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Abstract 
Nitrate and atrazine plus deethylatrazine concentrations in ground-water in an agricultural area, collected as part of two studies (a land-use study and a flow-system study) conducted in the Western Lake Michigan Drainges study unit of the USGS NAWQA program, were significantly correlated to historical fertilizer and atrazine use patterns, respectively, over time. In addition to being correlated to agricultural-chemical use, nitrate concentrations were also correlated to dissolved oxygen concentrations and well depth; atrazine plus deethylatrazine concentrations were also correlated to soil permeability and annual precipitation.  Understanding the factors affecting nitrate and atrazine plus deethylatrazine concentrations required knowledge of the source and age of the sampled ground-water and the history of nitrogen and atrazine inputs; as well as other ancillary information such as well construction, geology, climate and water chemistry.  Ground-water ages were determined by matching measured chlorofluorocarbon and tritium concentrations in ground water to historical atmospheric concentrations.  Without ground-water age information, displaying and measuring trends in concentration over time, as well as establishing correlations to historical inputs and climate data would not have been possible.

Introduction 
Agricultural chemical use has affected ground-water quality in Wisconsin (Bundy and others, 1994a, Chern and others, 1999; Kraft and others, 2004; LeMasters and Doyle, 1989; Jackson and others, 1987;  Postle and others, 1997; Rheineck and Postle, 2000; Vanden Brook and others, 2002; Saad, 1997;  Warzecha and others, 1995; Wisconsin Department of Natural Resources, 2004, 2002, 2000, 1987, and 1986; Wisconsin Groundwater Coordinating Council, 1994 and 1992; Wollenhaupt and others, 1990).  The most widely detected contaminant in ground water in Wisconsin, nitrate, commonly exceeds the USEPA drinking-water standard (10 mg/L) in agricultural areas of the State due to applications of nitrogen for crops (Chern and others, 1999). Agricultural pesticides in ground water have been a concern in the State since 1980 when alidicarb was first detected in central Wisconsin (Rothschild and others, 1982).  Since that time it has been shown that some of the most heavily used pesticides in the State, such as atrazine, often correspond to the most commonly detected pesticides in ground water (Vanden Brook and others, 2002; Wisconsin Department of Natural Resources, 1990 and 2004).  In an effort to improve ground-water quality where adversely affected, the State has restricted or prohibited the use of some agricultural chemicals (Wisconsin Department of Agriculture, Trade and Consumer Protection, 2004a, 2004b).  Atrazine use for example, was restricted in Wisconsin beginning in 1991 as part of the Atrazine Rule (Wisconsin Department of Agriculture, Trade and Consumer Protection, 1991).  In addition to limiting chemical use, some efforts have been made to determine whether changes in agricultural chemical use have resulted in improved ground-water quality (Vandenbrook and others, 2002; LeMasters and Baldock, 1997; Postle, 1996).  To determine whether changes in agricultural chemical use are having the desired effect it is necessary to measure trends in ground-water quality and to be able to correlate changes in water quality with changes in chemical use.  It is also important to understand the other factors, such as climate and geology, which can have an effect on ground-water quality.  There is interest in measuring and understanding trends in ground-water quality in Wisconsin, though there have been relatively few publications describing such studies.  
Measuring trends and understanding the factors that affect water-quality are two of the main goals of the U.S. Geological Survey’s National Water-Quality Assessment (NAWQA) Program (Hirsch and others, 1988).  The Western Lake Michigan Drainages (WMIC) study unit of the NAWQA Program encompasses approximately 51,800 km2 in Wisconsin and Upper Michigan (fig. 1).  Collection and analysis of ground-water data in the WMIC study unit began in 1993. The NAWQA design for examining ground-water quality includes large-scale major aquifer and land-use studies and small-scale flow-system studies (Gilliom and others, 1995).  Major aquifer studies are designed to provide a broad assessment of water-quality conditions in major aquifers and typically include 30 existing drink-water wells.  Land-use studies are designed to use a network of about 30 monitor wells to examine natural and human effects on shallow ground-water quality in an area characterized by a specific land use.  Flow-system studies are typically nested within a land-use study area and are used to examine natural and human effects on ground-water quality throughout the thickness of an aquifer and interactions of ground water and surface water.  Flow-system studies typically utilize multiple nests of monitor wells installed along an inferred ground-water flowpath.  
In agricultural areas, NAWQA ground-water studies can provide the framework for measuring agricultural-related trends in ground-water quality, however, additional information is needed to understand the factors that affect the measured water-quality trends.  Some of the additional information includes: 1) History of chemical use, 2) The source of sampled ground water, 3) The age of the sampled ground water, and 4) other factors like climate, geology, well construction, and water chemistry.  This additional information can be difficult to obtain or simply not available. 
Historical use information is readily available for some chemicals, but not others and may not cover the entire period of interest (such as the period over which ground-water recharge has occurred).  Additionally, chemical use history is often only available at large scales, such as national or statewide.  
If the sampled ground water is assumed to be affected by changes in chemical use, then the source of the sampled ground-water should be representative of the area where the chemical of interest is used.  Often the source of sampled ground water is not known.  NAWQA land-use wells are designed to be downgradient from a specific type of land use, however, the actual ground-water flowpaths are only assumed to originate beneath the upgradient land use.  NAWQA flow-system wells are designed to provide a better understanding of the source and fate of the sampled ground water. 

Water typically moves slowly through the ground-water system.  Ground-water age, the time since recharge occurred, can vary from days to many years throughout the ground-water system.  Typically, shallow ground water is younger (recharged more recently) than water in deeper parts of the aquifer.  Because of this variability in age, changes in chemical inputs at the land surface will not have a uniform effect on changes in ground-water quality throughout an aquifer.  Knowledge of the age of sampled ground-water is important for understanding trends and relating trends to historical changes in chemical use.  Ground-water age data was not widely collected prior to the 1990s.  However, in recent years, ground-water age dating using chemical tracers such as chlorofluorcarbons (Busenberg and Plummer, 1992), sulfur hexafluoride (Busenberg and Plummer, 2000), tritium (Bradbury, 1991) and tritium/helium (Plummer and others, 2000) has been more common.  Ground-water ages of water samples collected from the WMIC land-use study and flow-system study wells were estimated using chlorofluorocarbons and tritium.  Knowledge of ground-water age allows ground-water chemistry to be correlated to temporally variable factors, like chemical use and climate, which can affect ground-water quality. 
Purpose and scope
This report describes trends in ground-water quality of the glacial deposits aquifer in an area of central Wisconsin using data collected from a NAWQA land-use study and a flow-system study conducted in the Western Lake Michigan Drainages.  Trends in nitrate and atrazine concentrations in ground water were examined using water-quality data collected in 1994, 2002, and 2004, from monitor wells installed by U.S. Geological Survey as part of the two studies.  Ground-water age data, agricultural-chemical use histories, climate data, geology, well characteristics and water-chemistry data were collected as part of these studies or compiled from various sources to help characterize the environmental setting and interpret the water-chemistry results.  Graphical and statistical techniques were used to demonstrate historical trends and to determine correlation to factors that affect trends in ground-water quality.
Previous ground-water trend studies in Wisconsin
As noted above, in Wisconsin, there have been few studies describing trends in ground-water quality or describing ground-water-quality trends in relation to historical chemical input.  Several investigations in central Wisconsin have indicated increasing concentrations of nitrate in ground water.  Long-term records from a Village of Whiting, Wisconsin municipal well have shown that nitrate concentrations increased from about 3 mg/L as N in the early 1960s to more than 15 mg/L by the mid 1990s (Chern and others, 1999).   Similarly, long-term base flow water-quality data from the Little Plover River near Whiting, Wisconsin have shown increasing nitrate concentrations in the ground-water component of stream flow from about 2 mg/L as N in the mid-1960s to about 7 mg/L as N in the late-1990s (Albertson and Shaw, 1998).  The cause of the increasing nitrate concentrations is not specifically stated, however, a graphic display of historical concentrations along with historical fertilizer use in the United States suggests a correlation of increasing concentrations to increasing use.  There have been several studies by the Wisconsin Department of Agriculture, Trade and Consumer Protection that have looked at changes in atrazine concentrations in ground water in Wisconsin following the adoption of the Atrazine Rule in 1991.  Results of these studies (LeMasters and Baldock, 1997; Postle, 1996, Postle and others, 1997, Vanden Brook and others, 2002) generally indicate that either atrazine (expressed as parent atrazine or the sum of atrazine plus atrazine metabolites) concentrations were decreasing or that the percentage of wells with detectable concentrations was decreasing and that the Atrazine Rule has contributed to the decrease.  The studies described above have attempted to provide some understanding of trends in ground-water quality relative to changes in historical input, however, these studies have included minimal or no description of the source and age of the sampled ground-water; two important pieces of information useful for understanding trends in ground-water quality.

Recently there have been a small number of studies done in Wisconsin that have used ground-water age information to help in understanding trends in ground-water quality.  Two studies by Saad (1997 and 1998) used chlorofluorocarbon-based ground-water age information to show that shallow ground-water concentrations of atrazine plus deethylatrazine generally corresponded to historical atrazine use patterns.  Kraft and others (2004a and 2004b) also used chlorofluorocarbon-based ground-water age information to generally associate elevated nitrate and pesticide concentrations to increased fertilizer and pesticide use.  Browne and Guldan (2005) used a synoptic survey of chlorofluorocarbon-based ground-water ages and water quality of the ground-water/surface-water interface to aid in the understanding of long-term base flow water-quality trends in the Little Plover River in central Wisconsin.  Data collected for this study was used to independently reconstruct the 40-year history of increasing base flow nitrate concentrations as well as predict future trends based on several land management scenarios.  A similar study of the 


Tomorrow-Waupaca Watershed (where the flow-system study and part of the land-use study are located) was also done by Browne and Guldan (2003).
Description of the study areas
The agricultural land-use study and the flow-system study areas described in this report are located in the western part of the Western Lake Michigan Drainages NAWQA study unit in central Wisconsin (fig. 1). A brief description of the study areas is given below; additional information about the land-use study area can be found in Saad (1997).  
The land-use study consists of 30 shallow monitor wells installed in the glacial deposits aquifer in an area that covers approximately 4,400 km2 (fig. 1).  Plains and morainal ridges characterize the topography of this area.  The flow-system study site is nested within the land-use study area and includes 17 monitor wells and two mini-piezometers installed in the glacial deposits aquifer in the Tomorrow River Watershed in Portage County, Wisconsin (figs. 1 and 2). The study site is located on the west side of the Tomorrow River and includes 4 nests of wells installed along an inferred ground-water flowpath that discharges to the Tomorrow River (fig. 2).  
Land Use 
For the land-use study area, the 30 sampling sites for this study were chosen so that the land immediately upgradient from installed wells were used to grow corn and alfalfa, mainly for dairy farming.  Land use surrounding the flow-system study site ranges from forest and grassland near well nest 1, intense, non-irrigated agriculture (row crops) near well nest 2, less intense agriculture (hay) and grassland near well nest 3, and grassland and riparian forest near well nest 4 (fig. 2).  Upgradient from the study site, land use along the ground-water flowpath includes irrigated and non-irrigated agriculture, forest, and grassland.    

Land use near the flow-system study area has likely changed very little in the past 40 years.  However, agricultural chemical use has changed significantly in the past 10 years.  Prior to the early 1990s, atrazine was the most heavily used herbicide for corn in central Wisconsin (WASS, 1985, 1991). In 1995, the immediate vicinity around the flow-system study area was designated as an atrazine prohibition area by the Wisconsin Department of Agriculture, Trade, and Consumer Protection (one of 102 atrazine prohibition areas in Wisconsin as of 2003).  Atrazine use is not allowed in prohibition areas (LeMasters and Baldock, 1997).  Atrazine use was not prohibited farther upgradient from the flow-system study area (fig. 2).
Ground-water movement, hydrogeology and soils 
In the land-use and flow-system study areas, most ground water moves through surficial deposits from recharge areas to natural discharge areas, such as streams, lakes, or wetlands unless intercepted by a pumped well (Berkstressor, 1964; Holt, 1965). The distance from recharge area to discharge area can range from several meters to several kilometers.  Surficial deposits in the study areas are remnants of glacial outwash and ice-contact deposits (Olcott, 1968), and are generally described as sand or sand and gravel (Richmond and Fullerton, 1983). The deposits are generally 20 to 60 m thick (Olcott, 1968) and, where saturated, they represent the glacial aquifer, which is the primary source of ground water used in the study area.  Hydraulic conductivities determined from slug tests conducted on the land-use study monitor wells ranged from about 0.09 to 50 m/d, with a median of 8.2 m/d (Saad, 1997).  Hydraulic conductivity data was not collected for the flow-system study.
Soil characteristics for the 30 land-use wells were compiled from the USSOILS digital coverage of the State Soils Geographic (STATSGO) database (Schwarz and Alexander, 1995).  The compiled characteristics include organic-matter content (percentage by weight) and permeability (cm/hr) which can be important factors in controlling leaching of chemicals applied at the land surface to the ground-water system.  Organic-matter content ranges from 0.3 to 14.9 percent (median is 3.0 percent) with higher content generally found in the northern half of the study area.  Soil permeability in the study area ranges from 1.5 to 27 cm/hr, with much of the study area in the 12 to 25 cm/hr range.  In general, the southern half of the study area has higher soil permeability than the northern half, except for isolated areas of low permeability in the extreme southern and eastern parts of the study area.  Due to the coarseness of the digital data, STATSGO-based soils characteristics at the flow-system study site did not vary spatially between well nests.  In the vicinity of the flow-system study area, organic matter content is 14.9 percent and permeability is 13.5 cm/hr.  
Water budget

Water budget components for the study area include precipitation (in), evapotranspiration and surface runoff (out), and change in storage.  From 1950 to 2003, annual precipitation ranged from 54.9 cm/yr (in 1976) to 114 cm/yr (in 1984) with a median and average of 81 cm/yr (fig. 3, National Climatic Data Center, 2006). From 1931 to 1955, average annual evapotranspiration ranged from about 45.7 to 53.3 cm/yr and average annual surface runoff ranges from about 22.9 to 30.5 cm/yr (Olcott, 1968).  Surface-runoff includes ground-water discharge and overland flow to streams.  Most of the surface runoff in the study area is derived from ground-water discharge to streams (Olcott, 1968, Holt, 1965). The average yearly change in storage for the study area is zero.
Ground-water quality and historical agricultural-chemical use in Wisconsin
Of the chemicals that contaminate ground water in Wisconsin, nitrate is the most commonly detected (Wisconsin Department of Natural Resources, 2004).  Nitrate has been recognized as a ground-water concern since the 1940’s (Bundy and others, 1994a) and the majority of wells with high concentrations are found in agricultural areas of the State (Wisconsin Department of Natural Resources, 2004).  It has been estimated that 10% of wells in Wisconsin exceed the USEPA drinking-water standard for nitrate (10 mg/L as N) (Chern and others, 1999).  Concentrations above 10 mg/L have been estimated to occur in up to 60% of wells in agricultural areas of the State (Chern and others, 1999).  Nitrate concentrations in the land-use study wells ranged from <0.05 to 33 mg/L (Saad, 1997) and from 1.4 to 12 mg/L in the flow-system study wells (Appendixes 1 and 2; available online at ftp://ftpext.usgs.gov/pub/er/wi/middleton/saad/).  
As noted above, to understand trends in ground-water quality, it is important to understand the input history of the constituent of interest.  Nitrate, for example, can occur naturally in ground-water, however, elevated concentrations are often associated with leakage from septic systems and agricultural sources of nitrogen (fertilizer and manure) used to grow crops (Bundy and others, 1994a; Chern and others, 1999).  Shaw (1994) estimated that 90 percent of the nitrate in ground water in Wisconsin comes from agricultural sources.  
Nitrogen applied at the land surface, typically in the form of ammonia (NH3) or ammonium (NH4), is converted to nitrate (NO3) in soil (Bundy and others, 1994a) and moves to ground-water with recharge from precipitation.  Localized information describing historical chemical application rates would be ideal for understanding trends in ground-water quality in an individual well or in a small area like a land-use study area.  However large scale use information is often all that is available.  Statewide input histories of fertilizer and manure were compiled from various sources to look for historical trends in use that could possibly cause changes in nitrate concentrations in ground water.  Figure 7 shows statewide fertilizer and manure use data for the period from 1950 to 2004 (Alexander and Smith, 1990, Battaglin and Goolsby, 1995; National Agricultural Statistics Service, 2006a; Peters and Kelling, 2002; Ruddy and others, 2006).  Fertilizer use increased dramatically from 1950 to about 1985 and has since generally stabilized, fluctuating slightly since then.  Manure use has slightly decreased over that same time period and is associated with a decrease in the number of milk cows in the State.  Most of the fertilizer use in Wisconsin is for corn.  For the period from 1994 to 2002, an average of 66 percent of fertilizer used in the State was used on corn (NASS, 2006c)
Agricultural-pesticide contamination of ground water generally comes from either direct field application or handling-related activities (Wollenhaupt and others, 1990).  Agriculture-related pesticides were first detected in Wisconsin ground water in 1980 when aldicarb was detected in central Wisconsin (Rothschild and others, 1982; Wisconsin Groundwater Coordinating Council, 1994).  Since that time, many of the pesticides used in Wisconsin have been detected in ground water (Matzen and Saad, 1996).  In 2004, the most commonly detected pesticides in Wisconsin ground water were metabolites of alachlor, cyanazine and metolachlor, atrazine and its metabolites, and metribuzin (Wisconsin Department of Natural Resources, 2004), which represent some of the most heavily used pesticides in the State (National Agricultural Statistics Service, 2006).  Ten pesticides or metabolites were detected in the land-use study wells in 1994 and 2002 (Appendix 1) and six were detected in flow-system study wells in 2004 (Appendix 2).  Atrazine, which has been one the most heavily used pesticides in the State since the mid-1960 (Warzecha and others, 1995), has also been one of the most commonly detected in ground water in Wisconsin (LeMasters and Baldock, 1997; LeMasters and Doyle, 1989;  Matzen and Saad, 1996, Saad, 1997; Wisconsin Department of Natural Resources, 1994).  Atrazine or the metabolite deethylatrazine were detected in 93 percent of the land-use study wells and 100 percent of the flow-system study wells (Appendixes 1 and 2).  
Atrazine was first registered as a pesticide in 1958 (United States Environmental Protection Agency, 2006) and the first widespread use in Wisconsin was the early 1960s (Wollenhaupt and others, 1990).  Based on data from the Wisconsin Agricultural Statistics Service (1979, 1986, and 1991), the National Agricultural Statistics Service (2006b), and Ribaudo and Bouzaher (1994), Statewide atrazine use increased steadily from the 1960s until the mid 1980s and then began to decrease (fig. 9). The decrease in use was partly attributed to concerns about carryover (soil persistence), the development of triazine resistant weed species as well as farmers concerns about ground-water quality (Wollenhaupt and others, 1990).  Additionally, in response to growing concerns about agricultural impacts on ground-water quality, such as the Wisconsin Grade A dairy farm well water survey by LeMasters and Doyle (1989), the State began restricting the use of atrazine in 1991 (Wisconsin Department of Agriculture, Trade and Consumer Protection, 1991).  The State adopted the Atrazine Rule, Chapter ATCP 30 of the Wisconsin Administrative Code for the 1991 growing season (Wisconsin Department of Agriculture, Trade and Consumer Protection, 2004a).  The Atrazine Rule limited the amount of atrazine that farmers could use per acre and also established areas in the State were atrazine use was prohibited.  Since the adoption of the Atrazine Rule, atrazine use in Wisconsin has somewhat stabilized with slight yearly fluctuations.
It is important to note that, while agricultural chemical use has shown dramatic variation over the last fifty years, it also varies on a shorter time scale in the study areas following a 5 to 7 year corn and alfalfa rotation.  A generalized pattern of crop rotation in the land-use study area is 2 to 3 years corn followed by 3 to 4 years of alfalfa (Saad, 1997).  During the years of corn, fertilizer and herbicides are applied to the fields.  During years of alfalfa, herbicides are not used and fertilizer is used only minimally if at all.  While it would be difficult to compile chemical use information that follows the crop rotation pattern, the fact that it does occur should be considered when trying to understand chemical inputs and the related impacts on ground-water quality.
Study Design and Methods 
Data described in this report were analyzed to determine trends and understand the factors that affect trends in ground-water quality.  The water-quality data were originally collected as part of NAWQA land-use and flow-system studies conducted in the Western Lake Michigan Drainages.  Details of well construction, sample collection, laboratory analysis, ground-water age dating, data adjustments, and statistical method are described below.  All land-use study and flow-system study data described in this report are included in appendixes 1 and 2 (available online at ftp://ftpext.usgs.gov/pub/er/wi/middleton/saad/).
Well construction and sample collection
Most of wells sampled for the land-use and flow-system studies were installed by the USGS using hollow-stem augers following protocols and procedures described by Lapham and others, (1995).  Land-use study wells were constructed of 5.1-cm PVC with 1.5 m screens and ranged in depth from 3 to 39 m (appendix 1).  Water levels were generally 3 to 11, but as much as 31 m below land surface.  The depth to top of screened interval below the water table ranged from 0 to 14.9 m (median was 4.3 m).  More details about the wells used in this study can be found in Saad (1997).  Flow-system study wells were constructed of 5.1-cm PVC with 0.9 to 3 m screens (appendix 2).  The well nests are located west and upgradient from the Tomorrow River at distances of 65 m (well nest 4), 220 m (well nest 3), 600 m (well nest 2), and 1500 m (well nest 1) (fig. 2).  Well depths range from 3.5 to 30 m and penetrate the entire thickness of the glacial aquifer (Appendix 2).  Depth to water ranged from about 1.8 to 9.4 m below land surface and the depth of top of screened interval below the water table ranged from 0 to 20.4 m.  These well nests represent the downgradient part of the entire flowpath length that discharges to the stream at this location.  The full length of the flowpath is estimated to be about 3.5 to 4.5 km (fig.2).  

In addition to the 17 monitor wells installed at the 4 well nest locations, two mini-piezometers and the Tomorrow River (located at the downgradient end of the flowpath) were sampled as part of flow-system study (fig. 2).  The mini-piezometers were installed in the stream bottom (one near the center of flow and the other at the stream edge closest to the other monitor wells) to a depth of about 1.5 m.  They were hand-pounded into the streambed and were constructed of high-density polyethylene plastic tubing and a 15-cm stainless steel mess screen.  
All ground-water samples from the land-use study and flow-system study wells were collected using USGS sampling protocols (Koterba and others, 1995).  Ground-water samples were collected using a positive displacement pump (monitor wells) or a peristaltic pump (mini-piezometers).  Sample lines were constructed of Teflon or copper (used for collecting CFC samples).  Land-use study water samples collected in 1994 were analyzed for major ions, nutrients, organic carbon, pesticides, volatile organic compounds (VOCs), oxygen and hydrogen isotopes, and uranium. Field measurements of temperature, pH, specific conductance, and dissolved oxygen were also collected. In addition, samples for tritium or CFCs, or both, were collected at all sites to estimate the recharge date of the ground water. Land-use study water samples collected in 2002 were analyzed for major ions, nutrients, organic carbon, pesticides, and trace elements, as wells as field measurements of temperature, pH, specific conductance, and dissolved oxygen.  
Flow-system study water samples were analyzed for major ions, nutrients, organic carbon, pesticides, dissolved gases and CFCs.  Field measurements of temperature, pH, specific conductance, and dissolved oxygen, were also collected at the flow-system study site.  
Water-quality data described in this report is limited generally to nutrients, pesticides and field measurements.  Information about other water-quality constituents measured in land-use study wells can be found in Saad (1997) and in appendixes 1 and 2.  
Samples from the land-use study wells were collected during late summer in 1994 and 2002 in an effort to minimize inter-annual variability (seasonal effects).  Inter-annual variability may not be an issue because of the wide range in age of the sampled water.  Ground-water age information (described below) collected for this study indicates that recharge for the 30-well land-use study network occurred over a period of 40 years or more.  Even though all samples were collected in late summer, it is likely that recharge to the 30-well network represents all of the major recharge periods that occur each year thus minimizing any bias due to intra-annual variability.

Laboratory analysis, recovery, and re-censoring
Water samples collected in 1994 and 2002 for the land-use study, and in 2004 for the flow-system study, were analyzed for nutrients and pesticides by the USGS National-Water Quality Laboratory.  Nutrients were analyzed using methods described in Fishman and Friedman (1989).  Pesticides in samples from 1994 and 2002 were analyzed using methods described by Zaugg and others (1995) and Werner and others (1996) for USGS NWQL schedules 2001 and 2050, respectively.   Pesticides in flow-system study samples from 2004 were analyzed using methods described by Sandstrom and others (2001) for USGS NWQL schedule 2003.  Additional pesticide analyses of triazine and phenylurea parent and degradation products (for samples collected in 2004) were performed using methods described by the USGS Organic Geochemistry Research Lab (USGS, 2006b).  
Because water-quality data produced by the NWQL are not automatically adjusted for analytical recovery (a measure of how well laboratory reported concentrations represent environmental concentrations), it was necessary to adjust reported concentrations based on laboratory recovery performance for several pesticides.  Atrazine and deethylatrazine concentrations shown in graphs and used in statistical analyses in this paper were adjusted for laboratory recoveries based on a an analysis of historical laboratory recovery data (Bexfield, in review; Laura Bexfield, USGS, written commun., November 4, 2005).  Recoveries for atrazine collected in 1994 for the land-use study ranged from 87.8 to 88.1 percent (average was 87.9) during the dates corresponding to the range of sample dates; deethylatrazine recoveries averaged 33.5 percent for the same period (ranging from 33.1 to 33.8 percent).  Atrazine recoveries averaged 110 percent during the 2002 sampling effort, with almost no variability; deethylatrazine averaged 62.9 percent recovery and ranged from 62.7 to 63 percent.  During the 2004 flow-system study sampling effort, atrazine recovery was 108 percent and deethylatrazine recovery was 36 percent.   Recoveries for nitrate analyses did not change and were consistently near 100 percent over the period from 1993 to 2004 (Rupert, in review; Michael Rupert, USGS, written commun., October 21, 2005).

To make low-level data (values at or below the laboratory reporting limit) from 1994 and 2002 comparable, results were uniformly re-censored using an approach suitable for comparisons using non-parametric statistics (Laura Bexfield, Michael Rupert, Wayne Lapham, Michael Rosen, and Steve Grady, USGS, written commun., April 7, 2005).   The general approach requires re-censoring all “less than” data to one half of the lowest reporting limit or estimated value and using estimated values as quantified values.  For nitrate and deethylatrazine, “less than” values were set to one half of the lowest estimated value (0.015 mg/L for nitrate, 0.0015 ug/L for deethylatrazine) and estimated values were used as quantified values.  For atrazine, all “less than” values were set to 0.0005 ug/L (one half of the MRL); there were no estimated values for atrazine.  
Throughout this report atrazine plus deethylatrazine concentration values are reported.  These values represent the sum of atrazine and deethylatrazine in ug/L as atrazine.  Prior to summing, concentration values of deethylatrazine were converted to equivalent atrazine units based on the molar ratio of atrazine (molecular weight = 215.69) to deethylatrazine (molecular weight = 186.60) (Lee and others, 2002).  Units of deethylatrazine were multiplied by 1.156 to determine equivalent atrazine units.  Unless otherwise noted, all water-quality concentrations described in text and figures and included in statistical analyses in this paper were recensored to a uniform reporting level and adjusted for analytical recovery.  Data included in appendixes 1 and 2 represent original data and are not recensored to a uniform reporting level and not adjusted for recovery.

Ground-water age dating
The recharge date of most of the sampled ground water from the land-use and flow-system study wells (Appendixes 1 and 2) was estimated using chlorofluorocarbons (CFCs).  CFC concentrations measured in ground-water samples were related to historical atmospheric CFC mixing ratios corresponding to the time of recharge using Henry’s Law (the mass of a gas which will dissolve into a solution is directly proportional to the partial pressure of that gas above the solution) following methods developed by Busenberg and Plummer (1992).  For the land-use study samples, temperature and atmospheric pressure in the unsaturated zone at the time of recharge were estimated using mean annual air temperature (7.5 C) and elevation of the sampling location (Appendix 1).  For the flow-system study samples, unsaturated zone temperature at the time of recharge was estimated using measured dissolved argon and nitrogen gas data (Busenberg and others, 1993) and ranged from about 6 to 10 C (median was 8.6 C).  Atmospheric pressure was estimated based on the elevation of the sampling locations at the flow-system study site (Appendix 2).  Uncertainty in CFC-based ground-water recharge dates can vary from a year or two to more than 5 years.  For CFC samples collected from land-use study wells, uncertainty in recharge temperatures is probably the largest source of error in estimates of ground-water recharge date (changes in elevation are relatively small).   Based on an uncertainty of 1 degree C (7.5 +/- 1 deg C) recharge dates varied from within 1 year (for older waters) to more than 5 years from the original estimate (for youngest waters).  This uncertainty analysis showed that recharge date for most samples can vary within +/- 2 years of the original estimate.
Details of the information used to estimate ground-water recharge dates for the land-use study wells can be found in Saad (1997).  Details of the CFC sample collection and analytical methods, as well as additional references describing ground-water age dating, can be found online at http://water.usgs.gov/lab/.  

CFC-based ground-water recharge dates for land-use study water samples collected in 1994 range from 1966.5 to 1994.5 (appendix 1).  The recharge date for one land-use study well (well 23, fig. 1) was estimated using tritium following methods described by Bradbury (1991).  Tritium levels measured in a sample from this well in 1994 were 0.5 pCi/L, which indicates the water recharged prior to 1955.  For purposes of graphical display and statistical correlations, the recharge date for the 1994 water sample from this well was arbitrarily assigned to be 1950, but could be older. 
Ground-water recharge dates for 2002 land-use study samples (appendix 1) were assigned using recharge dates from the 1994 water samples plus 8 years (the time between sampling).  Justification for using a single recharge date estimate for multiple samples is based on the assumption that the ground-water gradient in the vicinity of the sampled wells was not significantly different during ground-water residence times for 1994 samples and 2002 samples.  Residence time is calculated as the sample date minus the recharge date and is controlled by ground-water velocity (v=Ki/n from Freeze and Cherry, 1979).  For example, faster velocity would produce a shorter residence time.  Hydraulic conductivity (K) and porosity (n) in the vicinity of sampled wells is static, however, the ground-water gradient (i) is not static.  The ground-water gradient is affected by recharge associated with precipitation during the entire time of residence and should be less variable away from discharge locations (like a stream or pumping well).  The land-use study wells were design to be located away from streams and pumping wells.  A statistical comparison (signed-rank test, described in the next section) of mean precipitation during the residence times for 1994 samples and the residence times implied for 2002 samples showed no significant difference at the 0.05 level.  Based on this analysis, it appears to be reasonable to apply recharge dates from the 1994 samples plus 8 years to the 2002 samples for the WMIC land-use study wells.

Ground-water recharge dates (based on CFCs) from the flow-system study wells ranged from 1964 to 1996 (fig. 4).  CFC samples for this study were collected using the bottle method (USGS, 2006).  Ground-water age generally increases with depth and with distance along the flowpath and generally correlates well with expected relative residence times based on flow directions determined from measured heads.  Recharge dates also correlate well with pesticide tracers like atrazine and metolachlor.  Atrazine concentrations by recharge date are correlated to historical atrazine use (see the “ground-water quality and historical agricultural-chemical use in Wisconsin” section below).  Additionally, metolachlor detections (appendix 2) generally match recharge dates that correspond to the period after metolachlor was introduced in 1976 (EPA metolachlor factsheet, 1995).  

Statistical Methods
 Statistical analyses were used to determine whether measured changes in concentrations from samples collected in 1994 and 2002 were significantly different and to determine if significant correlations existed between measured concentrations and factors that were expected to have a causal relationship to concentration.  Statistical analyses were performred using the computer program SAS (SAS, 1999).  A locally-weighted least-squares smooth (LOESS) through concentration data plotted by recharge date was used to graphically show historical trends.  A span of 0.5 was used to create all LOESS smooth lines using the computer program S-PLUS (Insightful, 2001).  
The Wilcoxon signed-rank test was used to determine if there was a difference in median concentrations between paired samples collected in 1994 and 2002 from land-use study wells.  The null hypothesis of the signed-rank test is that the median difference of paired samples is zero (Helsel and Hirsch, 2002).  In addition to the data adjustments described in the “laboratory analysis, recovery, and recensoring” section above, measured concentrations were compared to known measures of sample variability (variability attributed to things like sample collection, processing, shipping and analysis) for nitrate, atrazine and deethylatrazine prior to performing the signed-rank test.  Using measures of variability calculated for nutrients (Mueller and Titus, 2005) and pesticides (Martin, 2002), from replicate samples collected for the NAWQA program, 95-percent confidence intervals were calculated for measured values of nitrate, atrazine, and deethylatrazine.  If the 95-percent confidence intervals for paired samples overlapped, then the difference in measured concentrations was set to zero for the signed-rank test.
Spearman’s rho was used to measure monotonic relationships between measured concentrations and variables expected to have a causal relationship to concentration (tables 1-3).  Additionally, Spearman’s rho was used to measure monotonic relationships between the causal variables to determine which are highly correlated to each other (tables 4 and 5).  The null hypothesis of the Spearmans’s rho test is that there is no correlation between the two variables (r=0).  Chemical inputs and annual precipitation corresponding to the year of recharge for each sample were used in calculating Spearman’s rho for those variables.  Moving averages for chemical inputs and annual precipitation were also tested for monotonic relationships to concentration.  This was done to improve correlations by minimizing variability due to uncertainty associated with the assigned year of recharge (based on CFCs) and agricultural chemical inputs (following the 5 to 7 year corn and alfalfa rotation).  Three- and five-year moving averages were calculated for chemical use and annual precipitation using the years before, during, and after the year of recharge.  For example, the five-year moving average is based on the two years before, two years after, and the assigned year of recharge.  Additionally, two-, three- and four-year “pre” moving averages were calculated using only the years before and assigned year of recharge to determine whether correlations improved using only antecedent information.  
For statistical analyses used in this study, the probability (or p-value) that the measured difference or monotonic relationship occurs by chance is described in the text or shown on graphs.  A p-value of less than or equal to 0.05 was considered significant and was used as the basis for rejecting the null hypothesis..
Results and Discussion

Ground-water quality and age 
Land-use study
Nitrate and pesticides or pesticide metabolites were detected in nearly all samples collected from the land-use study wells.  Nitrate was detected in 28 of 30 samples collected from land-use study wells in 1994 and 25 of 26 of samples collected in 2002 (appendix 1).  The median nitrate concentration for 1994 samples was 6.8 mg/L; for 2002 samples the median concentration was 11.3 mg/L (fig. 5). 
Nine pesticide or pesticide metabolites were detected in samples collected from land-use study wells in 1994 (appendix 1).  The most commonly detected were atrazine (27 of 30 wells) and deethylatrazine (28 of 30 wells).  Recovery adjusted median concentrations of atrazine and deethylatrazine were 0.08 and 0.25 ug/L, respectively (fig. 6).  Five pesticide or pesticide metabolites were detected in samples collected in 2002 (appendix 1).  Again, the most commonly detected were atrazine (19 of 26 wells) and deethylatrazine (23 of 26 wells) and recovery adjusted median concentrations were 0.04 and 0.20 ug/L, respectively (fig. 6).    
Recharge date estimates for water samples collected in 1994 and 2002, from land-use study wells, ranged from 1950 to 2002 (appendix 1).  This includes the period of dramatically increasing fertilizer and atrazine use in Wisconsin.  Most of the land-use study recharge dates fall between 1975 and 1995.  A smaller number represent the period prior to 1975 and after 1995.  
Flow-system study
Nitrate and pesticides or pesticide metabolites were detected in all samples collected in 2004 from the flow-system study wells (appendix 2).  The median nitrate concentration was 3.7 mg/L as N and ranged from 1.4 to 11.9 mg/L as N.  Nitrate concentrations generally increased with proximity to upgradient agricultural land use and decreasing well depth (fig. 4).   
Six pesticides or pesticide metabolites were detected in ground-water samples from the flow-system study wells (appendix 2). These included acetachlor ESA, alachlor ESA, atrazine, deethylatrazine, metolachlor ESA, and simazine.  Alachlor ESA and Metolachlor ESA were detected in slightly less than half of the samples.  Atrazine or deethylatrazine were detected in all samples. The recovery adjusted median atrazine concentration was 0.008 ug/L; 0.05 ug/L for deethylatrazine.  The highest concentrations of both atrazine and deethylatrazine were in the shallow wells downgradient from and including well nest 2 and in the deeper wells of well nest 1 (fig. 4).  The lower concentration in the shallow well of nest one likely represents the non-agricultural land use immediately upgradient. The higher concentration at depth indicates atrazine use farther upgradient.
CFC-based ground-water recharge dates for samples collected in 2002 from flow-system study wells ranged from 1964.5 to 1996.5 (appendix 2).  Ground-water ages generally increase with depth and with distance along the flowpath (fig. 5.1) and generally correlates well with expected relative residence times based on flow directions determined from measured heads.  Several of the flow-system study wells (wells 1a, 3a, and 4a) have screened intervals that intersect the water table.  Samples from these wells likely represent mixtures of recent (less than 1 year) and older water.  CFC-based ground-water recharge dates for these wells may be biased young.
Trends in ground-water quality 
Results from 1994 compared to those from 2002
Nitrate

From 1994 to 2002, the median nitrate concentration from the land-use study wells increased by 4.5 mg/L as N (fig. 5).  After recensoring the data to a uniform laboratory reporting limit and accounting for sample variability, 13 of 26 resampled wells had increasing nitrate concentrations, while 6 decreased; seven wells had no change.   Based on the signed-rank test for paired data, the median difference in nitrate concentrations from 1994 and 2002 samples was significantly different from zero (p=0.04).  This indicates that for shallow ground-water in the glacial deposits aquifer, downgradient from agricultural fields primairy used to grow corn and alfalfa, nitrate concentrations were significantly higher in water samples collected in 2002 than those collected in 1994. 
Atrazine and deethyl atraziine

After recensoring the atrazine and deethylatrazine data to uniform laboratory reporting limits and accounting for sample variability and laboratory analytical recovery,  it was determined that median atrazine and deethylatrazine concentrations decreased from 0.08 to 0.04 and 0.25 to 0.2 ug/L, respectively, from 1994 to 2002 (fig. 6).  Based on the signed-rank test, the median difference in atrazine concentrations from samples collected in 1994 and 2002 were not signficiantly different from zero (p=0.12), however, the median difference in deethylatrazine concentrations was significantly different  from zero (p=0.05).  To determine changes in total measured atrazine, atrazine and deethylatrazine concentrations were combined into a single value (expressed as atrazine plus deethylatrazine, in ug/L as atrazine).   The median difference in atrazine plus deethylatrazine concentrations were more signficiantly different from zero (p=0.02) than atrazine or deethylatrazine alone (fig. 6).  
It is important to note the sensitivity of the signed-rank test results to the pre-test data adjustments.  If a comparison of atrazine plus deethylatrazine data were based only on data recensored to uniform laboratory reporting limits, it would appear that 13 of 26 resampled wells had increasing concentrations and 13 had decreasing concentrations.   The signed-rank test would indicate the median difference was not significantly different from zero (p=0.78).  If a comparison was made using only data recensored to a uniform laboratory reporting limit and accounting for sample variability (where the difference in 1994 and 2002 concentrations was set to zero if 95-percent confidence limits around the individual measurements overlapped) then it would appear that only 7 of 26 resampled wells had increasing concentrations, 8 had decreasing concentrations, and 11 were unchanged.  This scenario would actually indicate a slight increase in atrazine plus deethylatrazine concentrations (from 0.17 to 0.21 ug/L) but with a median difference not significantly different from zero (p=1.00).  Only after recensoring to uniform laboratory reporting limits and accounting for sample variability and laboratory analytical recovery is it apparent that median atrazine plus deethylatrazine concentrations decreased from 1994 to 2002 and that the difference was significant.  Considering all data adjustments shows that 13 wells had decreasing atrazine plus deethylatrazine concentrations, 3 increased, and 10 were unchanged.  It should also be emphasized that, had considerations not been given to all of the necessary data adjustments, incorrect conclusions about trends in atrazine plus deethylatrazine cocentrations from 1994 to 2002 could have been reached.  
Trend analysis using recharge dates
Ground-water recharge date information allows for temporal trends in ground-water quality to be compared to temporally variable factors.   The graphs presented below demonstrate the value of ground-water age information in measuring and understanding trends in ground-water quality.
Nitrate

Ground-water age information associated with water samples collected from land-use study and flow-system study wells allows the variability in water-quality data to be put into a temporal context beyond that associated with only the decadal changes determined from the sampling interval.  Figure 7 shows nitrate concentrations from land-use study wells plotted by ground-water recharge date.  The general pattern indicates that higher nitrate concentrations are typically found in younger water.   Figure 8 shows a similar pattern for nitrate from water samples collected from flow-system study wells.  There appears to be a strong correlation of nitrate concentration to ground-water recharge date for most flow-system study wells.  Some flow-system study wells (wells 1a and 4a, fig. 2) were located in areas that may not be entirely affected by upgradient agricultural land use.  Additionally, the screened intervals of some flow-system study wells (wells 1a, 3a, and 4a) intersect the water table and likely produce water that represents mixtures of ages.  Because these wells may show minimal effects from upgradient land use and have ground-water recharge dates that are possibly biased young, nitrate concentrations in these wells do not necessary follow the fertilizer use trend (fig. 8).  
Lumping and smoothing techniques were used to simplify the land-use study data and look for general patterns or trends in concentration over time.  These techniques were not applied to the flow-system study data because of the limited number of samples and the fact that the wells were not installed to represent effects from a specific type of land use.  Figure 7 shows nitrate concentrations from the land-use study wells lumped into 5-year intervals and displayed as boxplots at the midpoint of the 5 year interval.  The boxplots show that the median and highest nitrate concentrations increase steadily to the mid 1990s and then decrease.  A loess smooth through the data shows a similar pattern (fig. 7).  The increasing trend in concentration is similar to the increasing trend in fertilizer nitrogen use in Wisconsin.  It is difficult to say whether the decreasing trend in nitrate concentration after the mid 1990s is due to changes in fertilizer use or the limited number of samples representing water that recharged after the mid 1990s.  Most of the samples collected in 1994 and 2002 represent water that recharged during the period of increasing fertilizer use.  Therefore it is reasonable to believe that nitrate concentrations did increase from 1994 to 2002 as indicated by the signed-rank test described above.
Atrazine plus deethylatrazine
Figure 9 shows atrazine plus deethylatrazine concentrations from land-use study wells plotted by ground-water recharge date.  The general pattern indicates that the highest concentrations were typically found in water that recharged during the mid 1980s water; younger water had slightly lower concentrations and older water had much lower concentrations.   Boxplots and a loess smooth of the data show a similar pattern; generally increasing concentrations to the mid 1980s, followed by a decrease to the early 1990s, with steady concentrations after that (fig. 9).  The concentration pattern over time is similar to the historical pattern of atrazine use on corn in Wisconsin (fig 9).  The samples collected in 1994 and 2002 represent water that recharged during the periods of increasing and decreasing atrazine use.  Slightly more than half of the land-use study samples represent water that recharged after 1985 and the subsequent years of decreasing atrazine use.  This agrees with the results of the signed-rank test described above; a slight but significant decrease in atrazine plus deethylatrazine concentrations from 1994 to 2002.  
  Figure 10 shows atrazine plus deethylatrazine concentrations from flow-system study wells plotted by recharge date.  The general pattern showed increasing concentrations to the mid to late 1970s, followed by decreasing concentrations.  Atrazine use was prohibited in the vicinity of the flow-system study starting in 1995, so the highest concentration in well 3a (recharge data = 1996) seems anomalous.  As noted above, wells 1a, 3a, and 4a intersect the water table and likely represent mixtures of waters that are probably biased young for recharge dates.  Well 3a likely represents a mixture of post-prohibition water (recharged within one year of sample collection) and pre-prohibition water recharged sometime during the late1970s or 1980s (the period of peak atrazine use).  Head measurements at well nest 3 indicate a strong upward gradient which could explain a strong age gradient present within the screened interval of well 3a.
Factors affecting concentrations in ground water
Spearman’s rho correlations were used to provide statistical support to the visual relationships between concentration and agricultural-chemical use described above and to identify significant relationships to other causal factors that were expected to have an effect on ground-water concentrations of nitrate and atrazine plus deethylatrazine.  Factors included in the analysis and expected to have a causal relationship are shown in table 1.  Well information (well depth, water level, and well depth below water level) was expected to provide a measure of proximity to the source of contamination; lower concentrations farther from the source.  Residence time was also expected to provide some measure of distance traveled from the input source and potential for concentration changes due to dispersion and diffusion.  Hydraulic conductivity and soil permeability were expected to represent the ease with which contaminants could move from the land surface to the water table and through the aquifer; higher hydraulic conductivity or soil permeability could result in higher concentrations in ground water.  Soil organic matter content was expected to affect pesticide concentrations by providing medium to which pesticides molecules could adsorb; higher organic matter content results in lower atrazine concentrations.  Precipitation was expected to affect the amount of pesticide or nitrate that would be leached to the ground-water system with recharge; increased precipitation results in increased atrazine and nitrate concentration.   Dissolved oxygen was expected to affect nitrate concentrations through denitrification in anoxic waters.  Spearman rho correlations using temporally variable factors such as agricultural-chemical use and precipitation were performed using the chemical use or precipitation corresponding to the year of recharge for each sample.  Moving averages of fertilizer and atrazine use, as well as annual precipitation were also included in correlation analyses in an effort to minimize effects of variability due to uncertainty associated with the assigned recharge date and chemical inputs.  
Nitrate

The only factors that were significantly correlated to nitrate concentrations (at the 0.05 level) in samples collected from the land-use study wells include historical fertilizer use, residence time and dissolved oxygen concentrations (table 1). Fertilizer use and dissolved oxygen are positively correlated to nitrate concentrations; residence time is negatively correlated.  Fertilizer use is highly correlated to both residence time and dissolved oxygen (table 4).  Dissolved oxygen concentrations are generally lower in older water and concentrations in the oldest water samples (recharged prior to 1970) were all less than 0.5 mg/L.  The reducing conditions in the older water samples make denitrification a possible factor in producing water samples with low nitrate concentrations.  Without oxygenated old water samples, it is difficult to distinguish between the effects of denitrification and less fertilizer use on nitrate concentrations in older water samples.  Spearman’s rho correlation between nitrate and fertilizer use for water samples with dissolved oxygen concentrations greater than 0.5 mg/L is not significant at the 0.05 level, however concentrations were correlated to well depth below water level.
Using moving averages for all land-use study samples slightly improved correlations to fertilizer use for the 5-year and pre-3-year averages (table 1).  For oxygenated samples (dissolved oxygen greater than 0.5 mg/L), the 5-year and pre-3-year moving averages also improved correlations to significant at the 0.05 level.  
Similar to results from the land-use study wells, the only factors that were significantly correlated to nitrate concentrations based on all ground-water samples from the flow-system study wells were fertilizer us, residence time and dissolved oxygen (table 3).  Again, fertilizer use, residence time and dissolved oxygen were highly correlated to each other (table 5).  Dissolved oxygen concentrations in all flow-system study wells were greater than 0.5 mg/L indicating denitrification is not a major factor in lower nitrate concentrations in older water there.  It is more likely that the lower nitrate concentration in older water at the flow-system study site is due primarily to historically less fertilizer use.
As noted above, some of the flow-system study wells intersect the water table and samples from the wells likely represent mixtures of recent and older water.  These mixed age samples could have an effect on correlations because the temporally variable factors identified based on the assigned recharge date may not represent the water that is being sampled.  Spearman’s rho correlations using only samples from non-water table wells shows a large improvement in nitrate correlations to fertilizer use and dissolved oxygen (table 3).  Additionally, there is a significant correlation of nitrate to well depth below the water level and well depth in non-water table wells.  Fertilizer use, residence time, dissolved oxygen, and the depth factors are all highly correlated to each other (table 5).  In the flow-system study wells, dissolved oxygen and the depth factors likely represent surrogates for ground-water age which is highly correlated to fertilizer use (table 5).  Though denitrification is not likely occurring at the flow-system study site, dissolved oxygen does decreases with ground water age and therefore correlates to the trend in fertilizer use.  Also, ground-water age does increase with depth in flow-system study wells and therefore also correlates to the fertilizer use trend.  Though there appears to be a number of factors significantly correlated to nitrate concentrations at the flow-system study site, the primary factor affecting concentrations is likely fertilizer use.  
Atrazine plus deethylatrazine
The factors that were significantly correlated to atrazine plus deethylatrazine concentrations in samples collected from the land-use study wells include soil permeability, historical atrazine use, annual precipitation, and dissolved oxygen (table 2).  All factors are positively correlated to atrazine plus deethylatrazine concentrations and only soil permeability and dissolved oxygen are significantly correlated to each other (table 4).  Dissolved oxygen was expected to have minimal effect on concentrations of atrazine plus deethylatrazine in the ground-water and likely represents a surrogate for soil permeability.  The pre-2-, 3-, and 4-year moving averages for all land-use study samples slightly improved correlations to atrazine use (table 2).  Three and 5-year moving averages had little effect on correlations.  

Only residence time was significantly correlated to atrazine plus deethylatrazine concentrations based on all ground-water samples from the flow-system study wells (table 3).  However, after excluding the water table wells that likely represent mixtures of recent and older water, concentrations were significantly correlated to historical atrazine use (table 3).
Expected future trends in ground-water quality
This paper has shown that historical trends in ground-water quality in an agricultural area are highly correlated to agricultural chemical use.  It is apparent that future trends in ground-water quality will also reflect recent and future trends in agricultural chemical use.  Additionally, it is apparent that changes measured at individual locations will vary depending on a number of factors including the source and age of the sampled ground water. 
The land-use study wells represent the nearby, upgradient land use used to grow corn and alfalfa.  The typical age of sampled water from these wells is approximately 10 to 20 years old.  Data from the land-use study wells indicate that changes in fertilizer use is likely the primary factor in determining changes in nitrate in shallow ground water. If fertilizer use peaked around 1985 and continues to remain relatively steady, then most nitrate concentrations in the shallow part of the glacial aquifer should have reached relative stability during the period from about 1995 to 2005.  As the ground water gets older and oxygen becomes depleted (as it move downgradient from the shallow parts of the aquifer) denitrification could also become an important factor in decreasing nitrate concentrations. 

Data from the land-use study wells show that soil permeability, atrazine use and annual precipitation are important factors in determining atrazine plus deethylatrazine concentrations in ground water.  Soil properties are relatively constant while atrazine use and annual precipitation are temporally variable making predictions of future trends in atrazine plus deethylatrazine difficult.  For discussion purposes, if it were assumed that future precipitation equals the historic average, and atrazine use remains relatively stable, after peaking around 1985 then decreasing until about 1990, then most atrazine plus deethylatrazine concentrations in shallow ground-water should continue to decrease until reaching relative stability during the period from about 2000 to 2010. 
The flow-system study wells represent a range of land-uses and depths throughout the glacial aquifer.  The age of water sampled from most of the flow-system study wells are either 30 to 40 years old or less than 20 years old. Following the future fertilizer scenario described above (stable use after 1985), many of the wells producing 30 to 40 year old water should see increasing nitrate concentrations for another 10 to 20 years before stabilizing.  The wells that produce younger water (less than 20 years old should already have relatively stable nitrate concentrations.
At the flow-system study site, atrazine use likely peaked around 1985 then decreased until about 1990 before being prohibited in 1995 (fig 10).  Farther upgradient from the study site, where atrazine may still be used, the level of use has likely been stable since 1990, after peaking around 1985 (based on the statewide use pattern).  Again, assuming future precipitation equals the historic average, atrazine plus deethylatrazine concentrations in wells producing older water (30 to 40 years old) that originated in the prohibition area should continue to increase for another 10 to 20 years, then begin decreasing and continue to decrease.  Wells producing older water that originated upgradient from the prohibition area could have atrazine plus deethylatrazine concentrations that continue to increase for another 10 to 20 years, before decreasing and then stabilizing.  All young water (less than about 20 years old) from flow-system study wells likely originates from within the atrazine prohibition area.  Atrazine plus deethylatrazine concentrations in these wells should already be decreasing and continue to decrease in the future.  In the prohibition area, it is not known how long it will take for atrazine plus deethylatrazine concentrations to reach levels less than the laboratory detection limit after use was prohibited
Summary and conclusions 
Based on data described in this report, trends in nitrate and atrazine plus deethylatrazine concentrations in ground-water downgradient for farm fields in corn/alfalfa rotation are significantly correlated to historical fertilizer and atrazine use patterns, respectively, over time.  A statistical comparisons of samples collected in 1994 and 2002 from the land-use study wells (spatially distributed network of 30 wells in the shallow part of the aquifer) indicated that nitrate concentrations were significantly higher is samples collected in 2002, while concentrations of atrazine plus deethylatrazine were significantly lower.  
To understand these changes, it was necessary to know the source and age of the sampled ground-water and the history of nitrogen and atrazine inputs; as well as other ancillary information such as well construction, geology, climate and water chemistry.  Additionally, it was important to apply appropriate adjustments to the water-quality data so that concentrations measured in 1994 could be equally compared to concentrations measured in 2002.  For the land-use study wells, the source of the water was assumed to be the upgradient corn/alfalfa field.  Ground-water recharge dates were estimated using CFCs and tritium and ranged from the 1950s to 2002.  Ancillary information was compiled from various sources.  For nitrate, graphical depictions of concentration over time (using ground-water recharge dates) indicated that concentrations increased steadily until about 1995 and then stabilized or slightly decreased.  For atrazine plus deethylatrazine, graphical depictions indicate that concentrations increased until the mid-1980s, then decreased slightly, and since the early 1990s have been stable.  Spearman rho correlations indicated that nitrate concentrations were highly correlated to historical fertilizer use, residence time and dissolved oxygen concentrations.  For water samples with high dissolved oxygen concentrations (>0.5 mg/L), the correlation between nitrate concentrations and fertilizer use was not significant at the 0.05 level.  Correlation of nitrate concentrations to fertilizer use improved using 5-year and pre-3-year moving averages of fertilizer use.  Atrazine plus deethylatrazine concentrations were correlated with historical atrazine use, annual precipitation and soil permeability.  Correlation of atrazine plus deethylatrazine concentrations to atrazine use improved using pre-2-, 3-, and 4-year moving averages.  
Expected future trends in shallow ground-water quality in the land-use study area should reflect recent and future trends in agricultural chemical use.  In general, future nitrate concentrations should remain relatively stable if fertilizer use stabilized around 1985.  If atrazine use continues to follow the relative stable use pattern observed since about 1990 (after peaking around 1985), atrazine plus deethylatrazine concentrations generally should be decreasing to stable during the period from about 2000 to 2010. 
A statistical analysis of samples collected from the flow-system study wells (localized network of wells distributed throughout the entire aquifer thickness along a ground-water flowpath) also showed that concentrations of nitrate and atrazine plus deethylatrazine were significantly correlated to fertilizer and atrazine use, respectively.  Additionally, nitrate concentrations were significantly correlated to residence time, dissolved oxygen and well depth below the water table.  Data from the flow-system study indicated that agricultural chemicals were present throughout the entire thickness of the glacial aquifer.  Lower nitrate and pesticide concentrations were generally found in the deeper parts of the aquifer or in shallow parts of the aquifer that received recharge from areas of non-agricultural land-use.  The flow-system study provides a better understanding of the source and fate of ground-water than the land-use study.  This type of study helps us understand that changes in inputs at the land surface will not uniformly affect concentrations throughout the aquifer.  For example, even though atrazine use was prohibited in the flow-system study area in 1995, concentrations in the deeper parts of the aquifer (which receive water originating upgradient from the prohibition area) may continue to increase for some time, before eventually decreasing and stabilizing.  Flow-system study wells which produce relatively young water (less than about 20 years old) that originated within the prohibition area should already have decreasing atrazine plus deethylatrazine concentrations and continue to have decreasing concentrations in the future. 
Data collected from the shallow, spatially distributed land-use study wells and the localized flow-system study well nests provided information useful for measuring and understanding trends in ground-water quality.  The land-use study wells provided information for a relatively large area, but only for the shallow part of the aquifer and assume knowledge about the ground-water source areas.  The flow-system study wells provided a better understanding of source areas and the quality of water throughout the entire aquifer thickness, but were limited to a small spatial area.  These two types of networks provide for a better understanding of agriculture-related trends in ground-water quality of the glacial aquifer than either study could by itself.  Additionally, it is apparent that one of the most valuable components of each of these studies is the ground-water age dating information.  Without this information displaying and measuring trends in concentration over time, as well as establishing correlations to historical inputs and climate data would not have been possible.
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