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Abstract

Tracer-based ground-water ages, along with concentrations of pesticides, nitrogen species, and other redox-active constituents, were used to evaluate the trends and transformations of agricultural chemicals along flow paths in diverse hydrogeologic settings. A range of conditions (e.g., thickness of unsaturated zone, redox conditions) affecting the transformation of nitrate and pesticides were examined at study sites in Georgia, North Carolina, Wisconsin, and California. Deethylatrazine (DEA), a transformation product of atrazine, was typically present at higher concentrations than atrazine at study sites with thick unsaturated zones but not at sites with thin unsaturated zones. Furthermore, the fraction of atrazine plus DEA that was present as DEA did not increase as a function of ground water age. These findings suggest that atrazine degradation occurs primarily in the unsaturated zone with little or no degradation in the saturated zone. The fraction of the initial nitrate concentration found as excess N2 (N2 derived from denitrification) increased with ground-water age only at the North Carolina site, where oxic conditions were generally limited to the top 5 meters of saturated thickness. Temporal trends were evaluated by estimating the time of recharge of a ground water sample using chlorofluorocarbon concentrations and estimating concentrations of the parent compound at the time of recharge by summing the concentrations of the parent compound and its transformation products in the age-dated sample. Using this approach, nitrate concentrations were estimated to have increased markedly from 1960 to present at all study sites. Trends in concentrations of atrazine, metolachlor, alachlor and their degradates were related to the introduction and use of these compounds. Parent and particularly degradate compounds were detected in ground water dating back to the time these compounds were introduced.
1.0 Introduction

The land application of N fertilizer and pesticides to cropland has resulted in contaminant loads beneath fields that have caused adverse impacts on the quality of drinking water and stream ecosystems. Elevated concentrations of nitrate and pesticides tend to occur in recently recharged ground water (e.g., Nolan et al., 2002; Barbash et al., 2001). While recently recharged ground water contamination can be a concern on its own, most drinking water supplies and ground water discharge to streams are comprised, in part, of older water from deeper parts of the ground water system. In many instances this older water has relatively low concentrations of nutrients and pesticides because these samples recharged the aquifer prior to the rapid growth in the use of commercial fertilizers and pesticides. Since 1945, nutrient and pesticide applications have increased markedly.  Nitrogen fertilizer applications to the land surface have increased 20-fold since 1945 (Puckett, 1995) and four-fold since 1960 (Howarth et al., 2002). Many commonly used pesticides have also been introduced in the past few decades (e.g., atrazine, 1958; alachlor, 1969; metolachlor, 1976). As a result, while ground water used for drinking water supplies and discharging to streams today may only receive a small fraction of water that recharged during periods of intensive nutrient and pesticide application, steadily declining water quality may result as the fraction of pre-industrial water decreases with time (e.g., Fogg et al., 1999).
Tracking the changes in constituent concentrations along flow paths have been successfully used to assess the fate of contaminants through the ground water system, particularly when coupled with age-dating information. In these studies, wells are sampled along flow paths and analyzed for contaminants and their degradations products as well as other constituents that help to assess the geochemical environment. When coupled with information on the ground water flow system, transformation rates can be estimated. It has been observed both for point (e.g., Cozzarelli et al., 2001) and non-point sources (Tesoriero et al., 2000; Puckett et al., 2002; Puckett and Hughes,2005), that many contaminants degrade at vastly different rates depending on the redox conditions of the aquifer.
 A better understanding of denitrification rates in ground water is one of the major uncertainties in evaluating the implications of industrial fertilizer production on the nitrogen cycle (Galloway et al., 2004). The consumption of dissolved oxygen by aerobic respiration in ground water is a perquisite for denitrification and many other reactions. However, few estimates of dissolved oxygen consumption rates in ground water have been made (e.g., Böhlke et al., 2002).  Greater amounts of organic carbon and/or reduced minerals in the aquifer material may lead to quicker removal of dissolved oxygen via aerobic respiration than in aquifers that contain smaller amounts of these constituents.  While redox conditions may also affect the transformation of pesticides, other factors may also be important. Pesticide degradation is thought to occur preferentially in the unsaturated zone, particularly the shallow portion of this zone (e.g., Puckett and Hughes, 2005; McMahon et al., 2006). Preferential degradation of pesticides in the unsaturated zone is thought to be due to greater microbial populations, greater organic C and higher temperatures in this zone (e.g., Adams and Thurman, 1991). Once in ground water, pesticides and their degradates may persist for decades (e.g., Puckett and Hughes 2005). 

In this paper we have linked age dating and water chemistry data to examine the influence of hydrogeologic setting on the fate and transport of nitrate and pesticides along flow paths. Specifically, the influence of redox conditions and thickness of the unsaturated zone on the fate of nitrate and pesticides, respectively, is examined.   Transformations and trends of nitrate and pesticides are examined by relating parent and degradate concentrations to ground water age and redox conditions. This represents one of the first studies to examine parent and degradate concentrations of nitrate, atrazine, metolachlor and alachlor as a function of ground water age across multiple study areas. Examining the prevalence of degradates as a function of ground water age at sites having different hydrogeologic settings provides new field based evidence for both the trends and transformations of nitrate and pesticides in ground water.
2.0 Site Descriptions:
2.1 Lizzie, North Carolina


The study area is located in the Contentnea Creek subbasin of the Neuse River in North Carolina (Figure 1). The 180-hectare Lizzie Research Station study site lies south of the confluence of the Sandy Run and Middle Swamp headwater streams in the 110 square kilometer (km2) Middle Swamp watershed. The site encompasses a first-order drainage, known locally as Plum Tree Branch, that drains to Sandy Run, a third-order stream (Figure 1). Land use in the area is primarily agricultural, with row crops composed typically of corn and soybeans. A confined hog feeding operation with lagoon and sprayfield waste treatment began operating on the site in early 1995. 

Geologically, the Lizzie site lies in the Coastal Plain physiographic province, a landscape characterized by a series of progressively younger paleoshorelines and intervening terraces that step down in elevation and age toward the coast and into drainages. Lithologically, the Yorktown aquifer is composed of gravelly sands and a phosphatic gravelly, shelly sand overlain by a sandy, clayey silt with beds of Mulinia congesta that function as the 1- to 7-m thick Yorktown confining unit. The upland surficial aquifer at the Lizzie site consists of deposits of medium- to fine-grained flaser-bedded sand and silt initially settled into low-lying depressions in the relic landscape, infilling paleovalleys and other channel-like features that cut into the Yorktown. 

2.2 Portage County, Wisconsin

The study site is located in the Tomorrow River Watershed in Portage County, Wisconsin (Figure 2). The topography of the surrounding area is characterized by hilly, glacial moraines and flatter, undulating, outwash deposits, dissected by stream channels. The study site is located on the west side of the Tomorrow River about 3 km upstream from the confluence with Pancho Creek.  Land use surrounding the study site is mostly agriculture, grassland, and forest and 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 early1990s, atrazine was the most heavily used herbicide for corn in central Wisconsin. In 1995, the study area and vicinity was designated as an atrazine prohibition area by the Wisconsin Department of Agriculture, Trade, and Consumer Protection.  In 1996, alachlor replaced atrazine as the most heavily used pesticide for corn in central Wisconsin.  

The geology at the study site includes glacial and fluvial deposits overlying Precambrian crystalline bedrock.  Fluvial deposits in the stream channel include sands, gravels, cobbles, and boulders.  The glacial deposits are mainly medium to coarse sands and gravels with some cobbles and boulders generally within 4.5 to 6 m of land surface.  

2.3 Eastern San Joquin Valley, California
This study area is west of the foothills of the Sierra Nevada and east of the San Joaquin Valley trough on the high alluvial fan of the Kings River (Figure 3). The alluvial sediments consist primarily of interlayered lenses of gravel, sand, silt, and clay deposited by the Kings River in aggradation sequences linked to Pleistocene glacial episodes. The principal aquifer in the study area is unconfined. Locally, water-bearing layers of sand and gravel are confined by clay layers, but at the regional scale, the sand layers are interconnected (Page and LeBlanc, 1969). Regional movement of ground water is southwest, toward the axis of the San Joaquin Valley. Ground water is recharged by subsurface inflow from adjacent areas; by natural recharge from precipitation, rivers, and streams; and by artificial recharge from canal seepage and infiltration of excess irrigation water. Pumping is the primary mechanism of ground-water withdrawal in the study area, although some ground water flows downgradient to adjacent areas or discharges into the San Joaquin and Kings Rivers (Muir, 1977).
A network of canals distributes surface water to farms in the study area. The relative proportion of surface water and ground water used for irrigation varies spatially and temporally. 
Agriculture is the predominant land use in the San Joaquin Valley. In eastern Fresno County, vineyards are the dominant agricultural crop. Grapes have been grown in the region since the late 1800s and the area of harvested grapes has increased from about 570 km2 in 1958 to more than 900 km2 in the late 1990s in Fresno County (Fresno County Agricultural Comm., 2005). Near the monitoring well transect, vineyards are the dominant land use. The distribution of land use near the transect has remained relatively constant over time; however, some individual fields have been converted from vineyards to other agricultural crops (primarily orchards) between 1987 and 2000 (California Department of Water Resources, 1971; 2001).
2.4 Sumter County, Georgia


This study site is located in the Lime Creek subbasin of the Flint River in Southwestern Georgia (Figure 4). The geomorphology of this site is typical of the Coastal Plain of the Flint River basin. Uplands are composed of thick continuous clay layers that are underlain by a sand aquifer that ultimately flows into floodplain deposits containing higher concentrations of organic matter.


The Sumter County site is located in a hilly region of the coastal plain that is just below the fall line. Wells in this study are screened in the surficial aquifer which overlies the confining unit of the Floridan aquifer and the Floridan aquifer itself. While both the Sumter County and Lizzie, NC sites are both in Coastal Plain settings, there is much greater topographic relief at the Sumter County site.


The uplands portion of the site is farmed with the exception of a few land surface depressions and surface drainage channels that are too wet. Historically corn and soybeans were the major crops grown in the Lime Creek basin until the early 1990s when cotton became the top crop grown by acreage. A similar pattern in crop type is found at the study site (Lime Creek Farm) where virtually all of the fields are now planted in cotton. Tile drains and ditch networks in farmed fields drain areas where ground water is perched above clay layers in the upland area. A center pivot system is used to irrigate these crops. 
3.0 Methods:
Ground water monitoring wells were installed according to applicable state regulations and protocols established by the USGS (Lapham et al., 1995). Well screens were generally one meter or less in length to minimize sampling of mixtures of varying ages. Water-quality sampling was performed as a part of the National Water-Quality Assessment (NAWQA) program and was conducted according to its protocols (Koterba et al., 1995). Dissolved oxygen and pH were measured with electrodes placed in a flow cell chamber to minimize atmospheric interactions. Water samples for major ions and nutrients were filtered with a 0.45-(m capsule filter. Descriptions of the analytical methods for major ions and nutrients are provided elsewhere (Fishman, 1993). Dissolved organic carbon was analyzed by ultra-violet promoted persulfate oxidation and infrared spectrometry. All of the analyses were conducted at the USGS laboratory in Arvada, Colorado. Samples were also collected and analyzed for chlorofluorocarbons (CFCs - trichlorofluoromethane, CFC-11; dichlorodifluoromethane, CFC-12; trichlorotrifluoroethane, CFC-113) as described in Busenberg et al. [2006]. Chlorofluorocarbon concentrations coupled with the relations between atmospheric chlorofluorcarbon concentrations and time were used to provide estimates of ground-water ages. 

Selected samples were collected and analyzed for N2 and Ar gas to estimate the amount of nitrogen derived from denitrification [Busenberg et al., 1993]. N2 and Ar are incorporated in ground water during recharge by air-water equilibration processes and excess air [Heaton and Vogel, 1981]. Aerobic samples were used to determine the relation between N2 and Ar and to ultimately determine the recharge temperature, because N2 from denitrification is not expected in aerobic samples. Recharge temperatures of 19, 17, 14, and 8.5°C were estimated for the Georgia, California, North Carolina and Wisconsin sites, respectively. Uncertainty in these temperatures is typically ±1°C, which translates to approximately ±0.5 mg/L of excess N2. Estimates of excess N2 from denitrification were then calculated by subtracting the estimate of atmospheric nitrogen, both air-water equilibration and excess air, from the total amount of nitrogen gas measured in the ground water sample:
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where N2(gw) is the concentration of N2 gas dissolved in ground water, N2(a-w equilibration) is the concentration of N2 gas derived from air-water equilibration for the recharge temperature of each study area, and N2(excess air) is the concentration of N2 derived from excess air. 
The nitrate concentration in ground water, [NO3-]Fertilizer, that would result from a fraction of fertilizer applied, X, reaching the water table was determined using the following equation:
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where FA is a yearly estimate of the inorganic N fertilizer and/or manure fertilizer applied to the county (Alexander and Smith, 1990; Ruddy et al., 2006), C is the total area of the county in crop land and r is ground water recharge. The total area of the county in crop land was estimated using data from the Census of Agriculture conducted by the U.S. Department of Agriculture. The value for X shown in each figure was determined based on the optimum results of a signed-rank test using X values on an interval of 0.025 for values below 0.1 and an interval of 0.1 for values above 0.1 (i.e., 0.1, 0.2, 0.3, etc). Outliers (>30 mg/L as N) were excluded from this analysis.
4.0 Results and Discussion

4.1 Hydrology and Ground Water Age-dating
4.1.1  Lizzie, North Carolina

Flow directions in the surficial aquifer were derived from head measurements and indicate that much of the ground water flows toward Plum Tree Branch. Hydrologic and chemical data suggest that the surficial aquifer is a significant source of stream flow (Tesoriero et al., 2005). Ground water at the base of the surficial aquifer in the upland dry flat recharged in the 1960s and 1970s with recent recharge (>1990) occurring only in the top few meters (Figure 5a). It is hypothesized the much of the recent recharge in the surficial aquifer is diverted to tile drains. 

Along the alluvial valley of Sandy Run (e.g., sites L8 and L11 in Figure 1b), recent recharge dates occur at greater depths than in upland areas, suggesting that the alluvial aquifer is a recharge area that does not receive appreciable flow from deeper portions of the ground-water system (Tesoriero et al., 2005). The youngest water was found in the alluvial valley of Sandy Run. This area has greater depths to the water table and is not artificially drained. 
4.1.2 Portage County, Wisconsin

In this study area ground-water movement is primarily through permeable glacial deposits to nearby streams such as the Tomorrow River (Figure 5b).  The underlying Precambrian rocks are generally considered impermeable and represent the base of the ground-water flow system. Head measurements taken in June 2004 indicate that shallow flow paths originate at the study site and discharge to the Tomorrow River. Deeper flow paths, while they originate upgradient from the site, also migrate towards the Tomorrow River. Recharge dates for samples collected along this transect range from <7 years old to 35 years old at the base of the aquifer (Figure 5b). This is consistent with ground water flow toward and perhaps discharging to the Tomorrow River.
4.1.3 Eastern San Joaquin Valley


Regional movement of groundwater is southwest, toward the axis of the San Joaquin Valley; however, because of the intensive pumping and irrigation recharge, the dominant flow paths in the aquifer system are vertically downward (Burow et al., 1999). 
Ground-water recharge dates were estimated along the monitoring well transect from CFC concentrations in samples collected in 1994-95 (Burow and others, 1999) and 2003 (Figure 5c). In general, ground water age increases with depth. Ground water near the water table (about 15 m) is less than 10 years old, whereas ground water at depths greater than about 70 m is more than 50 years old. Lateral variability in ground-water age, and variability in age determined at a single well likely reflects the heterogeneity of the aquifer sediments and subsequent solute travel paths, complicated by mixtures of water of different ages in the samples. A more detailed analysis of ground water ages at this site is provided elsewhere (Burow et al., 2006).
4.1.4 Sumter County, Georgia

There are three geomorphic settings found at this site: uplands, slope and valley flats. Ground water ages range from less than 15 years in the shallow saturated zone to more than 40 years a few meters below Dominy Branch (Figure 5d). Narrowing of the spacing between recharge date contours as the stream is approached suggests that flow paths of varying age are converging in this region; upland water derived from longer flow paths is combining with younger shallow slope ground water. Increasing dissolved oxygen with depth in the slope setting suggests that upland ground water (which has higher dissolved oxygen concentrations) is flowing into this region. 

4..1.5 Age-dating and Water Table Relations Across Hydrogeologic Settings


The relation between ground water age and depth below the water table for each site indicates that a large range in recharge exists between sites (Figure 6). While the range in ground water ages is similar for all sites (5-50 years), markedly different vertical positions in the saturated zone are attained for the same ground water age at each setting. For example, 30 year old ground water is found <5 m below the water table at the Sumter County, GA site, <10 m at the Lizzie, NC site, 10-20 m at the Portage County, WI site and > 30 m at the Fresno, CA site (Figure 6). 


Expressions for ground water age and velocity as functions of depth and distance have been developed for simple aquifer systems (e.g., Vogel, 1967; Cook and Böhlke, 1999). For a homogeneous unconfined aquifer where it can be assumed that recharge is uniform across the top of the saturated zone, horizontal flow does not vary with depth, and water table changes are small relative to the saturated thickness of the aquifer, the relation between recharge (r), ground water age (t) and depth below the water (z), is described by the following expression (Cook and Böhlke, 1999):
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where n is porosity and H is saturated thickness. This expression has been used to estimate recharge for a range of hydrogeologic settings (Böhlke, 2002; Puckett and Hughes, 2005). 

For the Wisconsin, California and North Carolina sites, porosity and saturated thickness estimates along with ground water ages and depths below the water table were inserted in equation 3 to provide estimates of recharge. A recharge estimate for the Georgia site was not made because many of the samples from this site are near a potential discharge area. Of the three remaining sites, recharge was lowest at the Lizzie, NC site (10 cm/yr). This site has fine sands overlain by moderately to poorly-drained soils. Furthermore, tile drains divert ground water to nearby streams, resulting in reduced levels of recharge to the surficial aquifer. Higher estimates of recharge were found at the Portage County, WI and San Joaquin, CA sites (21 cm and 44 cm, respectively). While average annual precipitation at the San Joaquin, California site is only 25 cm/year, large amounts of irrigation water (e.g., 85 cm/year) are applied to this area and contribute the majority of the recharge to this aquifer (Burow et al., 1999).
4.2 Chemical Transformations: Implications for the Fate of Nitrate and Pesticides 
4.2.1 Dissolved Oxygen Consumption

O2 reduction occurs during aerobic respiration, which is the most energetically favorable reaction that microorganisms use to oxidize organic material. As such, other reduction reactions (e.g., denitrification) typically do not occur until dissolved oxygen has been consumed.  Aerobic respiration can be described by the following reaction:
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The rate of O2 reduction in each of the four aquifers was evaluated by relating dissolved oxygen concentrations to ground water age (Figure 7). At both the California and Georgia sites dissolved oxygen concentrations show no trend with ground water age suggesting that reduction of O2 is negligible in these systems over the time period examined. There are extensive ground water withdrawals at the California site that are applied to the land surface in conjunction with surface water. During application ground water may become oxygenated or mixed with surface water, which may have muted any O2 reduction that is occurring in the aquifer. 


In contrast to the Georgia and California sites, the Wisconsin and North Carolina sites indicate that O2 loss is significant in both systems. Estimates of the rate of O2 reduction were made using a zero-order rate expression:
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where C is the concentration of the reactant at the time of interest, C0 is the initial concentration of the reactant, k0 is the zero-order reaction coefficient and t is time.

Initial concentrations of dissolved oxygen (C0) were estimated to be 230  and 301  at the North Carolina and Wisconsin sites, respectively.  These values are representative of dissolved oxygen concentrations of the youngest ground water sampled at these sites. The zero-order rate constant is determined by fitting a linear regression curve to plots of C-C0 versus ground water age (Figure 8). Only samples in the oxic zone were included. The zero-order rate constants are estimated to be 11.3 mol/L-yr and 5.6 mol/L-yr for the North Carolina and Wisconsin sites, respectively (Figure 8). 
The presence of electron donors, principally organic carbon, has often been cited as the most important factor influencing reduction rates in aquifers (e.g., Chapelle, 2000). It has been hypothesized that in shallow water table environments, the residence time of water in the unsaturated zone is insufficient for the microbial degradation of labile organic carbon generated in the soil zone (Starr and Gillham, 1993; Malard and Hervant, 1999). The higher O2 reduction rate observed at the North Carolina site than at the Wisconsin site is consistent with this hypothesis. However, concentrations of DOC at the North Carolina and Wisconsin sites were similar and relatively low (median DOC: 0.65 and 0.58 mg/L, respectively). An alternative hypothesis has been suggested that postulates that once labile DOC is consumed, solid organic carbon may become an important source of electron donors (Starr and Gillham, 1993). Further evaluation of the amount and reactivity of solid organic carbon and the other electron donors (e.g., reduced minerals) is needed to understand the causes of the differences in observed O2 reduction rates. 

4.2.2 Nitrate Reduction and Excess N2 Yield
Concentrations of nitrate above 10 mg/L (USEPA drinking water standard) occur at each site but are more commonly found at the California and North Carolina sites (Figures 9 and 10). The extent to which these elevated nitrate concentrations will have down gradient impacts to ground water or streams is dependent upon the redox conditions of the aquifer downgradient from the occurrence of high nitrate concentrations. Denitrification is a microbial respiratory process where nitrate is used as an electron acceptor and is reduced to N2 by the following generalized half-reaction:
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Facultative anaerobes begin to use nitrate as an electron acceptor when oxygen becomes limited. As such, little denitrification is expected in the Wisconsin, California, and Georgia site as these aquifers are largely oxic (Figure 7).  In contrast, only the upper few meters of saturated thickness at the North Carolina site are oxic (Figure 9). Ground-water samples were analyzed for dissolved nitrogen and argon gas at each of the sites to estimate the amount of nitrogen derived from denitrification (termed “excess N2”). Not surprisingly, the concentrations of excess N2 were highest at the North Carolina site and were generally low or non-detectable elsewhere (Figure 10).

A different approach was necessary to calculate nitrate reduction rate than was used for oxygen. The method used for oxygen reduction required that the initial concentration of dissolved oxygen at the upgradient edge of the oxic zone (at the water table) could be estimated. However, nitrate concentrations at the water table vary widely depending on ground water age due to differences in land use practices (see Section 4.3.1). Denitrification rates were approximated by using estimates of excess N2 concentrations and ground water ages. Only samples in the nitrate reducing zone were used (i.e., samples having both detectable concentrations of excess N2 and nitrate). Using total ground water ages, estimated nitrate reduction rates range from 5 to 35 mol/year, with an average rate of 17 mol/yr. However, these estimates include travel times through the oxic zone where dentrification rates are negligible. Recalculating denitrification reduction rates using travel time only in the nitrate reduction zone provides a better estimate of rates occurring in this zone. Travel time through the nitrate reducing zone was estimated by subtracting the estimated time of travel in the oxic zone from the ground water age. It was estimated that travel time through the oxic zone was approximately 13 years (e.g., Figure 7). Denitrification rates in the zone where this reaction is occurring ranged from 7 to 150 mol/yr, with an average rate of 74 mol/yr. 
To examine transformations in the flow system it is helpful to consider the progression of the reaction in question. The progress of transformation reactions have often been described using ratios (e.g., Thurman et al., 1994). While ratios can be informative in describing reaction progress and suggesting sources, values become erratic when a compound is at or below detection. Furthermore, ratios do not provide a direct indication of reaction progress.  Expressing degradate concentrations as a mole fraction of the sum of the parents plus the degradates provides a direct measure of reaction progress. In this approach, reaction progress can be evaluated by determining the yield of a degradate, Y (Degradatei), as a fraction of the molar concentration of parent and all degradates that is found as the degradate. It is calculated as follows:
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where [Degradatei] and [Parent] are the concentrations for degradate i and the parent compound respectively, in moles per liter, n is the number of degradates. Values of Y(Degradatei) range from zero, when no degradate i is present to 1, when the parent compound has been completely converted to degradate i. Subsequent degradation of transformation products will result in an underestimation of the degradation of the parent compound.
Comparing excess N2 yields at the four sites as a function of age permits a cross study comparison of transformation progress that is normalized for ground water age. Excess N2 yields at the North Carolina site are initially low and increase as ground water age increases, indicating dentirification in ground water (Figure 11). In fact, yields approaching 1 indicate that virtually all of the nitrate in ground water older than 15 year is denitrified. In contrast, with a few exceptions, excess N2 yields remain low as ground water age increases at the remaining sites, indicating that little or no denitrification occurs in ground water at these sites (Figure 11). 
4.3.3 Pesticide Transformations and Degradate Yield

Atrazine, metolachlor and alachlor were the most commonly detected pesticides in the four systems examined in this paper. These compounds are also among the most frequently detected pesticides in ground water in the United States (Gilliom et al., 2006). Degradates of these compounds were typically found more frequently and at higher concentrations than parent compounds for most samples in this study. Because complete mineralization of most herbicide parent compounds occurs slowly in the environment (Stamper et al., 1997) degradates are often persistent (Aga and Thurman, 2001). By examining present parent and degradate concentrations as a function of age we are able to evaluate the persistence of degradate compounds in four distinct hydrogeologic settings. 
4.3.3.1 Atrazine

The relative concentrations of atrazine and its degradate, deethylatrazine, have been used to understand the degree of interaction between atrazine and soils as the pesticide moves through the soil column (Adams and Thurman, 1991). Pesticide degradation rates generally decrease with increasing depth in the soil (e.g., Blume et al., 2004) and in aquifer sediments (e.g., McMahon et al., 2006). The decreased degradation of atrazine with depth is the result of decreased microbial activity (total biomass, populations of atrazine degrading microorganisms) toward atrazine (Blume et al., 2004). It has been suggested that concentrations of atrazine exceed degradate concentrations when degradation in the soil zone has been bypassed (e.g., runoff, Battaglin et al., 2003) or where residence time in the soil is too short for significant degredation (Puckett and Hughes, 2005). Redox conditions may also be a factor affecting the fate of atrazine since oxic conditions are conducive for the degradation of this compound (Nair and Schnoor, 1992). Short residence times in the shallow soil horizon, particularly when coupled with reducing conditions, is likely to be conducive for the persistence of atrazine.
Deethylatrazine (DEA), a degradate of atrazine, was found at higher concentrations than atrazine in ground water from both the Wisconsin and California sites (Figure 12). In contrast, atrazine was often found at higher concentrations in ground water from the North Carolina and Georgia sites. The thickness of the unsaturated zone at both the North Carolina (<2 m) and Georgia sites (<5 m) is low compared to the California and Wisconsin sites (both > 10 m). Evaluating the change in the molar ratios of atrazine and its degradate deethylatrazine as a function of ground water age can provide important clues regarding when and where degradation occurs. DEA yields were calculated using the same approach that was used for excess N2 yield in the previous section. In the relatively thick unsaturated zone settings, DEA yields are high (>0.8) for very young ground water and remain at essentially the same level as ground water ages increase (Figure 13). Much lower DEA yields (typically <0.6) are observed in the thin unsaturated zone settings found in the surficial aquifer at the North Carolina site and at the Georgia site.
 The North Carolina and Georgia sites are relatively high water table environments that are conducive to saturated soil conditions. We hypothesize that during periods of heavy rainfall, soils in this area may become saturated and hypoxic thus inhibiting atrazine degradation while in contact with shallow soils where degradation is most likely to occur. No trend in DEA yields occurs in any of these environments, suggesting that little atrazine degradation to DEA is occurring in the saturated zone. This is consistent with the finding that atrazine did not undergo deethylation or deisopropylation and only slowly underwent abiotic degradation under aquifer conditions (Wehtje et al., 1983).

5.3.2 Metolachlor and Alachlor
Alachlor and metolachlor degrade to alachlor ethane sulfonic acid (ESA) and metolachlor ESA, respectively. While, alalchlor and metolachlor may also degrade to alachlor oxanilic acid (OXA) and metolachlor OXA, these compounds were generally found in much lower concentrations than alachlor ESA and metolachlor ESA and are not discussed in this paper. 
Metolachlor ESA and alachlor ESA were detected more often and at higher concentrations than their parent compounds at the Wisconsin and North Carolina sites than were the parent compounds (Figure 14). In contrast, at the Georgia site metolachlor was detected at concentrations that were similar to that of metolachlor ESA (Figure 14). Similar behavior was also observed for alachlor (Figure 14). In Wisconsin and Georgia, the oldest ground water with detections of metolachlor ESA and alachlor ESA approximately coincided with the time the parent compounds were introduced (1969 and 1977, respectively). 
 The dominance of metolachlor ESA and alachlor ESA at the Wisconsin and North Carolina sites, even in very recent recharge, suggests that metolachlor is effectively degraded in the shallow saturated zone or, more likely, in the unsaturated zone. This is consistent with the rapid degradation of metolachlor and alachlor found in soils (e.g., Aga and Thurman, 2001) and the prevalence of their degradates in ground water (e,g, Kolpin et al., 1996; Kolpin et al., 2004). The persistence of metolachlor and alachlor at the Georgia site suggests that this water recharged the aquifer under conditions with a short residence time in shallow soils where degradation occurs quickly. The perched water table at this site may provide conducive conditions in this setting include rapid infiltration to ground water during storm events. The presence of detectable metolachlor and alachlor in ground water samples at the Georgia and North Carolina sites that are over 15 years old suggests that while these compounds degrade quickly in soils, degradation rates are markedly slower in the saturated zone.
4.3 Trends in Nitrate and Pesticide Concentrations

4.3.1 Nitrate


Nitrate trends were determined in each of the four sites by reconstructing concentrations of nitrate at the time of recharge using age dating and water quality sampling. Specifically, the concentration of nitrate at the time of recharge was estimated by the following equation:
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determined from recent samplings (i.e., in 2003 and 2004) and the estimated time of recharge (t) determined using CFCs.
Reconstructed nitrate concentrations have increased two- to five-fold in these aquifers since the 1960s (Figure 15). This has important implications for trends in drinking water supplies and nutrient enrichment of streams. These sources may tap old ground water or are composed of mixtures containing some fraction of older water (e.g., Manning et al., 2005; Brown and Guldan, 2005). If the proportion of water from the low nitrate period decreases, nitrate concentration in these waters will increase. 

Comparing fertilizer application to reconstructed nitrate concentrations allows for an examination of how changes in land use practices may be affecting ground water quality and to determine the amount of inorganic fertilizer that has reached the water table. In the United States, industrial fertilizer production has increased nearly four-fold from 1960 to 2000, rising from 3.1 to 11.2 x 109 kg N/yr (Howarth et al., 2002). Using county level data, we approximated fertilizer applications for all study areas from the time period of 1945 to 2000 (Figure 16). 


 From 1960 to 2000, increases in fertilizer application in these study areas are largely attributed to increases in the amount of fertilizer applied per hectare of crop land rather than an increase in crop land (Figure 16). Using estimates of recharge and fertilizer application it is possible to calculate the percentage of fertilizer that would need to reach the water table to explain the reconstructed nitrate concentrations (see Methods section). In Wisconsin, a good agreement between fertilizer derived nitrate concentrations and reconstructed concentrations is obtained when it is assumed that 20% of fertilizer applied to this county reaches the water table (Figure 15). The two outliers in the Wisconsin data receive recharge from forested and riparian areas that are not representative of land use at the study site. The Wisconsin site was unique among the four study areas because it has both nitrate data and ground water age dates from a larger study area (land use study area in Figure 2). Median nitrate concentrations from the larger land use study area closely match nitrate concentrations found in the smaller flow system study area (Figure 15). This suggests that the trends observed at the small scale are not unique, but rather are representative of the larger land use study area. 
Relations between fertilizer use and reconstructed nitrate concentrations were not as good at the remaining sites. However, it is instructive to understand the approximate fraction of fertilizer applied that would be needed to reach the water table to explain reconstructed nitrate concentrations. At the North Carolina site, 5% of the applied fertilizer was used to calculate nitrate concentrations from inorganic fertilizer loads. Recent (mid 1980s to present) nitrate concentrations exceed the levels expected from inorganic loading. However, manure applications increased markedly from 1982 to present and are likely responsible for these higher nitrate concentrations (Figure 16). When 5% of the manure plus inorganic fertilizer is dissolved in recharging ground water, concentrations more closely approximate those found in recently recharged water (dotted line, Figure 15).  In Georgia, 5% of the fertilizer applied was used to fit the reconstructed nitrate concentrations. Even at 5% of the load applied, nitrate concentrations from inorganic nitrogen exceeded reconstructed nitrate concentrations for ground water recharged prior to 1975.
At the California site, nitrate concentrations calculated from 30% of the inorganic fertilizer applied to this county are higher than the data from 1955 to 1975. However, after 1980 nitrate concentrations found in ground water exceed that expected from 30% of the inorganic load. The recirculation of ground water nitrate may also lead to higher than expected nitrate concentrations.
There has been increasing concern regarding the consequences of increasing anthropogenic N circulating in the atmosphere, hydrosphere, and biosphere (e.g., Galloway et al., 2003; Schlesinger et al., 2006). The percentage of fertilizer N that migrates to ground water is important information for the mass balance of N and also whether agricultural practices can be modified to reduce anthropogenic N production without a loss in crop or animal yield. The relative percentages of N fertilizer applied that accounts for reconstructed nitrate concentrations at the water table, is as follows: California > Wisconsin >North Carolina = Georgia. Not surprisingly, the well drained systems (WI and CA) have higher loss of N fertilizer to ground water than the less well drained sites. Previously published estimates of N fertilizer loss for well drained sites in a surficial aquifer in the coastal plain in Maryland (30%; Böhlke, 2002) and a glacial outwash aquifer in Minnesota (20%; Böhlke, 2002) and at a poorly-drained site on the coastal plain of South Carolina (10%; Puckett and Hughes, 2005) are consistent with the results observed here.
4.3.2 Atrazine, Metolachlor and Alachlor

The Wisconsin site provides a good opportunity for trend analysis for atrazine and DEA because these compounds were detected in every sample. Atrazine and DEA concentrations increase from the early 1960s to the mid to late 1970s (Figure 12). From the 1970s to the early 1990s, concentrations of DEA decline slightly and atrazine concentrations are stable. Atrazine was prohibited in this area in 1995. The only sample that has a recharge date after 1995 has relatively high concentrations of atrazine and DEA. It is likely that this well represents a mixture of water from both before and after prohibition (Saad, 2006). 

Atrazine and deethylatrazine concentrations at the Georgia site increase in the late 1970s and then decline in the late 1980s back to non-detectable levels (Figure 12). Atrazine is commonly used on corn and soybeans and production of these crops in this area increased sharply in early 1970s and decreased in the mid-1980s (Figure 12). Atrazine and DEA concentrations begin to rise about 5 years after the increase in corn and soybean production and decline to non-detectable levels about 5 years after production of these crops has peaked (Figure 12). While trends in atrazine and deethylatrazine are less apparent in either the California or North Carolina sites, higher frequencies of detection and higher concentrations are more often found in water recharged after 1980 in both systems.

No trends in metolachlor ESA concentrations were found in samples that had detectable concentrations of this compound. Not surprisingly, the frequency of detection of metolachlor ESA is higher after 1977 when metolachlor was introduced than before. Metolachlor ESA was detected in 75% (24 of 32) of the samples with recharge dates after 1977 in the sites where this compound or its parent was found (i.e., North Carolina, Georgia and Wisconsin). Conversely, only 15% (2 of 13) of the samples that recharged prior to 1977 had detections of metolachlor ESA.  These two detections had recharge dates in the mid-1970s, consequently only a small amount of mixing would be needed to capture water that recharged after metolachlor was introduced.

5.0 Conclusions

Trends and transformations of agricultural chemicals along flow paths were evaluated using ground-water ages, concentrations of pesticides, nitrogen species, and other redox-active constituents. Conclusions drawn from these analyses include:

1. Faster O2 reduction rates at the North Carolina site than at the other sites result in an oxic zone that is less than 5 meters thick. In the anaerobic zone of this aquifer nitrate has been denitrified to N2. In contrast, slow O2 reduction rates at the other sites allow oxic zones to persist, inhibiting denitrification. 
2. Deethylatrazine (DEA), a transformation product of atrazine, was typically present at higher concentrations than atrazine at study sites with thick unsaturated zones but not at sites with thin unsaturated zones. Furthermore, the fraction of atrazine plus DEA that was present as DEA did not increase as a function of ground water age. These findings suggest that atrazine degradation occurs primarily in the unsaturated zone with little or no degradation in the saturated zone at these study sites. Similar findings were also observed for alachlor and metolachlor.
3. Trends were evaluated by estimating the time of recharge of a ground water sample using chlorofluorocarbon concentrations and estimating concentrations of parent and transformation products at the time of recharge by summing the concentrations of these compounds in the age-dated sample. Using this approach, nitrate concentrations were estimated to have increased markedly from 1960 to present at all study sites. 
4. Trends in nitrate concentration are related to increases in inorganic fertilizer applications at all sites and manure applications at the North Carolina site. Reconstructed nitrate concentrations could be explained by 5% of the fertilizer applied reaching ground water at less well drained sites and up to 30% of fertilizer applied reaching ground water at well drained sites.
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