data for city of Madison from Wisconsin Society Library highlighted in the table below and 

numbers of wells and water consumption per capita during the past decades from Water Utility 

as shown in the figures on page 28. 

Population and water Demands now: 

Based on the graph we got from the Water Utility the water consumption per capita per day is 

changed from 80 gallons to 55 gallons, so we will consider the 55 gallons per day per capita as 

our norm for estimating the water demands now and as well as in the future. As we can see from 

Number of Wells Table on page 29, the total Pumpage rate for all 22 wells now is: 41392 GPM 

which is equal to 2483520 GPH

From the estimation in the above table, all 22 wells should operate as an average 6 hours 

a day to meet the current population water demand. 

Table - 4 Deep Well Pumpage Rate and Water Consumption Now 
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Source: Wisconsin Historical Library 

Number wells from 1930 - 2016 

55 

Data Tables Used in the Estimation of Projected Population and Water Demands in 2068 

Source: Water Utility 
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According to the data we got from Water Utility (number of wells from 1940 – 2018), it looks 

like the first two wells were constructed during 1940s. So, our initial condition is the water 

consumption and population in 1940. Based on the annual records from 1940 to 2016 for the 

population and number of wells, we could notice that the number of wells kept increasing as the 

population growing. Base on the population tendency and number of wells graph below, we 

could anticipate that how population change will affect the number of wells in the future.  

 

 

 

 

 

Figure 14. Population and number of wells from 1940 to 2016 

 

29 



   Population and water Demands in 2068: 

As mentioned previously that we used Minor Civil Division formula to estimate the annual 

average population growth. In the conceptualization part we wrote that, it is a moderate 

demographic linear growing pattern. We tried lots of different growing pattern such as power 

growing pattern or polynomial growing pattern, but these patterns did not fit with the projected 

population by Demographic Services Center of Wisconsin in 2040 as shown in Table 1. The 

annual estimated population growth and the projected population for 2068 is estimated as 

below: 

3G = (P2016-P1990/T2016-T1990) + (P2016-P2000/T2016-T2000) + (P2016-P2010/T2016-T2010) 

3G = (252551-190766/2016-1990) +(252551-208054/2016-2000) +(252551-233209/2016-2010) 

G = 2770 

Estimated Projected Population in 2068: 𝟐𝟓𝟐𝟓𝟓𝟏 + (𝟐𝟕𝟕𝟎 ∗ 𝟓𝟎) =  𝟑𝟗𝟏, 𝟎𝟓𝟏 

Thus: The estimated water demands in 2068 would be  𝟑𝟗𝟏, 𝟎𝟓𝟏 ∗ 𝟓𝟓 =  𝟐𝟏, 𝟓𝟎𝟕, 𝟖𝟎𝟓 𝑮𝑷𝑯 

The estimation in the above table shows that in 2068 all the 22 wells need to operate as an average 

 of 10 hours a day to meet the projected population water demands in 2068, otherwise we may 

need additional well(s). 

Table – 5 Pumpage Rate and Water Consumption Rate in 2068 
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Figure 15. Population and Water Consumption Rate from 1940 - 2068 
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