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Abstract

:

Shallow aquifers are prone to nitrate contamination worldwide. In western Nebraska, high groundwater nitrate concentrations ([NO3−]) have resulted in the exploration of new groundwater and nitrogen management regulations in the North Platte Natural Resources District (NPNRD). A small region of NPNRD (“Dutch Flats”) was the focus of intensive groundwater sampling by the United States Geological Survey from 1995 to 1999. Nearly two decades later, notable shifts have occurred in variables related to groundwater recharge and [NO3−], including irrigation methods. The objective of this study was to evaluate how changes in these variables, in part due to regulatory changes, have impacted nitrate-contaminated groundwater in the Dutch Flats area. Groundwater samples were collected to assess changes in: (1) recharge rates; (2) biogeochemical processes; and (3) [NO3−]. Groundwater age increased in 63% of wells and estimated recharge rates were lower for 88% of wells sampled (n = 8). However, mean age and recharge rate estimated in 2016 (19.3 years; R = 0.35 m/year) did not differ significantly from mean values determined in 1998 (15.6 years; R = 0.50 m/year). δ15N-NO3− (n = 14) and dissolved oxygen data indicate no major changes in biogeochemical processes. Available long-term data suggest a downward trend in normalized [NO3−] from 1998 to 2016, and lower [NO3−] was observed in 60% of wells sampled in both years (n = 87), but median values were not significantly different. Collectively, results suggest the groundwater system is responding to environmental variables to a degree that is detectable (e.g., trends in [NO3−]), although more time and/or substantial changes may be required before it is possible to detect significantly different mean recharge.
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1. Introduction


Elevated groundwater nitrate concentrations ([NO3−]) in shallow aquifers are often linked to a combination of high groundwater recharge rates and intensive agricultural land use [1,2,3,4,5,6]. Greater recharge rates in areas with intense nitrogen fertilizer loading generally lead to higher [NO3−] in groundwater. For example, the central Wisconsin sand-plains region requires additional water and fertilizer inputs to sustain healthy crop yields, with irrigated agriculture having a governing influence on groundwater [NO3−] [7,8]. Similarly, high [NO3−] have been observed in groundwater in Nebraska, especially beneath areas with sandy soils and/or sand and gravel aquifers [9,10,11,12,13].



Growing concerns over changes in the state’s water quality and quantity led to the creation of what are now 23 Natural Resources Districts (NRD) across Nebraska. Established in 1972, NRDs develop management plans and regulations to protect groundwater [14,15,16]. Regulations aimed at decreasing [NO3−] in groundwater have shown some potential for success [4,17], though the exact impacts are not always clear [13,18]. Due to the tendency of nitrate to be transported with recharge water, agricultural water management (i.e., irrigation technology and practices) and groundwater [NO3−] are likely to have a direct relationship. In some areas, water allocations and/or moratoriums on new well drilling can incentivize greater irrigation efficiency, which has been found to decrease groundwater [NO3−] [12,19,20,21]. For instance, replacing furrow irrigated fields with sprinkler systems (i.e., center pivot) is one method believed to reduce [NO3−] leaching to groundwater [12,19]. Such changes in irrigation practice, driven in part by regulatory changes and economic drivers, have occurred in the Dutch Flats area of western Nebraska.



Groundwater age-dating has been used widely to determine historical trends in groundwater [NO3−] [17,18,22,23,24,25]. The United States Geological Survey’s (USGS) National Water-Quality Assessment (NAWQA) program has emphasized the importance of implementing groundwater age-dating to evaluate long-term trends in groundwater characteristics and its contaminants [24]. Relatively few studies, however, have used groundwater age-dating to directly evaluate the impact of water and/or nutrient management regulations, or major shifts in irrigation management, on groundwater recharge rates and nitrate contamination. Visser et al. [17] used 3H/3He age-dating in the Netherlands to examine impacts of legislation aimed at decreasing groundwater [NO3−] in areas characterized by alluvial sand and gravel deposits. Groundwater age-dating showed trend reversal in groundwater nitrate, with old groundwater increasing in [NO3−], and young groundwater decreasing in [NO3−]. Further, groundwater age-dating provides a method for evaluating impacts of land use change on groundwater quality [26,27,28]. As a result, coupling groundwater [NO3−] trends with apparent age may be useful in assessing how changing groundwater recharge and quality respond to irrigation management changes, in the context of other environmental variables (e.g., precipitation).



Within North Platte Natural Resources District (NPNRD) in western Nebraska, irrigation canals provide a source of artificial recharge [11,29,30,31,32,33]. Locations of highest and lowest recharge potential in canals were captured using capacitively coupled and direct-current resistivity methods to profile lithology of two major canals in NPNRD [32]. Estimates suggest canals leak between 40% and 50% of their water within this region [34]. The Interstate Canal, with a water right of 44.5 m3/s, operates during irrigation season and is the largest canal delivering water to the region [35]. Other large canals in the region include the Mitchell-Gering and Tri-State Canals. An extensive analysis of the relationship between surface irrigation and groundwater quantity and quality in this area was provided by Böhlke et al. [11].



Böhlke et al. [11] also summarized USGS reports from a five-year study beginning in the mid-1990s [30,31]. The investigation was conducted from 1995 to 1999 (referred to in this text as the 1990s study) in the Dutch Flats area, a region comprising roughly four percent of NPNRD. Crop production in this area historically depends on surface water with low [NO3−] (e.g., [NO3−] < 0.06 mg N L−1 in 1997) delivered via canals for irrigation supply. Groundwater age estimates (3H/3He), isotopes, nitrate, and other analytes were used to evaluate trends in groundwater recharge and nitrate contamination. For example, groundwater recharge rates and temporal changes in [NO3−] demonstrated the influence of canal seepage on nearby wells. Wells far from canals were more influenced by local irrigation practices. Relatively young groundwater ages (mean = 8.8 years) indicated that recharge was occurring from more than just regional precipitation (i.e., groundwater would be expected to reside in the aquifer much longer if recharge rates based on precipitation were assumed). As a result, Böhlke et al. [11] theorized that groundwater residence times and [NO3−] may be impacted if recharge from canals and/or irrigation were significantly reduced. Further, if groundwater residence times were to increase, then potential for biogeochemical activity such as denitrification might also increase, resulting in a decrease in groundwater [NO3−].



Since the 1990s USGS study, several variables related to groundwater recharge have changed in the extensively sampled Dutch Flats area. For example, a shift in irrigation practice and canal management have been noted in the region [36], with the largest changes in irrigation practice occurring during approximately 2000–2003. The timing of these changes relative to the USGS study, combined with the relatively young groundwater ages in the aquifer, provides a unique opportunity to evaluate the potential impact of changing water management on the overall timescale of groundwater movement through the aquifer, and subsequent impacts on groundwater quantity (recharge rate) and quality ([NO3−]). Other variables we considered were annual precipitation, volume of water diverted into the Interstate Canal, planted corn area, and fertilizer loads.



In this study, we evaluated how changes to water resources management, with respect to numerous underlying variables, have affected leaching and groundwater transport of nitrate nitrogen. More specifically, the objective of this study was to compare the composition of recently collected groundwater samples to those reported by Böhlke et al. [11] for changes in: (1) groundwater recharge rates; (2) biogeochemical processes (i.e., denitrification) affecting [NO3−]; and (3) groundwater [NO3−] in the Dutch Flats area.




2. Materials and Methods


2.1. Site Description


The study area is within NPNRD in western Nebraska (Figure 1), where climate is classified as semi-arid [37]. Climate data retrieved from Western Regional Airport in Scottsbluff, Nebraska display long-term average annual rainfall and snow of 390 mm and 1021 mm, respectively (1908–2016) [38]. The average annual maximum and minimum temperatures from 1908 to 2016 were 17.6 °C and 1.1 °C, respectively. Growing season rainfall is typically insufficient to support high crop yields; therefore, irrigation is used extensively with 86% previously estimated to originate from surface water [39]. In 2002, a moratorium was implemented to restrict drilling of additional irrigation wells in NPNRD. The state legislature passed Legislative Bill 962 in 2004, allowing the district to declare areas either fully or over-appropriated and led to development of an integrated management plan intended to protect both groundwater and surface water. Regulations on water and soil include groundwater allocations and flow meters on wells in over-appropriated areas, requirements for irrigators using chemigation systems, well registration, and irrigation runoff controls.



This study is focused within the Dutch Flats area in NPNRD [11,30,31,40]. The study area is in the North Platte River Valley, along the Nebraska-Wyoming border [39]. The Dutch Flats area is about 540 km2 and located in Scotts Bluff and Sioux Counties (Figure 1). Approximately 48% of the study area is in Scotts Bluff County, while 52% is in Sioux County. Based on the 2011 National Land Cover Database (NLCD), 53.5% of the Dutch Flats area is agriculture, while Scotts Bluff and Sioux Counties are 47.0 and 4.3, respectively [41]. Due to similarities in land use between Dutch Flats area and Scotts Bluff County, Scotts Bluff County was used as a proxy when data could not be determined directly for the study area. While surface water is the most common source for irrigation in this region, accessible groundwater offers alternative methods. Irrigation withdrawal estimates in Scotts Bluff County suggest surface water has remained the dominant source of irrigation water, ranging from 84.4% to 98.6% from 1985 to 2010 [42].



An extensive monitoring well network in NPNRD has been used to measure and record changing groundwater levels and [NO3−] over several decades. The Dutch Flats area varies in both vadose and saturated zone thickness, and is characterized as a sand and gravel alluvial aquifer, with limited areas of silt and clay [39] (Figure 1). The alluvial aquifer is underlain by the Brule Formation, made up of siltstone, mudstone, volcanic ash beds, gravel, and fine-grained sand. Groundwater for irrigation is typically pumped from Quaternary-aged alluvial deposits or water-bearing units of the Brule Formation. The direction of groundwater flow is generally southeast from canals toward the North Platte River, though flow in some locations is redirected by what is referred to as the Brule High [30].




2.2. Sample Sites


Within the Dutch Flats area, five well nests were selected for sampling in 2016. Wells were selected based on completeness of data from the previous study [11], so direct comparisons could be made to our results. Samples for noble gases, tritium, nitrogen and oxygen isotopes of nitrate, nitrate nitrogen, ammonium nitrogen, and dissolved organic carbon (DOC) analysis were collected following standard sampling procedures. Groundwater parameters logged and recorded at these five well nests were pH, temperature (°C), dissolved oxygen (mg O2 L−1), percent saturation of dissolved oxygen, specific conductivity (µS cm−1), and total dissolved gas (g L−1). Each well was measured for depth to groundwater and depth to well bottom relative to surface elevation. At least one well bore volume was pumped from each well prior to sampling (Geotech SS Geosub Controller and Pump). Groundwater parameters were monitored by a Hydrolab MS5 Multiparameter Sonde. After parameters stabilized, pump speed was decreased, and samples were collected. Sampling occurred three times over the course of 2016: spring, summer, and fall. Spring sampling included collection of groundwater from shallow, intermediate, and deep wells from nest 1G (Figure 1). Groundwater beneath irrigated fields, and away from major canals, was collected in summer for assessing spatial patterns in groundwater. Shallow, intermediate, and deep samples were collected from Well Nests 2D and 1E, intermediate and deep samples from nest 1C, and deep samples at Well 1L. To capture temporal influences, Well Nest 1G (Figure 1) was sampled again at a shallow and intermediate depth during fall.




2.3. 3H/3He Sampling and Noble Gas Modeling


After rinsing with sample water, 0.9 m copper refrigeration tubes for noble gas analysis were filled and crimped [44]. Samples for analysis of tritium was collected in 0.5-liter HDPE plastic bottles. Noble gases (Ar, He, Kr, Ne, and Xe) were analyzed via mass spectrometry at the University of Utah’s Dissolved Gas Service Center in Salt Lake City, UT. Tritium activities were determined using the helium ingrowth method [45].



Excess air and recharge temperatures were modeled using iNoble Version 2.2 workbook developed by the International Atomic Energy Agency (IAEA). We assumed a terrigenic 4He/3He (Rterr) of 2.88 × 10−8, and 3H half-life of 12.32 years [46]. Apparent groundwater age was calculated from


     τ =  λ  − 1   ln  (  1 +       H e   t r i t     3     H     3     )      



(1)




where τ is the apparent groundwater age in years, 3Hetrit is the modeled tritiogenic helium, and 3H is tritium at the time of sampling, determined from helium ingrowth. The decay constant,  λ , is a function of the half-life of tritium and is determined as     λ   =     ln 2   12.32   years    .




2.4. Recharge Estimates


Groundwater recharge, defined as the rate at which water moves vertically across the water table, was calculated for each well. Shallow wells typically have screen lengths of 6.1 m with the midpoint originally designed to be located at the water table. Intermediate and deep wells both have screens of approximately 1.5 m. To maintain consistency, calculations were performed using methods and assumptions made by Böhlke et al. [11]. Groundwater age was assumed to follow a linear gradient as a slug of water traveling from the water table to the midpoint between the upper and lower well screen (Equation (2)). For shallow wells, recharge was determined at the midpoint between the bottom screen and water table. Recharge was calculated as follows:


   R =   z θ  τ      



(2)




where R is recharge in m/year, θ is porosity, z is depth below water table to the screen midpoint (m), and τ is the groundwater age, in years, determined via apparent 3H/3He ages. Porosity was assumed to be 0.35. Intermediate and deep wells are screened below the water table. Therefore, z for these calculations was the distance from the water table to the midpoint of the screen. Again, recharge was estimated using Equation (2). Böhlke et al. [11] also used an exponential equation [47] to estimate recharge rates of intermediate wells, though this equation was not applied to shallow or deep wells (Equation (3)).


   R =   z θ  τ  ln  (   L  L − z    )      



(3)




where L is unconfined aquifer saturated thickness (m), and z is the distance from the water table to the screened midpoint (m). Applying this equation near the water table (shallow wells) or bottom of the aquifer (deep wells) may lead to uncertainties associated with groundwater mixing. While the simplistic modeling of Equations (2) and (3) fit the data reasonably well, it is acknowledged uncertainties related to 3H/3He age-dating and aquifer heterogeneity could affect calculated recharge rates. For instance, uncertainty in 3H/3He ages can be relatively large on a percentage basis [48]. Further, aquifer heterogeneity, namely porosity, directly influence Equations (2) and (3) calculations. However, assumptions by Böhlke et al. [11] were maintained in both studies, yielding similar calculated recharge uncertainties. The appropriate applications and limitations of these equations have been addressed in previous literature [49,50].




2.5. Nitrate Isotopes, Nitrate, Ammonium, and DOC Concentrations


Samples for isotope analysis were collected in 1-liter HDPE plastic bottles, placed on ice immediately after collection, frozen within 48 h, and analyzed at the University of Nebraska’s Water Science Laboratory. The oxygen isotope composition of nitrate was measured according to methods described in Chang et al. [51] and Silva et al. [52]. A measured volume of sample containing 0.25 mg NO3-N was then treated with 1 M barium chloride to precipitate sulfate and phosphate. The solution was filtered, passed through a cation exchange column to remove excess Ba2+, and then through an anion exchange column to concentrate nitrate. Nitrate was eluted using 3 M hydrochloric acid, neutralized with Ag2O, filtered to remove the AgCl precipitate, and then dried to produce purified AgNO3. The AgNO3 was dissolved in 1 mL of reagent water and 100 µL (25 µg N) aliquots were transferred to three silver cups and dried for analysis of oxygen isotope composition using high temperature pyrolysis on nickelized graphite in a closed tube to produce carbon monoxide (CO) on a Eurovector EA coupled to an Isoprime continuous flow isotope ratio mass spectrometer. The final result was averaged from the triplicate instrumental results and converted to the standard oxygen isotope reference (VSMOW = 0.00‰).



A reagent grade potassium nitrate (KNO3) was used as a working standard, and reference sucrose oxygen isotope standards were analyzed with every sample batch (up to 20 samples) both for calibration and for drift correction. USGS 34 and USGS 35 reference standards are analyzed at least monthly to compare and convert working standards to a δ18O isotope value with respect to Vienna Standard Mean Ocean Water (VSMOW). The 1σ measured analytical precision of δ18O-NO3− is ±0.5‰ for solutions of KNO3 standard processed through the entire procedure. In addition to triplicate instrumental average measurement, laboratory duplicates were carried through the preparation process and analyzed at a rate of 5%.



The nitrogen isotope composition of nitrate (δ15N-NO3−) was measured according to methods previously described [53,54]. Ammonia-N was quantified after addition of MgO on a steam distillation line and titrated with standardized sulfuric acid [55]. Nitrate was then reduced to ammonia with Devarda’s alloy, distilled separately into a boric acid indicator solution, and then quantified titrimetrically with standardized sulfuric acid. Distillates were acidified with sulfuric acid immediately after titration and evaporated to 1 to 2 mL on a hot plate. They were then reacted with lithium hypobromite on a high-vacuum preparation line and the ammonium quantitatively reduced to nitrogen gas, purified by passage through two liquid nitrogen cryotraps and a 400 °C copper oven, and collected in a gas sample bulb. Atmospheric nitrogen standards were prepared on the same high-vacuum preparation line. Ultrapure tank nitrogen was used as the working standard and was calibrated against the atmospheric nitrogen standard. All nitrogen isotope measurements were performed on either a Micromass OPTIMA or a GVI Isoprime dual inlet stable isotope ratio mass spectrometer (IRMS). The δ15N-NO3− of the sample was measured and expressed relative to the atmospheric standard expressed in parts per thousand (‰). Quality control was monitored through the analysis of replicate standards to determine the accuracy and repeatability of the method.



The nitrogen (15N/14N) and oxygen isotope (18O/16O) composition of nitrate was expressed as the difference (‰) of the sample ratio relative to each international standard ratio using Equation (4).


   δ  ( ‰ )  =      (  R a t i o  )    S a m p l e   −    (  R a t i o  )    S t a n d a r d        (  R a t i o  )    S t a n d a r d       × 1000     



(4)







Nitrate concentration was determined for the five well nests selected for detailed sampling in 2016 using the Cd-reduction method [56] on a Seal AQ2 autoanalyzer. Dissolved organic carbon (DOC) samples were collected in 40 mL glass vials and preserved with sulfuric acid. Each sample was field filtered through a 0.45-micron filter attached to a syringe. Samples were analyzed following heated persulfate SM 5310 protocol using an OI Analytical model 1010 TOC Analyzer [56].




2.6. Evaluating Long-Term Trends in Nitrate Concentrations


In addition to nitrate evaluated in 1998 and this current study, long-term data collected and/or maintained by the NPNRD and Nebraska Agricultural Contaminant Database [57] were used for further analysis. These samples were collected with a low-volume pump after monitored parameters (temperature, pH, specific conductivity, DO, and total dissolved solids) stabilized. Samples were placed on ice and preserved with sulfuric acid prior to analysis at Midwest Laboratories, Inc in Omaha, NE, USA [58]. Sporadically sampled data from 1998 to 2016 were normalized about the maximum and minimum nitrate value over the sampling period, as


   x ′  =   x − min  ( x )    max  ( x )  − min  ( x )       



(5)




where   x ′   is the normalized nitrate value,  x  is the observed (or average if multiple samples were collected from a well within the same year) [NO3−] for a specific year, and   max  ( x )    and   min  ( x )    are the maximum and minimum respective [NO3−] over all the sample years for each well.





3. Results and Discussion


Groundwater samples analyzed for 3H/3He, NO3−, δ15N-NO3−, and δ18O-NO3−, among other groundwater parameters, were used to evaluate the hypothesis that changes in environmental variables since the previous study would: (1) decrease recharge rates; (2) increase biogeochemical activity; and (3) result in lower groundwater [NO3−]. Unless otherwise noted, data collected in 2016 were analyzed and compared to 1998 groundwater data collected by the USGS [31] in August 1998 and limited to the five well nests sampled in 2016.



3.1. Groundwater Age-Dating


An increase in groundwater age between the 1998 and 2016 studies would indicate reduced rates of water movement through the aquifer over that period. Apparent groundwater ages from five of eight samples (63%) collected in 2016 were greater than groundwater ages estimated from samples collected in 1998 (Table 1; Figure 2). Mean groundwater age in the sampled wells increased from 15.6 years in 1998 to 19.3 years in 2016, but the difference was not statistically significant (p = 0.53; two-sample t-test assuming unequal variances).



Recent depth to groundwater data (2017; n = 162) vary throughout Dutch Flats, ranging from less than 1 m to over 30 m, with a mean of 10.6 m (±10.3 m) and median of 7.7 m. Vadose zone thickness of wells sampled in August 2016 were between 1.2 and 13.3 m. Well nests constructed for the 1990s study (and re-sampled in this study) had screen intervals designed to intercept groundwater at the water table, mid-aquifer, and at or near the base of the unconfined aquifer. In Dutch Flats, shallow wells typically have 6.1 m screens and were designed originally with roughly 3 m above and below the water table. Long well screens across the water table can increase error in groundwater age, due to mixing of a range of groundwater ages, and because fluctuations in the water table can lead to a loss of tritium-derived 3Hetrit escaping to the atmosphere. Among samples from shallow wells, apparent groundwater age sampled from Well 2D-S increased by approximately 2.5 years, or 93%, while 1E-S decreased by 0.5 years, or 9.3%.



Because of shorter (1.5 m) screened intervals, intermediate and deep wells may provide a better estimate of groundwater age and are subject to fewer uncertainties impacting shallow wells. Wells 1E-I and 2D-I had comparable groundwater ages of 20.9 and 20.5 years, respectively, in 2016. Well 1E-I groundwater age stayed similar between the two sampling periods (1998 = 20.2 years), while 2D-I increased by 81% (1998 = 11.3 years). Groundwater samples from 1G-I were collected in both the spring and fall of 2016 to explore temporal trends in groundwater age at a site near a canal. Although there is no direct comparison with the previous study, apparent groundwater age at the well found little variation in groundwater age, with spring and fall ages of just 5.9 and 5.3 years, respectively. Results from Well 1C-I displayed nearly modern groundwater age (i.e., age ≈ 0 years). Results from this well appear erroneous, and were excluded from the comparisons in Table 1, since it is unlikely modern groundwater would be observed 11 m below the water table.



Groundwater age of samples collected in 1998 from deep wells ranged from 12.0 to 31.5 years, while in 2016 apparent groundwater ages were between 12.0 to 47.0 years. The largest change in groundwater age was for groundwater sampled from Well 1E-D. While apparent groundwater age stayed similar in Well 1E shallow and intermediate depths, groundwater age from the deep well increased from 31.5 to 47.0 years, or 49%. This increase would suggest groundwater was nearly unaffected by recharge and water sampled in 1998 was essentially the same water collected in 2016. The groundwater age trend in Well Nests 2D and 1E is consistent with non-uniform recharge in the region, where screens at different depths in the aquifer are influenced by different recharge sources (i.e., localized irrigation and/or canals).




3.2. Recharge Rates


Recharge rates (R) were estimated as a function of the vertical distance water travels below the water table, porosity, and apparent groundwater age (see Equations (2) and (3)). Figure 3 and Table 1 compare 1998 and 2016 recharge rates. Over nearly two decades, recharge rates decreased in each well, with exception to Well 1L, which had a minor increase. Recharge rates ranged from 0.16 to 0.80 m/year in 1998, with a mean rate of 0.50 m/year (±0.23). Rates in 2016 were not significantly different (p = 0.19; two-sample t-test assuming unequal variances) and varied between 0.13 and 0.60 m/year, averaging 0.35 m/year (±0.19). From 1998 to 2016, mean water depth increased from 7.9 m to 9.4 m.



Shallow wells far from canals are believed to reflect localized recharge, while intermediate and deep wells are more likely to represent recharge sources from both localized irrigation and canal leakage [11]. Shallow wells had varying results, with a comparable recharge rate in Well 1E-S in both studies, and Well 2D-S less than 25% the 1998 recharge rate. The recharge rate in 1E-I, again, was similar between the two studies, while the 2016 recharge rate in 2D-I was less than half that of 1998. The 2016 mean recharge rate in deep wells was nearly double the mean from shallow wells. Deep wells, typically associated with greater groundwater ages, may take time before they reflect changes to environmental variables related to groundwater quantity. The lowest 1998 (R = 0.33 m/year) and 2016 (R = 0.21 m/year) recharge rates from deep wells were both in 1E-D, which is located far from the larger regional canals. The largest 1998 (R = 0.74 m/year) and 2016 (R = 0.60 m/year) deep well recharge rates were in Well 2D-D.




3.3. Nitrate Analysis


A combination of data collected in the 1990 and 2016 studies, in addition to long-term groundwater monitoring, provided two approaches to analyze nitrate concentration trends:




	
Comparison of data collected in 1998 [11,31] to data collected in 2016 at the same well nests where groundwater age-dating was conducted (Table 2 and Figure 4); and



	
Analysis of a long-term dataset from much broader groundwater collection efforts in the Dutch Flats area, including sporadic sampling between 1998 and 2016, and intensive sampling in 1998, 1999, 2008, and 2016 (Table 3, Figure 5 and Figure 6, and Appendix A (Table A1)).








Focusing first on comparisons from Approach (1), nitrate samples collected in 1998 varied from 1.4 mg N L−1 to 15.8 mg N L−1, while 2016 ranged from 1.1 mg N L−1 to 46.8 mg N L−1 (Table 2), and 6 out of 14 samples collected in 2016 had lower [NO3−] compared to samples collected in 1998 (Figure 4). Apart from Well 2D-I (1.3 mg N L−1) and 2D-D (1.4 mg N L−1), groundwater from well nests sampled in 2016 had lower [NO3−] with greater depth in the aquifer. Concentrations of ammonium in groundwater were below detection (<0.1 NH4-N mg L−1) in samples from the eleven wells where δ18O-NO3− was also determined (see wells listed in Table 2).



Prior to irrigation season, the 2016 Well 1G-S spring nitrate was 46.8 mg N L−1, while post-irrigation season was 22.1 mg N L−1. This trend is consistent with canal leakage diluting concentrations near canals, as suggested by Böhlke et al. [11]. The August 1998 [NO3−] was 8.8 mg N L−1. Proximity to a nearby cattle feedlot could be influencing the high 2016 [NO3−] observed in 1G-S. It is unknown the exact date operations began at this feedlot, though it is believed between 1998 and 1999, and has increased over the past two decades.



Nitrate concentrations from Well 1E-S were high in both studies (1998 = 15.8 mg N L−1; 2016 = 45.2 mg N L−1), though 2016 was uncharacteristically high. Well 1E-I (3.6 mg N L−1) and 1E-D (3.1 mg N L−1), which had screens approximately 12.7 m and 26.5 m below 1E-S, respectively, had much lower [NO3−]. In addition to the 1998 and 2016 values reported above, data collected by NPNRD during 1996–1998 (n = 26) were used for supplementary analysis of Well 1E-S. Monthly averages over this period display increasing [NO3−] starting in June, peaking in August, and declining thereafter. If fertilizer is applied around growing season, Well 1E-S displays a very short transport rate through the vadose and saturated zones, in that groundwater [NO3−] quickly reflect surface activities. This is supported by a young groundwater age, and possibly suggests there is a preferential pathway to this well screen.



Well 1G-I was sampled twice in 2016 to evaluate temporal trends in both groundwater age and [NO3−] near a canal. Apparent groundwater age was similar (spring = 5.9 years; fall = 5.3 years). Interestingly, [NO3−] in this well decreased from 46.8 to 22.1 mg N L−1 in 2016. Similarity in groundwater ages between spring and fall sampling suggest groundwater [NO3−] in this well are not diluted from a large percentage of 2016 canal water. That is, a seasonal pattern in [NO3−] was observed, but if a significant fraction of canal water that infiltrated during the 2016 growing season was arriving at the well screen by fall 2016, then the groundwater age from fall sampling should be much less than groundwater age from spring sampling. Apparently, the mass flux of water leaking from canals drives groundwater deeper into the aquifer during irrigation season and dilutes groundwater nitrate with older (pre-2016) canal water with low [NO3−].



Based on two relatively small datasets (Table 2 and Figure 4), it is difficult to identify trends in groundwater nitrate due to large variations in concentrations, and additional sources of nitrogen influencing Well 1G. As a result, additional long-term nitrate data collected by NPNRD were analyzed, as described in Approach (2) at the beginning of this section. In total, 2918 nitrate samples were collected in the Dutch Flats area between 1979 and 2016. However, wells are not consistently sampled, making it difficult to compare overall annual medians from one year to the next. Thus, only data from wells with two or more samples collected between 1998 and 2016 were used (n = 987 samples from a total of 160 wells; Figure 5a). If multiple samples were collected from a well within the same year, annual concentrations were averaged. The annual median and mean normalized values (Equation (5)) were then used to evaluate groundwater [NO3−] trends in Dutch Flats (Figure 5b). Both mean and median of normalized annual nitrate concentrations suggest a decrease in groundwater [NO3−] from 1998 to 2016, with statistically significant regression slopes (p-values of 0.04 in both cases).



Given the suggested decrease in [NO3−] from the normalized data, we further explored trends in nitrate by evaluating three time periods. Time periods were selected based on the number of samples collected during a given year, as well as with respect to the time elapsed since the previous study. To characterize groundwater [NO3−] during the 1990s study, data from 1998 and 1999 were used as a base comparison. Two additional years, 2008 and 2016, were compared directly to [NO3−] in the late 1990s. These two years were selected because many samples were collected during 2008 and 2016. A total of 87 wells were sampled during all three time periods, and samples were further split based on screen depth (i.e., shallow, intermediate, and deep wells had n = 44, 16, and 27, respectively).



Overall, 52 out of 87 wells (60%) showed a decrease between 1998 and/or 1999 and 2016. The mean and median [NO3−] are reported in Table 3 for each well depth, and results from individual samples are shown in Appendix A and Figure 6. Since the data were not normally distributed and data transformation did not help, the Mann–Whitney test was used to determine if the median [NO3−] were different between the three periods (Table 3).



The median [NO3−] for the 44 shallow wells decreased by 13% from 1998 to 2008, but increased by 13% from 2008 to 2016. These fluctuations may be attributed to the variation in precipitation, with high precipitation resulting in increased leaching rates. From 1996 to 1998 the average precipitation was 459 mm, compared to 303 mm and 497 mm from 2006 to 2008 and 2014 to 2016, respectively.



Though median concentrations were not significantly different (p-value 0.17; 5.6 versus 3.7 mg N L−1 for 1998 and 2016, respectively), 69% of the intermediate wells sampled had a reduction in [NO3−] from 1998 to 2008 and 75% had a reduction from 1998 to 2016. The median [NO3−] also decreased in the deep wells, but only by 8% from 1998 to 2008 and 6% from 1998 to 2016, and the differences were not statistically significant.



Although overall [NO3−] trends are decreasing in many individual wells, there is substantial variability and uncertainty in overall results, and a lack of statistical significance in median values. Other variables such as vadose zone depth, fertilizer application rates, percent cropland (specifically corn) should be considered. To develop a better understanding of the complexities of the system, a statistical model coupled with an increase in predictor variables may help explain the large fluctuations in nitrate trends. Continued long-term monitoring of groundwater [NO3−], perhaps with a sampling scheduled optimized by well characteristics and/or apparent vulnerability to groundwater nitrate contamination, will be critical for future studies.




3.4. Sources of Nitrate


Nitrogen-15 isotopes of nitrate were analyzed to characterize nitrogen sources (Table 2 and Figure 7). Oxygen-18 isotopes of nitrate were also analyzed in 2016. Nitrogen, of both 14N and 15N, is fixed from the atmosphere to produce fertilizer. Plants favor 14N-NO3− to 15N-NO3− during assimilation, increasing 15N-NO3− observed in groundwater. It is believed this process also results in slightly elevated levels of 18O-NO3− [59]. With relatively constant atmospheric ratios of stable oxygen (18O:16O) and nitrogen isotopes (15N:14N), Equation 4 may identify enrichment or depletion of 18O-NO3− and 15N-NO3− in groundwater. The combination of δ15N-NO3− and δ18O-NO3− may be used to determine sources of nitrate and potential for denitrification to have affected nitrate [60,61]. Different signatures suggest nitrogen sources may be naturally occurring or associated with anthropogenic activities.



Well Nest 1G was sampled in both spring and fall, but only fall samples were collected for oxygen isotopes. Nitrogen isotopes were collected during each survey (n = 14), but only samples with an oxygen isotope counterpart were used in this analysis (n = 11). Recently collected δ18O-NO3− varied between −9.2 and 4.1‰, while δ15N-NO3− spanned from −3.7‰ to 18.4‰. The majority of nitrate in Dutch Flats study area appears to be derived from nitrification of ammonium in fertilizer and precipitation. Values from the 1G shallow well (δ18O-NO3− = 4.08‰, δ15N-NO3− = 18.4‰) and intermediate well (δ18O-NO3− = 0.33‰, δ15N-NO3− = 9.52‰) had higher nitrogen isotope composition in comparison to the other nine samples. Isotopically heavy δ15N-NO3− in Well 1G is consistent with nitrate from organic sources (i.e., manure), and is consistent with its proximity to an adjacent feedlot (Figure 7).




3.5. Biogeochemical Processes


Nitrate isotope composition, dissolved oxygen (DO), and DOC were used to indicate changes in biogeochemical activity affecting nitrate, such as denitrification. Results from DO and DOC may be referenced in Appendix A (Figure A1 and Figure A2). Nitrogen isotopes were collected and analyzed for their signatures in both 1998 and 2016 (Table 2). Samples from Well 1G-I were not available from the 1990s study. Denitrification could lead to increased δ15N-NO3−. However, data collected in 2016 generally displayed a leftward shift in δ15N-NO3− compared to 1998. Overall, results do not suggest an increase in denitrification rates throughout the region (Figure 8). Values from 1998 ranged 2.4 to 10.2‰, while 2016 ranged from −3.7 to 18.4‰. Of the 14 samples collected in 2016 for δ15N-NO3−, 12 samples had a 1998 counterpart. Eight samples show stable or even a slight decrease in δ15N-NO3− (average change = −6.0‰), while two, excluding two outliers at 1G-S, increased (average change = 0.8‰).



Two nitrate isotope sample results stand out, both from Well 1G. From 1998 to 2016, δ15N-NO3− in Well 1G-S­ increased from 2.4‰, to 17‰ and 18.4‰ in the spring and fall, respectively. It was noted during collection of groundwater in spring of 2016 that Well 1G-S had a yellow color, and spring-time sample collection occurred immediately after a large precipitation event. Thus, it is possible the organic nitrogen source of nitrate was a result of runoff. Increased nitrogen isotope composition in 1G-S indicates and increased influence of organic nitrogen sources, but could also suggest more prevalent microbiological activity coinciding with a decrease in dissolved oxygen (1998 = 5.6 mg O2 L−1, fall 2016 = 1.4 mg O2 L−1), although the groundwater was not strictly anoxic when samples in 2016. Dissolved organic carbon can serve as a mechanism driving microbial activity and denitrification, and within Well 1G-S, DOC increased from 1998 (2.9 mg C L−1) to 2016 (10.2 mg C L−1). Such increases indicate nitrogen from feedlot manure had little influence on samples collected in 1998, or yet to be in operation. Under anoxic conditions (DO < 0.5 mg O2 L−1), reduction of nitrate becomes favorable when concentrations are above 0.5 mg N L−1 [63]. It is possible recharge from high dissolved oxygen in canal water may prevent conditions from becoming anoxic at this site, and without canal leakage, denitrification could be higher.



Well 1L-D, located near North Platte River, had a water table approximately 2 m below the surface. This well had the largest 1998 (10.2‰) to 2016 (1.1‰) decrease in δ15N-NO3−, although DO (1998 = 0.1 mg O2 L−1, 2016 = 0.4 mg O2 L−1) indicated consistent anoxic conditions. Slightly higher 1998 concentrations of NO3-N and DOC, coupled with lower DO in 1998, may explain the larger δ15N-NO3− value. From further examination of δ15N-NO3− versus 1/[NO3−] and δ15N-NO3− versus ln[NO3−], mixing analyses (Figure A3) were inconclusive as to whether mixing of high- and low-[NO3−] groundwater or denitrification were factors influencing groundwater nitrate in the Dutch Flats area [64].




3.6. Analysis of Other Relevant Environmental Variables


Potential changes in relevant environmental variables were evaluated for time periods prior to the 1998 and 2016 studies (i.e., before and after the USGS study). Variables associated with recharge (precipitation and Interstate Canal discharge) and nitrate (planted corn area and fertilizer loads) were analyzed for statistically significant differences between the two time periods. Precipitation records used were from the Western Regional Airport in Scottsbluff, NE [38]. Annual volume of water diverted into the Interstate Canal was from a gage station approximately 1.6 km downstream of Whalen Diversion Dam in Wyoming [65]. Planted corn area and fertilizer loads are both estimates for Scotts Bluff County [66,67]. Due to limited fertilizer application data, two time periods, each 13 years, were compared from 1987 to 1999, and 2000 to 2012. All other variables were compared over 17-year periods prior to and after the completion of the 1990s USGS study. Datasets were determined to follow a normal distribution, and a two-sample t-test was used to evaluate statistically significant differences between two time periods for each variable (Table 4).



Besides precipitation (p = 0.11), each environmental variable was determined to be significantly different when comparing the two time periods. Both Interstate Canal discharge and fertilizer loads exhibited a reduction, while planted corn area increased between the time periods. The inverse relationship between planted corn area and fertilizer loads is interesting and perhaps suggests an improvement in fertilizer application management, or possibly higher uncertainties associated with county level fertilizer estimates. The reduction in discharge from the canal may be attributed to the change in irrigation management practices.




3.7. Further Discussion


Since the previous 1990s study, numerous environmental variables related to groundwater nitrate contamination have undergone changes, including shifts in irrigation practices and canal management. Center pivot irrigated area has increased an estimated 270% from 1999 to 2017 within Dutch Flats. Much of the increase has occurred on fields previously irrigated by furrow systems, although there has likely been an increase in overall irrigated acres as well. Scotts Bluff County total irrigated area statistics from the National Agricultural Statistics Service [68,69] estimated an increase in irrigated area over a similar time period (1997 = 70,075 hectares; 2012 = 80,611 hectares). A significant difference in the means was found when comparing volumes diverted into the Interstate Canal from 1983–1999 to 2000–2016. While precipitation also displayed decreasing trends, statistical analysis did not find a significant difference over the same period. With more efficient irrigation methods, less precipitation, and decreased canal discharge, a decrease in recharge rates would be expected. Although seven of the eight wells did have decreased recharge rates, the mean recharge rates from the two studies were not significantly different. This may be attributed to insufficient time passing between the two sampling periods.



Groundwater denitrification still does not appear to be a major process affecting nitrate attenuation in Dutch Flats since the previous study. Nitrate data collected in 2016 and compared to a small subset of results from the previous study identified a large scatter in data. Three 2016 samples (two from the same well) had high nitrate concentrations, making it difficult to compare trends from the two small datasets. Additional analysis of long-term nitrate data collected by the NPNRD suggests [NO3−] have decreased in most wells between 1998 and 2016. Further, two variables related to nitrogen inputs were evaluated during this study: hectares of planted corn and estimated fertilizer loads. The two variables showed significant differences in their means; planted corn area has increased, while fertilizer loads have decreased since the previous study.



Decreased recharge rates were hypothesized to have reduced nitrate concentrations in the Dutch Flats area. However, trends from this study suggest that: (1) improved irrigation efficiency and changes to canal management have yet to significantly influence recharge rates in Dutch Flats; and (2) [NO3−] are currently decreasing as a result of a combination of variables, perhaps including improved nitrogen management practices. The second point is further suggested by a significant increase in planted corn area, yet significant decrease in estimated fertilizer application in Scotts Bluff County. In other words, it is possible other variables beyond irrigation practice and canal management are currently driving the decreasing trends in groundwater [NO3−], consistent with other studies that emphasize the need to improve both water and nitrogen management in agricultural production [12,13,70,71]. It should be noted, however, that, while this study was unable to detect a significant reduction in recharge rates, limitations and uncertainties associated with groundwater age-dating and recharge calculations may make it difficult to identify a small but meaningful decrease. If future research were performed in a similar manner and found decreased recharge rates compared to this study, an even greater reduction in groundwater [NO3−] is likely to be observed.



It is noteworthy that an estimated increase in irrigated area from 1997 to 2012 is being supplemented by a decrease in annual volume of water diverted into the Interstate Canal, with little indication of increased groundwater withdrawals. Without increased precipitation, these trends, nonetheless, serve as potential evidence of the extent at which irrigation efficiency has improved. Simply put, it is possible less water is being applied to fields regionally, even with increases in irrigated area.



An interesting dynamic to consider is the high leakage potential from canals in this region, and their association with diluting groundwater [NO3−]. If future efforts are made to improve irrigation efficiency through lining canals, less artificial recharge will be supplied to the region. Ultimately, this could result in a declining water table elevation, where it has been found artificial recharge is important in restoring aquifer storage and improving groundwater quality [72]. Further, it is unknown how the impact these water management improvements may have on groundwater [NO3−]. For instance, less nitrate might leach below the root zone with continued advancements in irrigation efficiency, however, less artificial recharge from low-[NO3−] canal water would be present to dilute groundwater [NO3−].





4. Conclusions


The study area, known locally as the Dutch Flats, has undergone changes in numerous variables influencing groundwater attributes, on timescales similar to those of groundwater movement through the aquifer. This study exemplifies the ability to use intensive snapshot sampling, coupled with long-term continuous data, to evaluate groundwater trends. Varying results in both recharge and [NO3−] from this study promote supplementary, and possibly more expansive investigations in the Dutch Flats area. It is possible more time is required to observe changes in groundwater recharge rates. Accounting for lag time through the vadose and saturated zones, some portions of the aquifer may have yet to reflect how changes in environmental variables will impact groundwater quantity and quality. Future resampling in the study area would be beneficial, though carefully-designed long-term monitoring and/or sampling from more wells would offer a better comparison to the more comprehensive 1990s survey. With a vast dataset of nitrate data available through the NPNRD, additional analysis could be beneficial in the identification of variables within Dutch Flats most strongly related to groundwater [NO3−]. Existence of the long-term nitrate dataset, coupled with groundwater age-dating to establish a range of lag times, makes for an opportune setting for additional analytics such as machine learning algorithms or classification techniques.
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Table A1. Nitrate data from current study, North Platte Natural Resources District, and Nebraska Agricultural Contaminant Database. This dataset was used to create comparisons in Table 3 and Figure 6.
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	Well ID
	1990s [NO3−] *

(mg N L−1)
	2008 [NO3−]

(mg N L−1)
	2016 [NO3−]

(mg N L−1)





	10A-S
	1.4
	0.0
	0.0



	10E-S
	16.5
	5.4
	0.0



	10K-S
	7.6
	3.9
	4.4



	10M-S
	9.5
	4.5
	6.4



	10N-S
	3.0
	2.1
	0.0



	1C-S
	9.9
	8.7
	9.5



	1E-S
	13.7
	13.4
	33.5



	1G-S
	8.6
	9.7
	34.5



	1H-S
	11.3
	8.1
	13.7



	1J-S
	16.3
	11.4
	13.8



	1M-S
	10.9
	10.4
	16.1



	1N-S
	3.3
	2.1
	4.3



	2E-S
	4.9
	3.2
	4.7



	2F-S
	16.1
	0.9
	30.5



	2J-S
	12.4
	8.0
	8.8



	3B-S
	2.6
	0.3
	0.0



	3C-S
	1.8
	0.0
	3.8



	3F-S
	4.8
	27.7
	0.5



	4A-S
	0.5
	0.5
	0.7



	5A-S
	2.9
	2.3
	1.4



	5B-S
	0.9
	1.9
	2.2



	5D-S
	11.1
	8.8
	6.5



	5F-S
	4.7
	4.6
	3.5



	5G-S
	11.4
	13.3
	19.8



	6C-S
	4.8
	5.6
	5.9



	6D-S
	19.2
	20.9
	26.4



	6E-S
	8.9
	5.1
	6.3



	6F-S
	3.6
	0.7
	0.9



	6G-S
	2.1
	1.8
	1.7



	6H-S
	3.6
	4.3
	3.5



	6M-S
	4.5
	8.1
	6.4



	6N-S
	6.9
	9.1
	5.7



	7A-S
	5.3
	3.8
	3.3



	7B-S
	6.5
	8.7
	2.6



	7C-S
	14.3
	14.2
	11.2



	7D-S
	3.3
	1.3
	5.0



	7H-S
	14.2
	10.6
	17.8



	8B-S
	5.3
	4.6
	11.3



	8C-S
	5.6
	4.7
	5.7



	8D-S
	5.4
	4.7
	6.5



	8E-S
	0.1
	0.0
	0.0



	8G-S
	1.4
	1.8
	5.0



	9D-S
	5.4
	1.2
	0.0



	9E-S
	9.6
	8.7
	6.4



	11D-M
	2.7
	2.3
	2.2



	1C-M
	3.0
	4.8
	5.7



	1E-M
	9.0
	7.1
	4.6



	1G-M
	9.6
	4.0
	7.1



	1H-M
	4.0
	3.1
	3.5



	1J-M
	7.8
	9.2
	4.0



	1M-M
	11.9
	5.9
	12.9



	2C-M
	2.3
	1.6
	2.3



	2D-M
	5.0
	1.9
	1.3



	2F-M
	19.8
	12.1
	21.4



	2J-M
	9.4
	8.9
	4.7



	2L-M
	4.8
	4.8
	1.4



	3C-M
	1.1
	1.3
	0.9



	3E-M
	7.9
	10.0
	9.2



	3F-M
	6.2
	12.1
	0.0



	5B-M
	0.9
	0.6
	0.6



	10A-D
	3.6
	6.5
	9.4



	10E-D
	5.2
	5.1
	4.1



	10K-D
	5.0
	5.3
	6.2



	10M-D
	9.4
	5.9
	7.6



	11A-D
	4.8
	3.9
	4.2



	1C-D
	2.4
	3.0
	4.3



	1E-D
	2.3
	3.6
	3.1



	1G-D
	8.9
	4.0
	6.2



	1L-D
	4.9
	6.3
	1.1



	2C-D
	2.8
	2.4
	1.9



	2D-D
	1.4
	1.2
	1.4



	2F-D
	3.1
	3.1
	3.8



	2L-D
	1.6
	1.3
	1.0



	3B-D
	1.2
	0.5
	0.3



	3C-D
	1.2
	1.1
	1.6



	3E-D
	3.7
	3.7
	3.9



	3F-D
	11.5
	5.7
	4.7



	5B-D
	0.9
	0.8
	0.6



	6G-D
	6.2
	1.3
	2.0



	6H-D
	0.1
	0.9
	0.6



	6M-D
	2.4
	1.1
	1.4



	7A-D
	1.9
	1.7
	1.7



	7C-D
	5.8
	9.4
	5.7



	7D-D
	3.7
	3.3
	4.1



	8D-D
	5.7
	5.4
	8.1



	9D-D
	2.8
	3.1
	3.1



	9E-D
	5.5
	4.6
	3.4







Note: * Value shown is from 1998 or 1999, or the average from the two years.
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Figure A1. Comparison of groundwater dissolved oxygen (DO) in 2016 to 1998, where DO was mostly similar between both studies. 
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Figure A2. Comparison of [NO3−] in 2016 and 1998 to dissolved organic carbon (DOC). Large [NO3−] and DOC at Well 1G-S are consistent with isotopes indicating high organic nitrogen source. 
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Figure A3. Evaluating whether δ15N-NO3− suggests processes of mixing high- and low-[NO3] groundwater in: (a) 1998; and (b) 2016; or groundwater denitrification in: (c) 1998; and (d) 2016 [64]. Simple groundwater mixing nor denitrification were indicated from the composition of nitrogen isotopes throughout the Dutch Flats. 
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Figure 1. Site description: (a) location of Dutch Flats area within Nebraska’s North Platte Natural Resources District, including water table elevation contours [43]; and (b) representative cross-section along well transect with mid-screen elevations at each well nest. Elevations were derived from previous Dutch Flats studies [11,31]. Red well screens indicate locations where the current study collected groundwater samples. Site 2D, shown with a dashed line and in parenthesis, is situated behind 1C, or into the page, and is located above the base of aquifer in its respective location. A small feedlot is directly adjacent to Well 1G. 
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Figure 2. Apparent groundwater age determined in 2016 compared to apparent groundwater ages determined in 1998. Error bars are ±1σ from 2016 analysis using the International Atomic Energy Agency (IAEA) model. 
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Figure 3. Comparison of 1998 and 2016 recharge rates categorized by shallow, intermediate, and deep well depths. 
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Figure 4. Comparison of nitrate concentrations from five well nests sampled in 2016 and 1998 (n = 14). Labels indicate the three wells with high 2016 [NO3−]. 
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Figure 5. Nitrate data from 1998 to 2016 (n = 987) collected and/or maintained by the North Platte Natural Resources District, Nebraska Agricultural Contaminant Database, and the current study: (a) a Box-and-Whisker plot of all nitrate data, including the number of samples collected each year (referenced above the maxima) and long-term median of each annual median; and (b) mean and median of normalized annual Dutch Flats groundwater nitrate. 
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Figure 6. Comparison of groundwater [NO3−] (mg N L−1) from samples collected in 1998 and/or 1999 in shallow, intermediate, and deep wells to: (a) 2008 [NO3−] in shallow wells (n = 44); (b) 2016 [NO3−] in shallow wells (n = 44); (c) 2008 [NO3−] in intermediate depth wells (n = 16); (d) 2016 [NO3−] in intermediate depth wells (n = 16); (e) 2008 [NO3−] in deep wells (n = 27); and (f) 2016 [NO3−] in deep wells (n = 27). 
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Figure 7. Determining sources of nitrogen in Dutch Flats area from oxygen and nitrogen isotopic ratios in nitrate. Figure labels are modified from Kendall [62]. 
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Figure 8. Comparison of [NO3−] and δ15N-NO3− for 1998 and 2016 field data. Far right data points are from Well 1G-S and suggest organic nitrogen source. 
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Table 1. Apparent groundwater (GW) age from both 1998 and 2016 based on 3H/3He age estimates. Recharge rates were estimated with a linear equation in all cases, and with an exponential (Exp.) equation for intermediate wells.
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Well ID

	
Böhlke et al. [11]

	
Current Study




	
Depth (m) *

	
GW Age (years)

	
Recharge—Linear (m/year)

	
Recharge—Exp. (m/year)

	
Depth (m)*

	
GW Age (years)

	
Recharge—Linear (m/year)

	
Recharge—Exp. (m/year)






	
1E-S

	
2.4

	
5.4

	
0.16

	
n.d.

	
1.9

	
4.9

	
0.13

	
n.d.




	
2D-S

	
4.9

	
2.8

	
0.61

	
n.d.

	
2.4

	
5.4

	
0.15

	
n.d.




	
1E-I

	
15.7

	
20.2

	
0.27

	
0.38

	
14.5

	
20.9

	
0.24

	
0.34




	
2D-I

	
25.8

	
11.3

	
0.80

	
1.2

	
22.6

	
20.5

	
0.39

	
0.56




	
1C-D

	
20.3

	
12.0

	
0.59

	
n.d.

	
19.4

	
12.0

	
0.57

	
n.d.




	
1E-D

	
29.4

	
31.5

	
0.33

	
n.d.

	
28.3

	
47.0

	
0.21

	
n.d.




	
1L-D

	
28.5

	
20.5

	
0.49

	
n.d.

	
30.3

	
20.2

	
0.53

	
n.d.




	
2D-D

	
44.3

	
20.9

	
0.74

	
n.d.

	
41.1

	
23.9

	
0.60

	
n.d.




	
Mean:

	

	
15.6

	
0.50

	

	

	
19.3

	
0.35

	




	
Std. Dev.:

	

	
9.5

	
0.23

	

	

	
13.3

	
0.19

	








Note: * Depth given as depth to mid-screen below water table; n.d., no data; S, Shallow well; I, Intermediate well; D, Deep well; Std. Dev., Standard Deviation.
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Table 2. Nitrate nitrogen and nitrogen isotopic ratio of nitrate from samples collected in 1998 and compared to 2016 samples, at well nests where age-dating was also conducted. Samples collected in 2016 were mostly analyzed for δ18O-NO3−, as shown.
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Well ID

	
Böhlke et al. [11]

	
Current Study




	
Date Sampled

	
δ15N-NO3− (‰)

	
[NO3−] (mg N L−1)

	
Date Sampled

	
δ15N-NO3− (‰)

	
[NO3−] (mg N L−1)

	
δ18O-NO3 (‰)






	
1G-S

	
27 August 1998

	
2.4

	
8.8

	
18 April 2016

	
17.0

	
46.8

	
n.d.




	
1G-I

	
27 August 1998

	
n.d.

	
10.6

	
18 April 2016

	
2.6

	
7.2

	
n.d.




	
1G-D

	
27 August 1998

	
2.5

	
8.0

	
18 April 2016

	
3.3

	
6.2

	
n.d.




	
2D-S

	
27 August 1998

	
5.7

	
8.3

	
16 August 2016

	
0.5

	
9.7

	
−4.5




	
2D-I

	
27 August 1998

	
5.6

	
5.1

	
16 August 2016

	
2.2

	
1.3

	
−9.16




	
2D-D

	
27 August 1998

	
4.9

	
1.4

	
16 August 2016

	
−2.9

	
1.4

	
−6.96




	
1E-S

	
24 August 1998

	
2.9

	
15.8

	
16 August 2016

	
−1.6

	
45.2

	
−5.45




	
1E-I

	
24 August 1998

	
2.7

	
10.8

	
16 August 2016

	
−1.3

	
3.6

	
−6.6




	
1E-D

	
24 August 1998

	
4.1

	
2.5

	
16 August 2016

	
−3.7

	
3.1

	
−5.37




	
1L-D

	
25 August 1998

	
10.2

	
2.4

	
17 August 2016

	
1.1

	
1.1

	
−3.67




	
1C-I

	
27 August 1998

	
4.2

	
2.5

	
17 August 2016

	
4.9

	
5.3

	
−7.27




	
1C-D

	
24 August 1998

	
4.5

	
2.5

	
17 August 2016

	
−2.0

	
3.8

	
−8.38




	
1G-S

	
27 August 1998

	
2.4

	
8.8

	
12 October 2016

	
18.4

	
22.1

	
4.08




	
1G-I

	
27 August 1998

	
n.d.

	
10.6

	
12 October 2016

	
9.5

	
6.9

	
0.33








Note: n.d., no data; S, Shallow well; I, Intermediate well; D, Deep well.
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Table 3. The mean and median groundwater [NO3−] (mg N L−1) for 1998 and/or 1999, 2008 and 2016. The calculated p-values are from Mann–Whitney tests comparing the medians between the three time periods.
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Well Depth

	
Shallow (n = 44)

	
Intermediate (n = 16)

	
Deep (n = 27)




	
1990s *

	
2008

	
2016

	
1990s *

	
2008

	
2016

	
1990s *

	
2008

	
2016






	
Mean

	
7.2

	
6.2

	
8.0

	
6.6

	
5.6

	
5.1

	
4.0

	
3.5

	
3.5




	
Median

	
5.4

	
4.7

	
5.3

	
5.6

	
4.8

	
3.7

	
3.6

	
3.3

	
3.4




	
Mann–Whitney Test

	
Years

	
p-value

	
Years

	
p-value

	
Years

	
p-value




	
1990s *–2008

	
0.15

	
1990s *–2008

	
0.66

	
1990s *–2008

	
0.68




	
1990s *–2016

	
0.49

	
1990s *–2016

	
0.17

	
1990s *–2016

	
0.62




	
2008–2016

	
0.70

	
2008–2016

	
0.38

	
2008–2016

	
0.94








Note: * Value shown is from 1998 or 1999, or the average from the two years.
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Table 4. Summary of statistical analysis evaluating variables potentially influencing groundwater quantity and quality. p-values were determined from two-sample t-tests.
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Variable

	
Mean (±std)

	
p-Value






	

	
Year: 1983–1999

	
Year: 2000–2016

	




	
Precipitation (mm)

	
431 (±97)

	
370 (±118)

	
0.11




	
Interstate Canal Discharge (km3/year)

	
0.52 (±0.08)

	
0.44 (±0.08)

	
0.007 *




	
Planted Corn Area (hectares)

	
29,471 (±2568)

	
34,217 (±2608)

	
<0.001 *




	

	
Year: 1987–1999

	
Year: 2000–2012

	




	
Fertilizer Loads (kg)

	
11,503,061 (±1,150,187)

	
9,540,057 (±1,222,507)

	
<0.001 *








Note: * Statistically significant difference between two time periods (α = 0.05).
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