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Abstract 15 

 Quantifying the effects of anthropogenic processes on groundwater in arid regions can be 16 

complicated by thick unsaturated zones with long transit times. Human activities can alter water 17 

and nutrient fluxes, but their impact on groundwater is not always clear.  This study of basins in 18 

the Trans-Pecos region of Texas links anthropogenic land use and vegetation change with 19 

alterations to unsaturated zone fluxes and regional increases in basin groundwater NO3
- 20 

concentrations.  Median increases in groundwater NO3
- (by 0.7-0.9 mg-N/l over periods ranging 21 

from 10 to 50+ years) occurred despite low precipitation (220-360 mm/yr), high PET (~1570 22 

mm/yr), and thick unsaturated zones (10-150+ m).  Recent model simulations indicate net 23 

infiltration and groundwater recharge can occur beneath Trans-Pecos basin floors and may have 24 

increased due to irrigation and vegetation change.  These processes were investigated further 25 

with chemical and isotopic data from groundwater and unsaturated-zone cores.  Some 26 

unsaturated zone solute profiles indicate flushing of natural salt accumulations has occurred.  27 

Results are consistent with human-influenced flushing of naturally accumulated unsaturated zone 28 

nitrogen as an important source of NO3
- to the groundwater.  Regional mass balance calculations 29 

indicate the mass of natural unsaturated zone NO3
- (122-910 kg-N/ha) was sufficient to cause the 30 

observed groundwater NO3
- increases, especially if augmented locally with the addition of 31 

fertilizer N.  Groundwater NO3
- trends can be explained by small volumes of high NO3

- modern 32 

recharge mixed with larger volumes of older groundwater in wells.  This study illustrates the 33 

importance of combining long-term monitoring and targeted process studies to improve 34 

understanding of human impacts on recharge and nutrient cycling in arid regions, which are 35 

vulnerable to the effects of climate change and increasing human reliance on dryland 36 

ecosystems.       37 
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1. Introduction 41 

 Effects of anthropogenic land use and vegetation changes on groundwater recharge 42 

processes and regional groundwater quality in arid and semi-arid climates is an important topic 43 

of research (e.g., Newman et al., 2006a).  While impacts of humans on surficial hydrological 44 

processes and biogeochemical cycling in drylands have been extensively studied (e.g., Barnett et 45 

al., 2008; Evans and Belnap, 1999), less attention has focused on linking surface processes to 46 

impacts on groundwater, especially in areas with thick unsaturated zones (e.g., Scanlon et al., 47 

2005).  This arises in part from the common assumption that as a result of high annual potential 48 

evapo-transpiration (PET), low annual precipitation, and thick unsaturated zones, changes at the 49 

land surface are largely disconnected from the underlying groundwater (e.g., Walvoord et al., 50 

2002a; Newman et al., 2006b; Pool and Dickinson, 2006).  However, this assumption may not 51 

hold in some cases because of localized or transient infiltration (e.g., Izbicki et al., 2000; 52 

Stonestrom et al., 2003; McMahon et al., 2006), or irrigation return flow.  Millennial scale 53 

accumulation of unsaturated zone salts in arid and semi-arid regions is a well-documented 54 

phenomenon (e.g., Phillips, 1994; Walvoord et al., 2003; Scanlon et al., 2005) and mobilization 55 

of these salts through increasing infiltration could impact groundwater quality.   56 

 Land use changes and human-induced vegetation shifts in drylands have the potential to 57 

alter the flux of water and chemical constituents (e.g., nutrients, chloride) by altering runoff, 58 

infiltration, ET demand, and assimilation.  For example, irrigation can enhance recharge, lead to 59 

degradation of groundwater quality, and alter vadose zone salinity (e.g., Causapé et al., 2004; 60 

Scanlon et al., 2006; Böhlke et al., 2007; Scanlon et al., 2010; Giménez et al.,2016).  61 

Additionally, shifts in vegetation type, cover, and density have the potential to alter water 62 

balances and water quality (e.g., Aguiar et al.,1996; Adams et al., 2012; Dawes et al.,2012).  63 
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Over-grazing, as an example, thins plant and root density, increases bare-ground cover, and 64 

allows for shrub encroachment (Archer, 1994; Van Auken, 2000; Naito and Cairns, 2011) that 65 

can alter evaporation, transpiration, infiltration rates, water table depths, and runoff (e.g., 66 

Scanlon et al., 2005) as well as change how nutrients are cycled and stored in the vadose zone 67 

(e.g., Dubeux et al.,2007; Mekuria et al.,2007; Meglioli et al.,2014). 68 

This study addresses the following general questions: 69 

1) Have anthropogenic changes to vegetation altered unsaturated zone physical and chemical 70 

properties in inter-drainage areas of arid basins, and 71 

2) Can surficial vegetation and land use changes cause temporal trends in regional groundwater 72 

chemistry, despite an arid climate and thick unsaturated zone?     73 

 The focus of this study is a set of fault-bounded sedimentary basins in the Trans-Pecos 74 

region of Texas (Fig.1, S1).  Studies in semi-arid climates with relatively shallow water tables (< 75 

20 m) have shown links between human alteration of vegetation and the quantity and quality of 76 

underlying groundwater (e.g., McMahon et al., 2006; Scanlon et al., 2010); prior research in arid 77 

regions with thick unsaturated zones (10-150+ m) has focused more on unsaturated zone 78 

moisture and solute flux.  Previous studies of the inter-drainage unsaturated zone in unirrigated 79 

areas of the Trans-Pecos basin system have documented the presence of caliche (carbonate-80 

cemented zones), high concentrations of Cl- and NO3
- beneath the root zones, high (absolute) 81 

matric potential, and low water content (e.g., Scanlon 1991; Walvoord and Philips, 2004).  82 

Estimates of enhanced infiltration due to irrigation return-flow in the Amargosa Desert (NV) and 83 

High Plains (TX) (e.g., Stonestrom et al., 2003; Scanlon et al., 2005) have shown the potential 84 

for mobilization of unsaturated zone salts in systems similar to the Trans-Pecos basins, but those 85 

studies did not include documented effects on regional groundwater quality.   86 
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Historic accounts of explorers prior to European settlement in the Trans-Pecos region 87 

describe a vegetation regime different than that observed today.  Formerly, dense grasslands with 88 

interspersed shrubs and succulents covered the basin floors.  A combination of over-grazing 89 

(onset circa 1880), fire suppression, and regional climatic shifts have led to the conversion of 90 

grasslands to shrublands, woody vegetation encroachment, an increase in bare-ground cover, and 91 

decreases in root depth and density of basin floor grasses (e.g., Humphrey, 1958; Buffington and 92 

Herbel, 1965; Grover and Musick, 1990).  Additionally, irrigated agriculture (using 93 

groundwater) locally has changed vegetation type and density and added N to the system (from 94 

fertilizer). Between 1950 and the late 1970’s, irrigated agriculture (up to 20% of basin floor area 95 

in some basins) replaced native vegetation with cotton, hay, and pecan trees.  Over-extraction for 96 

irrigation led to a water crisis in the late 1970’s; in some areas, the water table was drawn down 97 

by as much as 25 m (Beach et al., 2004) and land was subsequently converted to grazing pasture 98 

or left fallow.  As of 2006, only ~5% of basin floor area was irrigated, with row crops covering a 99 

larger area (91% of irrigated land) than pecan orchards (9%) (Fry et al., 2011).   100 

 Despite the presence of thick unsaturated zones and mean annual PET exceeding mean 101 

annual precipitation (1570 mm/yr vs 220-360 mm/yr), land use and vegetation changes in the 102 

Trans-Pecos basins appear to have affected underlying groundwater quality; basin groundwater 103 

NO3
- concentrations have generally increased between 1950 and 2011, with a median increase 104 

(among wells with multiple samples collected over the time period (n = 93) of 0.8 mg/l (NO3
- as 105 

N), or approximately 40.5% of the median modern concentration (Robertson and Sharp, 2013a).  106 

Changes in groundwater NO3
- were spatially variable. Overall, increases were larger beneath 107 

land with ongoing or past history of irrigated agriculture, but increases were also documented 108 

beneath land with no history of irrigation (Fig. 2).   109 
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 The majority of modern basin recharge in the Trans-Pecos system comes from mountain 110 

front/block zones and through discrete features within the basins (episodic runoff to and 111 

subsequent infiltration in topographic depressions and ephemeral channels) (Scanlon 1991; 112 

Beach et al., 2004; Robertson and Sharp, 2013b, 2015).  However, spatially distributed models 113 

of net infiltration in the Trans-Pecos Basins indicate that 1) a significant portion of recharge can 114 

potentially occur through the basin floors (Fig. 1); 2) basin-floor infiltration can result from both 115 

natural (i.e., precipitation) and anthropogenic (i.e., irrigation return-flow) sources; and, 3) 116 

infiltration may have increased as a result of vegetation change (e.g., increase in bare-ground 117 

cover, decrease in grass density, or conversion of grasslands to shrubland) (Robertson and Sharp, 118 

2013b, 2015).  Increased infiltration as a result of vegetation and land use changes on the basin 119 

floor may have caused changes in unsaturated zone characteristics and regional groundwater 120 

quality in the Trans-Pecos basins over time.  The purpose of this study is to evaluate this 121 

hypothesis further by 1) examining chemical and isotopic data from soils, unsaturated zone pore-122 

water leachates, and groundwater for evidence of infiltration and NO3
- sources, and 2) using N 123 

mass balance estimates. 124 

2. Site Description 125 

 The Trans-Pecos basin aquifer system is located in the Chihuahuan Desert in far west 126 

Texas (Fig. 1).  The unconsolidated basin aquifers consist of Late Tertiary and Quaternary 127 

alluvial and wind-blown sediments (Barnes, 1979, 1983; Fig. S2).   Soil horizons are typically 1-128 

1.5 m on the basin floors (Soil Survey Staff [n.d.], accessed 2012).  Depth to water in the basins 129 

ranges from ~10 m near the edges to greater than 150 m in the basin centers (Beach et al., 2004, 130 

2008).  The aquifers are hydrologically connected; groundwater flow between basins has been 131 

documented by previous research, moving generally from Lobo/Ryan Flats towards Wild 132 
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Horse/Michigan Flats (e.g., Sharp, 1989, 2001; Uliana et al., 2007).  Groundwater residence 133 

times are estimated to be on the order of thousands of years (e.g., Uliana et al., 2007).  134 

Underlying the unconfined basin aquifers are semi-confined and confined water bearing units 135 

consisting of Permian and Cretaceous sedimentary and Tertiary volcanic rocks (Beach et al., 136 

2004, 2008). 137 

3. Methods 138 

 In order to examine whether land use and vegetation changes at the land surface affected 139 

unsaturated zone characteristics and regional groundwater quality, this study combined datasets 140 

of land use and agricultural activity (based on the National Land Cover Database (NLCD) 141 

derived from the U.S. Geological Survey [USGS] Multispectral Scanner [Fry et al., 2011], and 142 

oral accounts provided by landowners) with datasets of regional groundwater quality and 143 

analyses of major ions and isotopic composition of sediment N and NO3
- in groundwater samples 144 

(83 locations) and unsaturated zone core samples (8 locations).  Ratios of Cl-/Br- and NO3
-/Cl- 145 

were used in combination with the isotope data to infer the source(s) of water and NO3
- to the 146 

basin aquifers.  These results were then analyzed in context of other studies in the Trans-Pecos 147 

(e.g., Walvoord et al., 2003) and similar systems (e.g., Scanlon et al.,2010).     148 

3.1 Sampling 149 

 Groundwater samples were collected and analyzed for major anions and isotopic 150 

composition of nitrogen and oxygen in dissolved NO3
- (δ15N-NO3

- and δ18O-NO3
-, respectively)  151 

during summer 2011; all samples (n=83) with the exception of one were collected from 152 

continuously pumping wells (Fig. S3).  Depths of sampled wells ranged from 40-366 m, and 153 

completion records indicate that most wells were screened throughout the saturated zone (the 154 

water table ranged from 30 to 80 m below land surface) [Texas Water Development board [n.d.], 155 
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accessed 2013].  Samples were filtered into high-density polyethylene (HDPE) bottles and 156 

chilled for a maximum of 4 days before freezing.  Temperature, conductivity, and pH were 157 

measured in the field; select wells (n=15) were also measured for dissolved oxygen (DO).   158 

 Unsaturated zone cores were collected in October 2012 using a GeoProbe™.  A total of 8 159 

cores were collected; 2 from land used exclusively for grazing (GR), 1 from land that changed 160 

(circa 1980) from irrigated row crops to grazing (IRCGR), 1 from land that changed (circa 161 

1990) from irrigated row crops to irrigated orchard (IRCIO), 2 from land used since the 1960’s 162 

for irrigated orchards (IO), and 2 from land used since the 1960’s for irrigated row crops (IRC) 163 

(Fig. 1; Table 1; SI dataset).  Data are presented for 5 of the cores; data from the replicate land 164 

use cores (e.g., the second GR, IRCIO, and IO cores) are available in the SI dataset.  Cores 165 

were collected to depths of 3.6-11.6 m; presence of a caliche layer at 3-5 m depth beneath the 166 

grazed land (GR) prevented collection of a full (10+ m) core. The cores were immediately sealed 167 

inside their collection liners with end caps and kept chilled for 1-4 days in the field before 168 

freezing. 169 

3.2 Core sample preparation 170 

 Cores were frozen (-8ºC) in the lab prior to preparation.  Cores were divided into sections 171 

(0.15-m intervals in the top 1.2 m, 0.3-m intervals for the remainder), which were weighed, 172 

oven-dried for 24 hours at 125-150 ºC, and re-weighed to measure water content.  Each 0.15-173 

m/0.3-m section was homogenized after oven-drying.  Sub-samples (0.05-0.07 g per 174 

homogenized 0.15-m section) from the top 1.2 m were analyzed for bulk sediment total nitrogen 175 

(TN) concentration and δ15N.  Pore-water leachates containing soluble salts were produced from 176 

each section by combining 25 g dried sediment with 40 g de-ionized water, shaking for 4 hours, 177 

centrifuging and filtering the supernatant. 178 
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3.3 Laboratory Analyses  179 

 Major anion concentrations of pore-water leachates and groundwater were analyzed using 180 

ion chromatography at The University of Texas Bureau of Economic Geology.  Groundwater 181 

samples were not diluted prior to analysis.  Pore-water leachates were diluted by a factor of 10 182 

prior to analysis in order to bring them within the normal measurement range.  Minimum 183 

detection limit (in analyzed samples) for all analytes was 0.01 mg/l.  Total nitrogen 184 

concentrations and isotope ratios of sediment N and N and O in NO3
- (groundwater and pore-185 

water leachate) were analyzed by the University of California, Davis Stable Isotope Facility.  N 186 

isotope analysis in sediments was performed using a Micro Cube elemental analyzer and PDZ 187 

Europa 20-20 isotope ratio mass spectrometer (IRMS).   Details of the procedure are available at: 188 

http://stableisotopefacility.ucdavis.edu/13cand15n.html.  The Pseudomonas aureofaciens 189 

denitrifier method was used to convert dissolved NO3
- into N2O gas (Casciotti et al., 2002).  190 

Isotope ratios of N and O in the resultant N2O were measured with a ThermoFinnigan 191 

GasBench+PreCon trace gas concentration system and a ThermoScientific Delta V Plus IRMS.  192 

Procedural details are online at http://stableisotopefacility.ucdavis.edu/no3.html.  N and O 193 

isotopic analyses were calibrated by analyzing isotopic reference materials (USGS 32, USGS 34, 194 

and USGS 35) as samples with assumed values of δ15N (with respect to AIR N2) and δ18O (with 195 

respect to VSMOW) given in Böhlke and Coplen, (1995) and Böhlke et al., (2003).  196 

4. Results 197 

4.1 Unsaturated Zone Characteristics 198 

 Water content in the cores of the Trans-Pecos basins ranged from ~2 to 18% by mass 199 

(Fig. 3).  Water content was generally higher in profiles beneath land with current or past 200 

irrigation.  A caliche layer was present in the cores from grazing-only areas at 3-5 m depth, but 201 

http://stableisotopefacility.ucdavis.edu/13cand15n.html
http://stableisotopefacility.ucdavis.edu/no3.html
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was absent from all cores from areas with ongoing or past irrigation.  Bulges of elevated Cl- 202 

concentration were observed in most cores, though the depth and magnitude of peak 203 

concentration varied (Fig. 3).   Bulges of elevated NO3
- concentration were observed in the IO 204 

and IRCIO cores, but were not present in the IRC, GR, or IRCGR cores.  The concentration 205 

of NO3
- was high in the surface sample of the IRC core but decreased to less than 10 mg/kg 206 

beneath the surface. 207 

Bulk soil samples (0-1.2 m depth) had total nitrogen (TN) concentrations of 271-3839 208 

mg/kg (median: 686.4 mg/kg).  Soil TN concentrations were similar among the cores, regardless 209 

of land use (Table 1), though TN in the IRC core was slightly higher than in the other cores.  210 

Leachable NO3
- represented between 1 and 70% (median: 11%) of the TN concentration at 211 

corresponding sample depths (SI Dataset), indicating most of the soil N was in reduced forms 212 

(organic matter and/or NH4
+).  Depths of peak pore-water leachate NO3

- and peak TN 213 

concentrations coincided in one of the GR cores and in the IRC core, but generally were not well 214 

correlated (Table 1). 215 

4.2 Cl-/Br- Ratios  216 

 Concentrations of Cl- and Br- in pore-water leachates and groundwater were evaluated for 217 

information about source(s) of water and solutes, and process(es) (e.g., evaporation, mixing) that 218 

may have occurred during transport.  The Cl-/Br- (molar) ratios of Trans-Pecos groundwater were 219 

higher than those reported in far west Texas precipitation (24-167 (Scanlon et al., 2003)) (Fig. 220 

4a).  In Lobo/Ryan Flats the majority of samples had low Cl- (less than 75 mg/l) and Cl-/Br- 221 

between 175 and 300.  In Wild Horse/Michigan Flats, Cl- ranged from ~30 to ~550 mg/l with Cl-222 

/Br- of 275-3000.  Slightly elevated Cl-/Br- ratios associated with relatively low Cl- 223 

concentrations in the Lobo/Ryan Flats groundwater could indicate cross-formational flow 224 
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between the unconfined basin aquifer and the underlying Igneous Rock aquifer, though the 225 

uncertainty of Br- concentrations near the detection limit in some of these samples may have 226 

resulted in anomalously high ratios (Fig. 4a) (Texas Water Development Board [n.d.], accessed 227 

2013).  In Wild Horse/Michigan Flats basin groundwater, substantially higher Cl- concentrations 228 

and Cl-/Br- ratios are consistent with halite dissolution or mixing with saline water resulting from 229 

halite dissolution (Davis et al., 1998) and may indicate either dissolution of buried playa deposits 230 

(common in the region- Angle, 2001; Beach et al., 2004) or cross-formational fluid migration 231 

from the underlying Capitan Reef formation (Fig. 4a).   232 

 Unsaturated zone pore-water leachates had Cl-/Br- ratios that ranged from typical 233 

precipitation values to values consistent with Trans-Pecos groundwater (Fig. 4b).   Most of the 234 

leachate profiles have patterns roughly consistent with variable evapotranspiration (e.g., 235 

increasing Cl- concentration with relatively constant Cl-/Br- ratio; Fig 4b).  Relatively high Cl-236 

/Br- ratios in the top meter of the IRCGR, IRCIO, and IO cores (and between 6-7 m in the 237 

IRCIO core) indicate mixing with additional sources of Cl- (Fig. 4c), which could be natural 238 

unsaturated zone salt reservoirs or basin groundwater used for irrigation.  Because of the overlap 239 

in Cl-/Br- ratios, it is difficult to estimate downward moisture flux rates in the unsaturated zone 240 

based solely on these values, though the absence (and displacement) of Cl- bulges in irrigated 241 

cores indicates flushing of unsaturated zone salt accumulations. 242 

 4.3 NO3
-/Cl- Ratios 243 

 Based on the assumption that Cl- is non-reactive in the unsaturated zone, the amounts of 244 

NO3
- and Cl- in pore-water leachates and groundwater can be used to examine processes that 245 

may have added or removed labile N from the unsaturated zone.  The groundwater samples had 246 

NO3
- concentrations (mg/l as N) in excess of concentrations reported in modern wet atmospheric 247 
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deposition, including potential contributions from oxidation of deposited NH4
+ (mg NO3

-+ NH4
+ 248 

as N/l of precipitation) (Fig. 5a); this is attributed to a combination of evapotranspiration (ET) 249 

and addition of N in the form of fertilizers or N2 fixation, with subsequent re-mineralization and 250 

nitrification prior to recharge.  ET concentration alone cannot account for the range of NO3
-/Cl- 251 

ratios observed in the groundwater samples.  In fig. 5b, NO3
- and Cl- concentrations in Trans 252 

Pecos groundwater samples are compared with lines of constant NO3
-/Cl- ratio representing 253 

hypothetical effects of ET or dilution of atmospheric deposition, median Trans-Pecos 254 

groundwater, and irrigation water amended with average fertilizer loads.  The hypothetical NO3
-255 

/Cl- ratio for amended irrigation water was calculated by adding mean reported fertilizer inputs 256 

(based on agricultural census data for cotton (92 kg-N/ha); U.S. Department of Agriculture 257 

[n.d.], accessed 2013) to the median NO3
-/Cl- ratio of Wild Horse/Michigan Flats and Lobo/Ryan 258 

Flats basin groundwater.  Major deviations of samples away from hypothetical lines of constant 259 

NO3
-/Cl- could indicate additional N inputs (above line) or losses (below line), though it is also 260 

likely that many samples had increased Cl- concentration due to water-rock interaction and/or 261 

cross-formational flow (fig. 4). 262 

Most groundwater samples had much lower NO3
-/Cl- ratios than atmospheric deposition 263 

and amended irrigation water (fig. 5a), consistent with relatively efficient N sequestration or loss 264 

in soils.  The unsaturated-zone samples had highly variable NO3
-/Cl- ratios that overlapped in 265 

part with the groundwater values (Fig. 5b).  The GR and IRCGR unsaturated zone pore-water 266 

leachates were relatively depleted in NO3
- with respect to the wet modern atmospheric deposition 267 

line (Fig. 5c), similarly to most of the groundwater samples.  This is consistent with efficient 268 

uptake of labile N in vegetation and soil organic matter, but (in the case of the IRCGR core) 269 

may also partially result from added Cl- in groundwater applied during previous irrigation.  In 270 
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contrast, unsaturated-zone pore-water leachates from irrigated agricultural areas (especially IRC 271 

and IRCIO) had NO3
-/Cl- ratios indicating less relative NO3

- depletion (Fig. 5c).  Cores from 272 

irrigated areas also had the highest leachate NO3
- concentrations (Fig. 3).  Less efficient N 273 

cycling and higher NO3
-/Cl- ratios in soils would be consistent with enhanced infiltration and 274 

addition of anthropogenic N in these agricultural areas.   275 

4.4 Isotopic composition of soil N and NO3
- in groundwater and pore-water leachates 276 

  The δ15N values of soil TN ranged from 1.7 to 8.8‰ (median: 5.8‰).  No substantial 277 

difference was observed between cores from varying land use types (SI Dataset).        278 

 The isotopic composition of NO3
- from groundwater and pore-water leachate samples 279 

largely was consistent with soil-derived N sources (Fig. 6).  δ18O-NO3
- values were roughly 280 

consistent with those expected from nitrification (“biogenic” NO3
- in Fig. 6a).  Three samples 281 

with relatively low δ15N-NO3
- and high δ18O-NO3

- values may indicate mixed sources of NO3
- 282 

N and/or slightly different N cycling conditions in the soils.  Two of those samples from the 283 

shallowest intervals at the GR and IRCGR sites had low NO3
- concentrations with low δ15N-284 

NO3
- and high δ18O-NO3

- that could indicate a minor component of unassimilated NO3
- from 285 

atmospheric deposition mixed with small amounts of soil N derived NO3
- (Fig. 6c).  In the IRC 286 

core, one sample with high NO3
- concentration and relatively low δ15N-NO3

- may indicate 287 

mixing of soil N with an additional N source such as synthetic fertilizer.  There appears to be 288 

more variability in isotopic composition of NO3
- from cores in Lobo/Ryan Flats (GR, IRCGR, 289 

and IRCIO) than from Wild Horse/Michigan Flats (Fig. 6c; SI dataset) and, in the case of the 290 

GR core, less similarity between pore-water leachate NO3
- isotopic composition and groundwater 291 

NO3
- isotopic composition.  It is possible that the cores with grazing history have had inputs of 292 

manure N, leading to a mixture of atmospheric, manure, and soil N sources.   293 
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 In the groundwater samples, δ15N-NO3
- values ranged from 5.9 to 15.9‰, and δ18O-NO3

- 294 

values ranged from 0.7 to 10.2‰ (Fig. 6b). Isotope data were not correlated with NO3
- 295 

concentration.  The δ18O-NO3
- and δ15N-NO3

- values from most samples are consistent with a 296 

soil N derived source of NO3
-.  These data are not consistent with recharge of unaltered 297 

atmospheric NO3
-, large inputs of unaltered fertilizer NO3

- (higher δ18O-NO3
-), or large 298 

contributions from nitrification of manure N (higher δ15N-NO3
-).  Variations in δ15N-NO3

- and 299 

δ18O-NO3
- values in a subset of groundwater NO3

- samples are positively correlated (Fig. 6b).  300 

This correlation, with apparent slope (∆δ15N/∆δ18O) of 1-2, is consistent with documented 301 

isotope effects of NO3
- reduction (e.g., Böttcher et al., 1990; Fukada et al., 2003; Granger et al., 302 

2008) and may indicate that partial denitrification occurred in some areas.  Dissolved oxygen in 303 

basin groundwater ranged between 1.7-6.8 mg/l (Ward, 2002, and this study).  Although 304 

denitrification typically is inhibited by DO, previous studies elsewhere give evidence for 305 

denitrification in groundwater samples with DO of 2-3 mg/l or higher (e.g. Hill et al., 2000; 306 

Green et al., 2008), especially in heterogeneous aquifers where mixing occurs (Green et al., 307 

2010).  Denitrification in the soil horizon (prior to recharge) is another possibility (Aulakh et al., 308 

1992; Hofstra and Bouwman, 2005); however,  unsaturated zone pore-water leachate NO3
- 309 

samples did not appear to exhibit similar isotopic trends (Fig. 6c). 310 

5. Discussion 311 

Previous studies of monitoring data from the Trans-Pecos basins attributed widespread 312 

increases in groundwater NO3
- concentrations at decadal time scales to anthropogenic land use 313 

and vegetation changes (Robertson and Sharp, 2013a).  Despite low precipitation, high PET, and 314 

thick unsaturated zones, simulation studies indicate deep infiltration and recharge beneath the 315 

basin floors occurs on such time scales and might have increased as a result of vegetation change 316 
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and local irrigation (Robertson and Sharp, 2013b, 2015).  To explore further the possibility that 317 

human activities affected infiltration and groundwater recharge in this region, new chemical and 318 

isotopic data from groundwater and unsaturated-zone profiles were evaluated in context with 319 

regional mass balance analyses. 320 

5.1 Accumulation and flushing of Cl- and NO3
- in the unsaturated zone   321 

 Salt inventories (masses of NO3
- and Cl-) of the unsaturated zone cores were compared 322 

with results from previous studies in the Trans-Pecos region and the High Plains aquifer system 323 

(Fig. 7) to evaluate natural variability and potential impacts of anthropogenic processes on the 324 

unsaturated zone.  The salt inventories from the GR and IRCGR cores were similar and within 325 

the reported range for Chihuahuan Desert cores from previous studies (Fig. 7; Walvoord, 2002).  326 

Unsaturated zone accumulations of salts in arid and semi-arid rangelands often occur on the scale 327 

of tens of thousands of years and can be associated with high ET and minimal downward 328 

moisture flux (e.g., Scanlon, 1991; Walvoord et al.,2003).   329 

The pattern of Cl- accumulation beneath the root zone in the GR and IRCGR cores is 330 

consistent with results documented previously in the Trans-Pecos region and other similar 331 

systems (e.g., Amargosa Desert, High Plains (Scanlon et al. 2005, 2008, and 2010; Walvood et 332 

al. 2003)).  However, in the IRCGR profile, NO3
-/Cl- ratios, Cl-/Br- ratios, and water content 333 

along the core profile also may indicate some residual influence of irrigation water (Figs. 3,4, 334 

and 5).  The fact that the Cl- accumulation pattern in the IRCGR core was more consistent 335 

with the GR core than cores from the continuously irrigated areas could be a result of the limited 336 

timeframe of irrigation at this site (~10-15 years). 337 

Unsaturated-zone NO3
- accumulation bulges have been observed in some arid and semi-338 

arid rangeland studies (Walvoord et al., 2003) and are absent in others (Jackson et al., 2004; 339 
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Scanlon et al., 2010); indicating NO3
- accumulation beneath the root zone is spatially variable 340 

and its relative absence from the GR and IRCGR cores may result from efficient N uptake by 341 

native vegetation.  Several studies (e.g., Seyfried et al., 2005) have documented and/or modeled 342 

the impacts of xeric vegetation on the flux of water and nutrients in the shallow subsurface; 343 

generally, deeper-rooted shrub vegetation can continue to extract moisture and nutrients under 344 

high (absolute) matric potential in dryland environments, resulting in lower water content and 345 

lower pore-water leachate NO3
-/Cl- ratios. 346 

While the Cl- patterns in the GR and IRCGR cores appear to indicate only minimal 347 

diffuse infiltration, this does not preclude the possibility of widespread infiltration within grazed 348 

areas of the basins, as water penetration into the unsaturated zone is likely to be spatially variable 349 

(Robertson and Sharp 2013b; 2015).  In areas where more rapid infiltration can occur (e.g., 350 

beneath topographic depressions and channel beds, through desiccation cracks and highly 351 

permeable layers), salt bulges may be absent or less concentrated either because infiltration rates 352 

are high enough to prevent accumulation or because recent flushing has already occurred 353 

(Scanlon 1991; Scanlon et al. 1999).  Additionally, in inter-drainage areas with low topographic 354 

relief, large storm events may result in localized transient infiltration where runoff is focused 355 

into smaller swales and depressions, which can mimic diffuse infiltration and recharge at the 356 

basin scale.  Studies in the Trans-Pecos (and similar systems) indicate that recharge is spatially 357 

variable (e.g., Scanlon et al., 1999; Harrington et al., 2002; Robertson and Sharp, 2013b, 2015); 358 

therefore, fluxes of solutes to basin groundwater are also likely to vary across the basins. 359 

Inventories of Cl- and NO3
- in cores from irrigated areas (IRC, IO, and IRCIO) and 360 

patterns of accumulation were different from those documented beneath rangeland (Figs 3 and 7; 361 

Table 1).  Data from the IRC cores were consistent with literature values for irrigated agricultural 362 
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land use (row crops) in the High Plains (humid-continental to semi-arid), and, assuming higher 363 

fertilizer application rates for pecan orchards vs cotton (109-148 kg-N/ha for pecans vs 92 kg-364 

N/ha for cotton (U.S. Department of Agriculture [n.d.], accessed 2013)), cores from beneath the 365 

orchards demonstrate similar patterns.  Decadal scale accumulation of Cl- and NO3
- beneath 366 

irrigated agriculture has been documented previously in dryland regions (Scanlon et al., 2010) 367 

and can mimic the patterns of long-term accumulation; this may explain the observed 368 

accumulations beneath the orchard cores.  Based on the accumulation of NO3
- and Cl- in the 369 

unsaturated zone, downward flux of moisture and solutes beneath the pecan orchards appears 370 

limited in contrast to some other orchards in semi-arid and arid regions.  Almond orchards in the 371 

Merced River basin, California, exhibited episodic variability of vadose pore-water NO3
- 372 

concentrations related to timing of irrigation and storms (Nolan et al., 2010; Hancock et al., 373 

2008) that flushed labile N species to the shallow (~7 m) underlying groundwater.  Differences 374 

between these sites may be attributable to differences in water demand, plant transpiration 375 

efficiency, irrigation type and timing, soil type, and thickness of the unsaturated zone. 376 

At the IRC location, Cl- and NO3
- were apparently flushed from the unsaturated zone 377 

represented by the core.  Below the zone influenced by surface evaporation, minimal 378 

accumulation of Cl- and NO3
- was observed and the expected natural accumulation was absent, 379 

which indicates flushing by irrigation water.  This process has been documented in other arid and 380 

semi-arid regions (Stonestrom et al., 2003; Scanlon et al., 2005, 2006) and provides a potential 381 

source of labile N to basin groundwater.  Unlike in some arid and semi-arid irrigated settings, re-382 

accumulation of unsaturated zone salts (due to a combination of ET demand from vegetation and 383 

conservative irrigation practices) did not occur, presumably because the amount of applied 384 
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irrigation water exceeded ET demand and continued flushing of the unsaturated zone was 385 

occurring as of 2012.    386 

5.2 Source of N to basin groundwater 387 

Soil-derived NO3
- has been documented in groundwater of arid and semi-arid regions in 388 

the southwest U.S. as a result of both anthropogenic mobilization and natural long-term 389 

infiltration, which may vary with climatic shifts (e.g., McMahon et al.,2006; Stonestrom et 390 

al.,2003; Plummer et al., 2006; McMahon and Böhlke, 2006).  Trans-Pecos groundwater data, 391 

including NO3
- isotopic compositions, are consistent with natural soil-derived NO3

- infiltration 392 

both during pre-development conditions (presumably reflected in old basin groundwater) and 393 

during recent anthropogenically enhanced mobilization (post-development increasing NO3
- 394 

trends).  Based on a Spearman’s rank correlation, there is a positive relationship (ρ = 0.44, p ≤ 395 

0.001) between groundwater NO3
- trends (Robertson and Sharp, 2013a) and estimates of net 396 

infiltration in a 500 m radius around the well head (Robertson and Sharp, 2015) in Wild 397 

Horse/Michigan Flats and Lobo/Ryan Flats.  Although increasing NO3
- concentrations in 398 

groundwater are interpreted as a result of increasing infiltration, it is important to establish if the 399 

magnitude of the change is feasible given the amount of N available.   400 

Simple mass balance calculations can constrain the potential effects of changing recharge 401 

and N loading on basin groundwater (Tables 2 and 3).  An estimate of the amount of N needed to 402 

create the observed changes in groundwater NO3
- concentrations is compared to an estimate of 403 

available N by assuming: 1) the majority of available N was from mobilization of naturally 404 

accumulated unsaturated zone N and application of synthetic fertilizers; and 2) natural 405 

unsaturated zone N reservoir estimates reported by Walvoord (2002) for the Trans-Pecos region 406 

are similar to pre-development values within Wild Horse/Michigan Flats and Lobo/Ryan Flats. 407 
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The median increase in basin groundwater NO3
- concentration over the period of record 408 

(1950-2011) was ~0.7 mg/l in Lobo/Ryan Flats and ~0.9 mg/l in Wild Horse/Michigan Flats 409 

basins (NO3
- as N) (Robertson and Sharp, 2013a).  Records of drilled depth were available for 82 410 

of the 93 wells (88%) included in that evaluation of long-term NO3
- trends.  The shallowest 411 

recorded well was drilled to 40.2 m (depth to water ~32 m), and the deepest recorded well was 412 

drilled to 366 m (depth to water ~81 m).  Median well depth was 150 m, and 58 of the 93 wells 413 

were drilled to 100-200 m (Texas Water Development Board [n.d.], accessed 2014).  If a range 414 

of saturated thickness of 10-100 m is taken as the sampled portion of the aquifer, and the specific 415 

yield is assumed to be 0.1-0.15 (Gates et al., 1980; Beach et al., 2004), the volume of water 416 

exhibiting the recorded increase in NO3
- concentrations would be ~2.4-36 x 109 m3.  The amount 417 

of N required to cause the observed shift in NO3
- in this volume of groundwater would be 1.6-32 418 

x 106 kg of N (6.7-134.5 kg-N/ha of basin floor area).  NO3
- inventories in unsaturated zone cores 419 

in the Chihuahuan Desert reported by Walvoord (2002) ranged from 120 to 910 kg/ha as N 420 

(median=370 kg/ha as N).  At the median concentration, 2-36% of the basin floor unsaturated 421 

zone N reservoir would have to be flushed to cause the median increase in groundwater NO3
- 422 

(Table 3).   423 

If N from fertilizer application was added to the natural N flushed from the unsaturated 424 

zone, then a smaller area of the basin floor would be required to account for the observed 425 

groundwater NO3
- increases.  It is not realistic to assume zero loss/assimilation of fertilizer-N in 426 

soils, but studies in agricultural landscapes elsewhere indicate rates of N infiltration on the order 427 

of 5-50% of application rates (Liao et al. 2012; Böhlke, 2002), which could contribute 428 

substantially to the Trans-Pecos N balance.  For example, 5-50% of 92 kg/ha-yr of N (cotton 429 

application rate; U.S. Department of Agriculture [n.d.], accessed 2013) would be 4.6-46 kg/ha-yr 430 
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of N, which is substantially larger than the mass of naturally accumulated unsaturated zone N per 431 

hectare when multiplied by the number of years of agriculture (table 2).  At the basin scale this 432 

could represent approximately 1.37-88.1 x 106 kg-N (depending on the percentage of basin floor 433 

area where it is applied), which is similar in magnitude to the estimate of N available from 434 

flushing unsaturated zone salt accumulations beneath a larger portion of the basin floor (table 3).     435 

Documented increases in groundwater NO3
- concentrations cannot all be explained by 436 

addition of fertilizer N, as they were widespread and included sites with no nearby or up-gradient 437 

cropping history (Robertson and Sharp, 2013a).  Isotopic data may indicate variation in NO3
- 438 

sources, but the isotopic differences are small and there are no pre-development data with which 439 

to make definitive comparisons.  Most of the NO3
- appears to be dominated by biogenic 440 

components, produced by microbial oxidation of reduced N from soils or fertilizers (i.e., 441 

relatively little uncycled synthetic or atmospheric NO3
-) (Fig. 6).  Cores in irrigated areas 442 

commonly had relatively high NO3
-/Cl- ratios (Fig. 5a) and some had relatively low δ15N-NO3

- 443 

values (Fig. 5d), possibly indicating contributions of fertilizer-derived NO3
-.  This might appear 444 

to be consistent with an overall inverse relation between δ15N-NO3
- and NO3

-/Cl- ratio in 445 

groundwater samples (Fig. 5b); however, this relation may be misleading because Wild 446 

Horse/Michigan Flats groundwater is more likely to have lower NO3
-/Cl- ratios because of 447 

subsurface Cl- addition (Fig. 4a) and also may have been more affected by NO3
- reduction as 448 

indicated by correlated variations in δ15N-NO3
- and δ18O-NO3

- values (Fig. 6b).  Considering 449 

samples least likely to have been isotopically fractionated in the subsurface, or data projected 450 

along fractionation curves to constant low baseline δ18O, it appears groundwater from Wild 451 

Horse/Michigan Flats was more likely to have slightly lower δ15N-NO3
- and/or higher δ18O-NO3

- 452 

values than Lobo/Ryan Flats groundwater (Fig. 6b and 6c).  Groundwater samples with the 453 
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lowest δ15N-NO3
- values from the Wild Horse/Michigan Flats basins were isotopically similar to 454 

some of the irrigated agriculture core samples (see also Fig. S4).  However, the NO3
- isotopic 455 

variations documented here are small compared to those reported previously in arid to semi-arid 456 

regions where agricultural practices added large components of NO3
- to pre-anthropogenic NO3

- 457 

in groundwater (e.g., McMahon et al., 2004; McMahon and Böhlke, 2006).  Because the 458 

documented fractional increases in groundwater NO3
- concentrations in the Trans Pecos basins 459 

generally were less than 50% (Table S1), and sources of added NO3
- may have been mixed, it is 460 

difficult to identify isotopic differences that can be related to specific sources of new NO3
-, 461 

especially in the absence of long-term isotopic monitoring. 462 

In summary, available chemical and isotopic data are consistent with the hypothesis that 463 

increasing groundwater NO3
- concentrations resulted from a combination of enhanced basin-464 

wide (but spatially variable) diffuse infiltration and localized irrigation return flow that delivered 465 

varying proportions of NO3
- mobilized from basin-wide natural unsaturated zone salt 466 

accumulations and localized fertilizer N loads.  Compared to Lobo/Ryan Flats basin, 467 

groundwater in the sampled portions of White Horse/Michigan Flats basin may have been more 468 

affected by agricultural practices, as indicated by slightly larger median historical groundwater 469 

NO3
- increase, subtle differences in NO3

- isotopic composition, and more historical irrigated 470 

agriculture (both covering a larger percentage of the basin floor and lasting for a longer time). 471 

We hypothesize that the observed increases in groundwater NO3
- concentrations represent 472 

mixtures of (1) small amounts of heterogeneously distributed shallow recent (post-western 473 

settlement) recharge enriched in NO3
- from flushing of natural salt accumulations ± fertilizers 474 

and (2) larger quantities of old (Holocene) basin groundwater with less NO3
-.  Vertical mixing 475 

likely occurred within long-screen wells, and it also may have been enhanced within the aquifer 476 
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near high-volume pumping wells, causing variable NO3
- responses in different wells or sub-basin 477 

areas (e.g., McMahon et al., 2004, 2011; Jurgens et al., 2016). 478 

 Our mass balance calculations provide limits on potential labile N fluxes from various 479 

sources to the basin groundwater and confirm that the amount of N available is feasible to have 480 

produced the observed increases in groundwater NO3
- concentration.  However, these estimates 481 

are not practical for predicting when groundwater concentrations may peak.  Increases in 482 

groundwater NO3
- were not evenly distributed in the basins, neither is recharge, and spatial 483 

variability of sub-root zone Cl- and NO3
- accumulation has also been documented in numerous 484 

studies (e.g., Walvoord et al., 2003; Jackson et al., 2004; this study).  Additionally, time lags 485 

associated with ecosystem response to perturbation, unsaturated zone transit times, and aquifer-486 

scale mixing should be considered.   487 

 Drill logs for wells in the Trans-Pecos basins indicate unsaturated zone sediments 488 

dominated by gravel, sand, and silt, with some components of boulders and clays (Texas Water 489 

Development Board, accessed 2014). Estimates of travel time through an unsaturated zone of 10-490 

100 m range from about 5 to 54 years for gravel, 10 to 102 years for sand, and 59 to 590 years 491 

for silt (table S2) if it is assumed that water in the unsaturated zone drains by gravity beneath the 492 

root zone.  Travel time estimations are severely limited by uncertainties in water content of the 493 

deep unsaturated zone, heterogeneity of basin fill material, and variability in unsaturated zone 494 

thickness; nonetheless, they suggest that it is possible (where coarse-grained material is present) 495 

for recharge to occur on the decadal time-scales during which changes in groundwater NO3
- 496 

concentrations have been observed.    497 

5.4 Implications of anthropogenic processes for basin hydrology and groundwater quality 498 
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 Given that variability of basin hydrogeological properties will affect processes in the 499 

unsaturated zone and underlying basin groundwater, the impacts of anthropogenic processes can 500 

be summarized:    501 

1) Irrigated agriculture.  Irrigation of row crops and orchards replaced natural vegetation cover 502 

with non-native plants and trees, which altered ET and labile N demand.  The addition of 503 

irrigation water and fertilizers compounded these effects. 504 

2) Other human-induced vegetation shifts.  A combination of over-grazing, fire suppression, and 505 

regional climatic shifts in the desert Southwest caused an increase in bare-ground cover, a 506 

decrease in grass density, and conversion of grassland to shrubland.  These changes can alter 507 

infiltration, runoff, ET, and labile N demand.      508 

Irrigated agriculture likely generated recharge locally through irrigation return-flow in 509 

impacted basins (Robertson and Sharp, 2015).  Beneath land with historic or ongoing irrigation, 510 

there is evidence for alteration of unsaturated zone properties including the absence of caliche, 511 

partial or total flushing of long-term sub-root zone NO3
- and Cl- accumulation, and increased 512 

moisture content.  While irrigation may not again return to the levels observed in the 1960’s and 513 

1970’s, continued irrigation and fertilizer application may still contribute to increases in recharge 514 

and labile N.  The lack of caliche in the unsaturated zone cores with ongoing or past irrigation 515 

also has important implications for basin floor hydrology.  Previous studies in the Trans-Pecos 516 

region document widespread caliche in basin soils and sub-soils (Darling et al., 1995; Walvoord, 517 

2002); its absence in irrigated cores (potentially) indicates dissolution and mobilization of 518 

caliche material by irrigation water.  Caliche dissolution and degradation in the presence of 519 

increased moisture has been observed in the context of playa lakes and shifts in paleo-climate 520 

(semi-arid to humid shifts) in the southern High Plains (Reeves, 1970; Osterkamp and Wood, 521 



 25 

1987).  Because caliche can limit percolation and keep moisture available for ET, its absence has 522 

the potential to increase infiltration, recharge, and transmission of labile N or other constituents 523 

of concern to basin groundwater.    524 

Not all increases in groundwater NO3
- in the Trans-Pecos basins can be attributed to 525 

irrigation return-flow.  At its greatest extent, irrigated agriculture covered ~20% of the basin 526 

floor in Wild Horse/Michigan Flats and Lobo/Ryan Flats; extensive irrigated agriculture never 527 

occurred in either Eagle Flats or Red Light Draw.  Despite this, NO3
- concentrations increased in 528 

all basins, including in areas not within or down-gradient of irrigated agricultural areas.    529 

Conservative mass balance estimates indicate that full flushing of natural accumulations of 530 

unsaturated zone N beneath irrigated land could provide sufficient N to generate basin-wide 531 

increases, but groundwater flow paths and time scales would not permit aquifer-wide distribution 532 

of N from agricultural areas (e.g., Uliana et al.,2007) and this would not explain groundwater 533 

NO3
- increases in the non-irrigated basins (e.g., Eagle Flats and Red Light Draw).   534 

The two grazed land cores collected in this study do not give strong evidence of increased 535 

diffuse infiltration, but vegetation change throughout the basin may have enhanced infiltration 536 

elsewhere as indicated in numerical models of the Trans-Pecos basins (Robertson and Sharp, 537 

2013b and 2015) and in studies of other arid systems.  For example, research from the 538 

Patagonian steppe  indicates that grazing-induced vegetation shifts (from grass-dominated to 539 

shrub with an increase in bare-ground cover) could result in an increase in deep percolation 540 

(infiltration beneath the root zone) and observations show an increase in bare ground cover can 541 

enhance infiltration (Aguiar et al. 1996).  Using two end-member vegetation scenarios (scenario 542 

1 represents current vegetation, scenario 3 represents pre-European settlement vegetation by 543 

increasing grass density to 50% and replacing shrub land on the basin floors with grassland), 544 
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simulations for Wild Horse/Michigan flats and Lobo/Ryan flats indicate that net infiltration 545 

could change by as much as 48% (Fig. S1; Robertson and Sharp, 2015); a partial shift in 546 

vegetation could account for some of the observed trends in groundwater NO3
- concentration.  547 

Although many studies have examined surficial hydrologic effects of vegetation changes in arid 548 

and semi-arid regions, such studies commonly have not examined deep infiltration and 549 

groundwater recharge changes.  Our study provides several lines of evidence for such effects, 550 

with or without irrigation, in areas subjected to anthropogenic vegetation change.  This could be 551 

a mechanism for NO3
- mobilization in some, though not all, environments.  Previous studies of 552 

other rangeland systems suggest an increase in runoff rather than diffuse infiltration 553 

accompanying the presence of banded vegetation patterns (e.g., dense vegetation bands separated 554 

by inter-bands of bare ground; McDonald et al.,2009). Nonetheless, enhanced infiltration may be 555 

important in systems where xeric vegetation is not yet dominant and the fraction of bare ground 556 

cover is relatively high, as infiltration could be enhanced where basins are internally drained and 557 

areas of high moisture content are created by localized runoff.  558 

Uncertain travel times through the unsaturated zone make it unclear if increases to 559 

groundwater NO3
- concentrations have peaked or will continue to rise in response to past 560 

disturbances.  Variability in net infiltration makes prediction of future groundwater quality 561 

difficult and even immediate changes to land use practices may not prevent continued 562 

deterioration of basin groundwater quality because response time of the system is dependent on 563 

an ensemble of local unsaturated zone travel times.  Conversely, because groundwater NO3
- 564 

trends indicate decadal-scale response times, and, because a systematic decrease in groundwater 565 

NO3
- concentration has not been observed since the decline of irrigated agriculture, it is possible 566 

that the peak is yet forthcoming, 567 
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 Linking land use changes to regional groundwater quality in arid systems with thick 568 

unsaturated zones is noteworthy for its implications on water quality and sustainability.  Irrigated 569 

agriculture and other anthropogenic alterations of vegetation could contribute to the deterioration 570 

of groundwater quality.  Increasing human populations in dryland regions highlight the need to 571 

understand how anthropogenic processes affect groundwater quality before these impacts are 572 

irreversible; long lag times between vegetation change and observed effects mean that 573 

sustainable management of groundwater resources must consider processes on multi-decadal 574 

time scales. 575 

6. Conclusions 576 

 In the Trans-Pecos basin aquifers, changes to land use and vegetation on the basin floors 577 

have altered the unsaturated zone and regional groundwater quality.  Alteration of water content 578 

and salt inventories, including partial to full flushing of NO3
- and Cl- from the vadose zone, have 579 

been documented.  NO3
- and Cl- bulges were spatially variable under natural conditions and the 580 

influence of human-induced land use and vegetation changes likely increased their heterogeneity 581 

by altering moisture flux, labile N input, and demand for both water and nutrients.   It is 582 

proposed that a major cause of increasing NO3
- concentrations in the basin aquifer system is 583 

modern mobilization of long-term natural accumulations of soil N-derived NO3
- from the 584 

unsaturated zone, locally augmented with NO3
- derived from agricultural N contributions.  NO3

- 585 

in the basin groundwater has an isotopic composition consistent with a soil N derived source and 586 

flushing of salts from the sub-root zone is evident in unsaturated zone core samples.  Regional 587 

trends in groundwater NO3
-, combined with land use history and estimates of changes to net 588 

infiltration during pre-impact versus current vegetation regimes, all indicate that land use and 589 

vegetation changes contributed to increasing recharge and flux of labile N.  Due to thick 590 
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unsaturated zones and long transit times, the impacts of past land use changes on the underlying 591 

groundwater may still be forthcoming. This poses challenges for assessing groundwater 592 

sustainability and the development and implementation of management policies.  These 593 

processes documented in the study area are consistent with those observed in other arid and 594 

semi-arid regions; further research is needed in order to predict how these systems will respond 595 

to increasing or decreasing stresses, population growth, land-use, and climate change. 596 

597 
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