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ABSTRACT 

Prior observations by Koch (2005) suggest the presence of soil water mixed with current 

rainfall in runoff samples at the Kendall subwatershed of the USDA-Agricultural Research 

Service Walnut Gulch Experimental Watershed (WGEW).  However, previous observations 

elsewhere in the WGEW have shown runoff to consist mainly of current precipitation (Goodrich 

et al., 2004).  The disparity between the two studies demonstrates a need for continued research; 

therefore, this study uses isotope and solute geochemical tracers to determine the sources 

contributing to runoff at the Lucky Hills subwatershed of the WGEW during the 2015 monsoon 

season.  A comparison of the stable isotopes of water (2H and 18O) in runoff to those in 

precipitation and soil water, shows that runoff and precipitation are distinct (p < 0.05), while soil 

water cannot be differentiated from runoff (p > 0.05).  However, graphical representations of 

chloride and sulfate concentrations in the three water sources (precipitation, soil water and 

runoff), conclusively reveal that there is negligible soil water present in the runoff at Lucky 

Hil ls.  Therefore, it is likely that there is no soil water mixing into the runoff at the Lucky Hills 

subwatershed, but more research is necessary to confirm these results.  Because no runoff or soil 

water data was generated at the Kendall subwatershed during the 2015 monsoon season, 

continued research is necessary to draw conclusions about the sources contributing to runoff in 

the Kendall subwatershed, and in other portions of the Walnut Gulch Experimental Watershed. 
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1. INTRODUCTION 

Establishing a clear understanding of storm runoff generation, its timing, and mixing 

dynamics is essential to make realistic catchment conceptualizations and models (Hrachowitz et 

al., 2013).  Runoff modeling allows scientists to determine the conditions under which runoff is 

generated, where it comes from, in what quantities and under what water quality conditions, 

which can positively impact the way we make decisions about water use, vegetation and land use 

changes (Hundecha and Bardossy, 2004), soil erosion, and non-point source pollution 

management (Maneta et al., 2008; Fitzjohn et al., 1997).  However, the spatial and temporal 

variability of soil properties, soil moisture and precipitation in nature make runoff generation a 

highly complex process at the catchment scale (Smith and Hebbert, 1979; Robinson and 

Sivapalan, 1995; McGlynn and McDonnell, 2003).  Due to these complications, runoff 

generation is still not entirely understood, and more research is required to further our knowledge 

in the field. 

Arid and semi-arid climates present particular challenges to storm runoff generation 

research.  Due to the variability in time and space of storm intensity and duration and the 

ephemeral nature of streams, runoff events and data collection can be irregular, creating a deficit 

in accurate data to be used in rainfall-runoff modeling (Yair and Lavee, 1985). In addition to 

limited data collection, Pilgrim et al. (1988) list other issues affecting streamflow data quality in 

semi-arid environments: ñisolation of gauging stations in low density populations; difficulty of 

access in rainy periods; lack of suitable natural control sections in streams with movable beds, 

and high cost of artificial controls; and difficulty of current metering with high sediment and 

debris loads.ò Understandably, runoff generation and hydrologic processes are less understood in 

these complicated environments; however, effective water management is only made possible by 
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gaining an understanding of the hydrologic processes occurring in a region.  In arid and semi-

arid regions, which experience population growth despite the limited resources, recent droughts 

and global warming (Ragab and Prudhomme, 2002; Arnell, 1999; Arnell, 2004), continued 

research is essential. 

In semi-arid climates and in general, when considering the interaction of water sources 

during runoff generation, it is important to be able to tell the water sources apart.  Rainfall, river, 

lake and soil water are made isotopically distinguishable by the evaporative effects imparted on 

them by the dry air (Ingraham et al., 1998), causing the stable isotopes of water (2H and 18O) to 

be valuable geochemical tracers in hydrology research.  Concentrations of solutes commonly 

found in water, such as chloride and sulfate, are also useful geochemical tracers due to the 

natural and unique mineral dissolution that occurs from the soil, allowing soil water to be 

differentiated from precipitation (Pearce et al., 1986), and for groundwater aquifer systems to be 

distinguished (Robertson, 1989; Robertson, 1992).  Both isotope and solute tracers have been 

used in a wide range of environments to track the movement of water in the subsurface; 

however, owing to the importance of groundwater as the primary water resource used to sustain 

life in arid and semi-arid environments, subsurface hydrology in these environments is generally 

analyzed in the context of groundwater replenishment (Allison and Hughes, 1983; Wood and 

Sanford, 1995; Allison et al., 1985; Allison et al., 1994).  While geochemical tracers have been 

applied to humid environments to study rainfall-runoff generation involving subsurface flow 

(McGuire et al., 2006; Brammer, 1996; Luxmoore, 1990; Peters and Ratcliffe, 1998; McDonnell 

et al., 1991), it is common in semi-arid environments to assume little to no interaction between 

soil water and runoff (Yair and Lavee, 1985; Puigdefabregas et al., 1998; Baillie et al., 2007). 
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Precipitation and runoff data collected by Goodrich et al. (2004) at the semi-arid Walnut 

Gulch Experimental Watershed (WGEW) in southeastern Arizona show similar isotope values, 

suggesting little to no soil water interaction with runoff.  These observations have led to 

assumptions about the interchangeability of precipitation and runoff samples at Walnut Gulch 

when considering stable isotope values (Baillie et al., 2007).  However, observations by Koch 

(2005) indicate that this assumption may not be valid for all subwatersheds within Walnut Gulch.  

Koch saw similar isotope values in precipitation and runoff at the Lucky Hills subwatershed, but 

found the runoff at the Kendall subwatershed to be more depleted in 18O and D than 

precipitation, which he hypothesized might be due to the flushing of stored soil water during 

storms as a result of pressure wave translator flow (Weiler and McDonnell, 2004) and mesopore 

or perched-aquifer flow (Wilson et al., 1991).  Studies at the semi-arid Dehesas catchment in 

Spain also warn that subsurface stormflow cannot be ignored (Maneta et al., 2008; Schaik et al., 

2008; Schaik et al., 2014). 

Interactions between soil water and runoff at the WGEW could challenge existing 

assumptions about rainfall-runoff generation at Walnut Gulch and in general in arid and semi-

arid catchments.  Therefore, in order to clarify and gain more insight into the conflicting 

observations seen by Goodrich et al. (2004) and Koch (2005), the goals of this study were to use 

isotope and solute geochemical tracers found in precipitation, soil water and runoff, to ascertain 

the source composition of runoff at the Kendall and Lucky Hills subwatersheds of the WGEW. 
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2. METHODS 

Site Description 

The Walnut Gulch Experimental Watershed (WGEW), operated since the 1950ôs by the 

USDA-Agricultural Research Service (ARS), is a popular research site for hydrology and 

environmental processes in semi-arid environments.  It is located in the Upper San Pedro River 

Basin in southeastern Arizona, U.S.A. (Figure 1).  The 150 km2 watershed is ideal for field 

studies in semi-arid environments because it is well equipped to record precipitation, runoff, and 

sediment transport, as well as meteorologic and soil moisture conditions with its expansive 

network of instrumentation (Figure 2).  The WGEW is located in a transition zone between the 

Chihuahuan and Sonoran Deserts, with elevations ranging from 1250 to 1585 meters AMSL 

(Renard et al., 1993). Its subwatersheds encompass a range of precipitation, soil and vegetation 

conditions, which have been well studied since the inception of the WGEW research facility. 

The WGEW receives an average of 312 mm of precipitation annually, approximately 

60% of which occurs during the summer (July, August and September) as a result of the North 

American Monsoon (Goodrich et al., 2008).  However, inter-annual variability is large.  

According to Goodrich et al. (2008), the WGEW has experienced annual precipitation totals 

ranging from 165 mm (1965) to 525 mm (1983).  Summer precipitation is typically a result of 

convective thunderstorms, which result in short-duration, high-intensity precipitation events with 

limited areal extent (Osborn and Reynolds, 1963).  The remaining 40% of the precipitation is a 

result of low intensity frontal systems in the winter (December to March), and relatively rare 

tropical depressions originating in the Gulf of Mexico, most common in September and October 

(Gochis et al., 2006).  The streams at the WGEW are ephemeral, and runoff generation almost 

exclusively occurs during in the summer during high-intensity monsoon storms (Goodrich et al., 
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2008).  As a result of plant transpiration and bare soil evaporation during the summer, deep root 

zone infiltration (greater than ~0.3 m) is insignificant in the hot summer, although it can occur 

during the low-intensity winter storms (Scott et al., 2000). 

Located primarily in a high foothill alluvial fan portion of the San Pedro Basin, the 

geology of the WGEW is mostly Cenozoic alluvium (Gleeson Road Conglomerate) consisting of 

clastic materials that sit deep (> 400 m) below the soil surface (Figure 3).  This alluvial fill forms 

a large groundwater reservoir, with water table depths ranging from 50 to 145 meters in the 

lower to central parts of the watershed, respectively (Renard et al., 1993).  The southern and 

southeastern portions of the WGEW, not studied in this paper, also contain volcanic and igneous-

intrusive rocks due to a history of tectonism in the area.  The current research focuses on the 

Lucky Hills and Kendall unit source watersheds within the WGEW, the vegetal and soil 

properties of which are distinct (Figures 4 and 5, respectively). 

 

Lucky Hills 

The Lucky Hills subwatershed is located in the lower basin of the larger WGEW.  Its 

vegetation primarily consists of shrub type species, including creosote (Larrea tridentate), white-

thorn (Acacia constricta), tarbush (Flourensia cernua), snakeweed (Gutierrezia sarothrae), and 

burroweed (Aplopappus tenuisectus) (Renard et al., 1993).  The soils at Lucky Hills are part of 

the Lucky Hills-McNeal Group, which tend to be of poorly to moderately permeable sandy and 

gravelly loams (Breckenfeld et al., 1995), and which sit above a soft caliche layer (located one 

foot or more below the soil surface) (Kincaid et al., 1964).  The soils of the Lucky Hills-McNeal 

Group are often immature due to frequent erosion during high intensity storms (Breckenfeld et 

al., 1995). 
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Kendall 

The Kendall subwatershed is located in the upper basin, which is higher in elevation and 

is dominated by grass species of black grama (Bouteloua eriopoda), blue grama (B. gracilis), 

sideoats grama (B. curtipendula), bush muhly (Muhlenbergia porter), and Lehmann lovegrass 

(Eragrostis lehmanniana) (Renard et al., 1993).  The soil at Kendall is part of the Elgin-

Stronghold Group, typically containing deep sandy gravel loams formed on beds of 

conglomerate (Breckenfeld et al., 1995).  These soils are more permeable than those of Lucky 

Hills and do not contain a caliche layer, allowing rainfall to abruptly penetrate to considerable 

depths and the soil to remain moist for long durations of time (Kincaid et al., 1964). 

 

Sample Collection 

In order to determine the source composition of the runoff, samples of precipitation, soil 

water and runoff water were collected at the WGEW (Figure 1).  Precipitation samples were 

collected during the 2015 summer monsoon season at both the Lucky Hills and Kendall 

subwatersheds (Figure 2).  However, the 2015 monsoon season was relatively dry, and 

unfortunately there was not enough precipitation over the Kendall 112 subwatershed (1.86 

hectares) to produce soil water and runoff samples.  Therefore, the analysis of runoff 

composition will focus on solely the Lucky Hills subwatershed.  However, analyses based on 

precipitation only, such as the isotopic variability in rainfall spatially across each subwatershed 

and between the two subwatersheds are presented for both Lucky Hills and Kendall. 
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Precipitation 

Precipitation was collected as it fell during storm events, and retrieved from the collectors 

the following morning.  Rainfall sampling locations were chosen to address spatial variability in 

the watersheds.  Three of the five collecting locations were placed next to three preexisting 

recording rain gauges at or near the site, which allowed us to track the storm direction and 

intensity associated with samples.  The other two collecting locations were placed at non-

recording rain gauges within the watershed. 

Ten collectors were used to collect precipitation samples at Lucky Hills (Figure 6, 

yellow).  In order to determine sample variability, two rain collectors were placed adjacent to 

each other at three of the five sites (RG-P105, RG-384, RG-083).  Precipitation samples were 

collected by funneling water into ~1 liter glass mason jars.  When deployed, clean jars were 

supplied with a thin layer of mineral oil in order to prevent isotopic evaporative enrichment 

(Scholl et al., 1996).   Site RG-083 housed two additional collectors that did not use mineral oil, 

in order to test the effects of mineral oil on isotopic fractionation related to evaporation. 

The morning following each rainstorm, aliquots from each jar were transferred to 4ml 

glass vials with polyseal caps as follows:  without shaking the mason jar and mineral oil, a clean 

pipette was partially filled with air and inserted half way into the sample; the air was gently 

released from the pipette in order to attempt to shake off any mineral oil lingering to the pipette; 

the sample was collected into the pipette and gently removed from the water in the mason jar.  

The pipette was wiped with a paper towel in order to remove the mineral oil that attached itself 

to the exiting pipette, a small amount of sample was flushed out, and finally the sample was 

deposited into the 4ml vial with minimal contact between the pipette and vial.  Precipitation 

samples were stored at room temperature in the dark until analysis. 
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Soil Water 

Soil water was collected in the streambed using four Soilmoisture Pressure/Vacuum Soil 

Water, 24ò, 2 bar suction lysimeters (Figure 7).  Two lysimeters each were placed 9.1 and 21.3 

meters (30 and 70 feet) upstream of the runoff collection site, at 40 and 60 centimeter depths.  

Soil water samples were labelled with respect to their collection type (suction lysimeter, ñLYò), 

and the suction lysimeterôs location and depth.  Therefore, a soil water sample collected from the 

suction lysimeter that is 21.3 meters upstream of Flume-103 and 40cm below the soil surface 

would be labelled ñLY-21m40cmò.  Daily attempts were made to extract soil water samples from 

the lysimeters, although they did not always produce a sample due to insufficient soil moisture.  

To collect the samples, a hand pump was used to apply suction of ~345 kPa (~50 psi) to the 

lysimeters for 1-2 hours.  The same hand pump was then used to pump any accumulated water in 

the lysimeters directly into 4ml glass vials with polyseal caps.  Soil water samples were stored at 

room temperature in the dark. 

 

Soil Samples 

Daily soil sample collection was added to the experimental design in late July 2015 to 

provide continuous soil water data, since suction lysimeters will not produce soil water samples 

at low soil moisture conditions.  Soil sample collection was also added to the experimental 

design in order to address concerns about the omission of immobile water, the water in 

micropores or tightly-bound films around a soil particle, which suction lysimeter struggle to 

extract (Landon et al., 1999). 
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Samples were collected using a hand auger to dig a hole close to each lysimeter pair 

approximately 60 centimeters deep, and samples were collected from the sides of the hole at 2, 5, 

10, 20, 40 and 60 centimeter depths.  The samples were collected directly into 4ml glass vials 

with polyseal caps and immediately transferred to a cooler after collection.  The samples were 

placed in a refrigerator while awaiting analysis. 

 

Runoff 

Runoff was collected at Flume 103 in the Lucky Hills watershed 103 (3.68 hectares) by 

two methods of collection:  an ISCO automated water sampling device, and an automated 

traversing slot sediment sampler already operated at the site by the Southwest Watershed 

Research Center (USDA-ARS) since 1977 (Nichols et al., 2008).  The sediment sampler was 

triggered to collect every three to five minutes after the water level in a stilling well was raised 

by more than seven centimeters.  Sample collection on the ISCO autosampler was programmed 

to begin when the water level raised by over two centimeters, at which point samples were 

collected every minute for up to 24 minutes.  Like the precipitation containers, the collection 

containers for the ISCO samples were lined with mineral oil to minimize isotopic evaporative 

enrichment between sample collection in the autosampler and the following morning, when 

samples were transferred to 4ml vials and stored in the dark as described for precipitation 

samples.  The samples collected from the ARS sediment sampler did not use mineral oil, but 

were otherwise treated identically.  All runoff samples were collected at the exit of the flume 

(Figure 6, red).  Unfortunately, over the summer of 2015 monsoon season, only one runoff event 

was large enough to trigger sample collection, which occurred on 7/30/2015. 
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Lab Methods 

Liquid Samples 

Liquid samples (rainfall, runoff, soil water from lysimeters) were filtered and measured 

for Deuterium and Oxygen-18 (‏D and 18‏O) on a Finnigan Delta S gas-source isotope ratio 

mass spectrometer (IRMS). ‏D was determined by Cr reduction at 750ЈC, coupled to the mass 

spectrometer; 18‏O was determined by CO2 equilibrium at 15ЈC, coupled to the mass 

spectrometer.  Standardization is based on internal reference materials VSMOW (precision 

< 0.9 ă ‏D, < 0.08 ă 18‏O).  Precision is based on the repetition of internal standards.  Each 

sample was run six times before moving to the next sample.  Internal standard checks were 

inserted into the sample sequence after every sample for quality control. 

Select samples were also analyzed for F, Cl, Br, NO3 and SO4 concentrations on a Dionex 

Ion Chromatograph (IC) model ICS-3000 using an AS17 analytical column (precision <2%).  

In order to address the primary question of runoff source composition, the samples chosen to be 

analyzed include:  all of the runoff samples collected from the ISCO autosampler and sediment 

sampler (n = 17 and 4, respectively); all soil water samples that had sufficient sample volume 

after mass spectrometry analysis, from 7/26/2015 to 8/6/2015 (the start of sample production to 

one week after the 7/30/2015 runoff event) (n = 26); and precipitation samples from 7/16/2015 

(two weeks before the 7/30/2015 runoff event) to 7/30/2015 (n = 37).  Standard checks occurred 

after every fifth sample. 

 

Soil Samples 

Soil samples were analyzed at the University of Arkansas Stable Isotope Lab using a 

continuous flow technique, where a Thermal Conversion Elemental Analyzer (TC/EA) 
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interfaced to a Delta Plus XP isotope ratio mass spectrometer (Gehre and Strauch, 2003).  The 

soil samples were prepared in silver capsules (~0.3 mg) and pyrolyzed at 1425ЈC to convert 

Oxygen to CO and H2 gas and allow them to be separated by a 1m 5A Mol sieve gas 

chromatography column.  Raw ‏D and 18‏O values were obtained through comparison to a 

monitoring gas, CO or H2.  Data normalization was achieved using known standards to place 

values on international scales. 

Unfortunately, the results of the soil sample analysis were inconclusive because results 

show very large daily variability (up to almost 12 ă 18‏O and 6 ă ‏D).  It was therefore 

assumed that the soil samples were contaminated by environmental conditions and improper 

collection techniques, and that soil sample analysis should not be further examined when 

determining the results of this study.  These data are available in Appendix C. 

 

Modeling 

The Kinematic Erosion and Runoff Model (KINEROS2) watershed model (Goodrich et 

al., 2012) was used to estimate the relative contributions of different parts of the Lucky Hills 

watershed 103 to the runoff in the streambed.  Geometric, hydraulic, infiltrative and erosive 

characteristics, as well as initial model parameters are derived by intersecting KINEROS2 

overland flow modeling elements with topography (lidar, ~1 x 1 m), soils, and land cover data 

using the Automated Geospatial Watershed Assessment (AGWA) tool (Miller et al., 2007).  

KINEROS2 is an event based model that requires pre-rainfall-runoff event initial soil moisture.  

Therefore, soil moisture sensors installed in the Lucky Hills watershed complex were used to 

determine the soil moisture conditions antecedent to the runoff event at LH-103 on 7/30/2015 in 

order to model the outflow, peak flow and total infiltration of the event.  In the KINEROS2 
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model, the LH-103 watershed was subdivided into 18 overland flow modeling elements 

(polygons depicted in Figure 8, Table 1), which flowed into channel modeling elements ending 

at the LH-103 runoff measuring flume and slot sediment sampler.  The modeled outflow data, in 

combination with Thiessen polygons, was used in determining the importance of the samples at 

each rain gauge in the overall analysis.  The outflow from each of the 18 elements was assigned 

to the Thiessen polygon they each respectively fell under, and the ratio of the outflow from each 

Thiessen polygon to the total outflow was used to weigh the precipitation data when comparing 

the rainfall to the runoff (Table 2). 

 

Data Archiving 

The precipitation, soil water and runoff samples that were analyzed following the 2015 

monsoon can be accessed in Appendices A and B.  Appendix A features the isotope datasets, 

while Appendix B features the solute chemistry datasets.  The dataset for the soil samples that 

were analyzed, but chosen not to be used in this research, are presented in Appendix C. 
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3. RESULTS 

Isotopic Analysis 

Mineral oil was determined to be an essential asset in reducing evaporative enrichment.  

Figures 9 and 10 show sample pairs from the same location and storm, where one sample is from 

a collector using mineral oil and the other is from an adjacent collector without mineral oil.  

Here, the orange line represents a 1:1 line, which the sample pairs, represented by circles, fall 

below.  The size of the circle represents the accumulated storm depth.  It is clear that without 

mineral oil, the samples undergo significant evaporative enrichment, especially in the case of 

small samples.  Therefore, all samples used in the following results are samples that were 

collected using mineral oil. 

Precipitation samples were used to determine the local meteoric water line (LMWL) of 

the 2015 monsoon season at both the Lucky Hills [Eq. 1] and Kendall [Eq. 2] subwatersheds. 

Ὄ‏   φȢςφτz‏ ὕ σȢρπφτ [Eq. 1] 

Ὄ‏  τȢχρρz‏ ὕ ρςȢωςχ [Eq. 2] 

The Lucky Hills LMWL in the present study is similar to the LMWL for the entire 

WGEW found by Koch (2005) [Eq. 3], as well as the long-term summer LMWL for the Tucson 

Basin found by Eastoe and Dettman (2016) [Eq. 4]: 

Ὄ‏   φȢρςz‏ ὕ  πȢωω [Eq. 3] 

Ὄ‏   φȢσπz‏ ὕ  τȢυρ [Eq. 4] 

The LMWL of both subwatersheds fall below, and are significantly different from the 

global meteoric water line (GMWL) equation [Eq. 5] (Clark and Fritz, 1997), according to an 

analysis of covariance (ANCOVA) test (Figure 11). 

Ὄ‏  ψȢρσz‏ ὕ ρπȢψ [Eq. 5] 
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Precipitation isotope values varied temporally and spatially within and across the 

subwatersheds (Figures 12 - 15).  At Lucky Hills, the average standard deviation across the five 

collecting locations was found to be 1.98 ă for ‏D and 0.65 ă for 18‏O (n = 5).  At Kendall, 

the average variability across the four collecting locations was found to be 1.35 ă for ‏D and 

0.62 ă for 18‏O (n = 2).  The sampling variability, determined by the average standard deviation 

of adjacent collectors, was found to be 0.93 ă for ‏D and 0.43 ă for 18‏O (n = 14).  Adjacent 

collectors at Kendall were not analyzed, so the sampling variability is unknown to this study.  At 

Lucky Hills, where more precipitation samples were analyzed, the spatial variability decreased 

with increasing accumulated precipitation (Figure 16).   

The soil water collected by the lysimeters at Lucky Hills and shown in Figures 17 and 18 

shows trends that may be of interest to future studies.  Recall that the soil at the Kendall 

subwatershed never became moist enough to produce lysimeter samples, so all results and 

discussion regarding soil water will focus on samples from the Lucky Hills subwatershed. The 

first lysimeter sample became available at the furthest lystimeter from the flume at the most 

shallow depth (LY-21m40cm) on 7/26/2015, two days after the previous storm event on 

7/24/2015 and four days before the runoff event on 7/30/2015.  Prior to the rains on 7/23 and 

7/24/2015, there were only small storms (<0.5 cm) at the site with one exception on 7/08/2015 

(0.6 cm).  According to a studentôs t-test, the lysimeter water leading up to the rain on 7/30/2015 

is not significantly different than the weighted precipitation data from 7/30/2015 (p > 0.05 for 

 D).  The standard deviation assigned to the precipitation during the t-test was the‏ 18O and‏

sampling variability for precipitation (0.93 ă for ‏D and 0.43 ă for 18‏O). 

The 60cm depth lysimeter water, which became available only after the runoff event (due 

to sufficient soil moisture), is more depleted in both D and 18O than any of the recorded 
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precipitation (on 7/31/2015, 18‏O value of -10 ă and -9 ă for LY-9m60cm and LY-21m60cm, 

respectively; ‏D value of -77 ă and -70 ă for LY-9m60cm and LY-21m60cm, respectively).  

While the isotope values from the 40cm depth lysimeters remained relatively stable, the 60cm 

depth lysimeter water became enriched in 18O and D with time. 

The 2015 monsoon season was unusually dry, and only produced one significant runoff 

event, which occurred at the Lucky Hills subwatershed on 7/30/2015 corresponding to a storm of 

approximately 1.27 cm (0.5 inches).  Figures 19 and 20 depict a time series of the runoff after the 

runoff was significant enough to trigger collection by the ISCO sampler.  In Figure 19, the runoff 

becomes isotopically depleted in 18O and D with time, while the 18‏O variability shown in Figure 

20 looks to be within normal machine and sample variability ranges. 

To determine the source water of the runoff, all three water sources (precipitation, soil 

water and runoff) can also be plotted in a 2-D plot of ‏D vs. 18‏O (Figure 21).  The runoff, 

weighted by the change in accumulated runoff (Table 3), plots to the left and down from both the 

rainfall and soil water samples leading up to the runoff event, indicating that the weighted runoff 

is more depleted in both water isotopes than the two potential source waters (precipitation and 

soil water).  A Studentôs t-test analysis comparing the weighted precipitation and weighted 

runoff data indicates that the precipitation and runoff are statistically different (p < 0.05 for both 

 18O).  A similar studentôs t-test was performed to compare the soil water data leading‏ D and‏

up to the runoff event (in the period from 7/26/2015 ï 7/30/2015) and the weighted runoff, which 

showed that runoff is statistically different from the soil water when comparing 18‏O (p < 0.05), 

but not when comparing ‏D (p > 0.05).  Because this research directly addresses the WGEW 

precipitation and runoff isotope data observed by Koch (2005), in Figure 22 we replicate his 

Figure 4.11, and add the runoff and precipitation data from the 2015 monsoon. 
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Solute chemistry 

The sources of runoff water can also be evaluated using major ion chemistry, in 

combination with stable water isotopes, in precipitation, soil water, and runoff.  In Figure 23, the 

chemistry values from the 7/30/2015 runoff event plot tightly on a 1:1 line with the other rainfall 

events from 7/18/2015 to 7/30/2015 at Lucky Hills, while the soil water plots with much higher 

concentrations of both SO4 and Cl.  Figure 24 also shows the runoff water grouping tightly with 

the precipitation data with respect to the SO4/Cl ratio.  The soil water consistently plots with 

larger SO4/Cl values than the precipitation and runoff. 
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4. DISCUSSION 

At the semi-arid WGEW, following observations by Goodrich et al. (2004), runoff water 

from ephemeral streams has been assumed to be isotopically indistinguishable from precipitation 

water (Baille et al. 2007).  However, data from Kochôs masterôs thesis (2005) suggests the 

significant presence of soil water in runoff samples at the Kendall subwatershed of the WGEW.  

The disparity between Koch and the observations and assumptions by Goodrich et al. and Baillie 

et al., respectively, inspired the present study in determining the water sources contributing to 

runoff.  The lack of a runoff event(s) at Kendall for the 2015 monsoon season made it impossible 

to analyze runoff composition at that subwatershed.  Even though a single runoff event was 

available at Lucky Hills, the statistical and graphical comparison of geochemical tracers found in 

precipitation, soil water, and runoff prior to, and from that event indicate that the runoff water on 

7/30/2015 was likely entirely consistent with precipitation, but that more research is necessary to 

confirm our observations.  We will discuss our conclusion by first interpreting the solute tracer 

results, and then the isotope tracer results.  We will also mention the trends we observed in the 

precipitation and soil water data, which are secondary to our research but may be of interest to 

future studies, and finally we will discuss uncertainties associated with our collection techniques 

and the data we selected to draw our conclusions. 

 

Source of runoff 

 Using graphical interpretations of the solute chemistry of precipitation, soil water and 

runoff on and surrounding the 7/30/2015 runoff event, we can infer that soil water is not present 

in the runoff, or is only present in negligible amounts.  Since dissolved SO4 and Cl are affected 

simultaneously by evaporation, samples that plot on a 1:1 line when plotted for [SO4] vs. [Cl] 
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(Figure 23), or on a horizontal line when plotted for [SO4]/[Cl] vs. 18‏O (Figure 24), might be 

interpreted as samples from the same source, undergoing varying amounts of evaporation.  Our 

results therefore show that soil water and precipitation are unique, since the soil water plots far 

above the 1:1 line of precipitation and with much larger [SO4] to [Cl] ratios (likely due to longer 

exposure time to soil minerals).  Precipitation and runoff water samples from 7/30/2015 (the day 

of the single runoff event of 2015) plot together on the 1:1 line and have similar values of both 

[SO4] and [Cl], suggesting runoff at Lucky Hills is entirely composed of precipitation water, with 

no or negligible mixing with the soil water.  As shown by Figures 23 and 24, the results of ion 

chromatography analysis suggest that precipitation is the only significant source in the runoff 

water at Lucky Hills. 

Despite the conclusive findings of the solute chemistry graphs, statistical hypothesis tests 

comparing the stable isotope values of water (2H and 18O) in the three sources (precipitation, soil 

water and runoff) reveal that precipitation and runoff are, in fact distinct.  The weighted 

precipitation is more enriched in both 2H and 18O than the weighted runoff, so the distinct isotope 

values cannot be explained by isotopic evaporative enrichment of the runoff water in-stream and 

before collection.  However, it is possible that the precipitation collected before and after the 

production of runoff are influencing the isotope composition of the daily composite sample to 

look more enriched than that of runoff.  The results of the isotope analysis do not contribute a 

clear understanding of the source composition of the runoff; therefore, we choose to base our 

conclusions largely off of the solute chemistry analysis. 

While Koch (2005) found evidence that soil water may be mixing into the runoff at the 

Kendall subwatershed of the WGEW, it is important to note that at the Lucky Hills 

subwatershed, he found rainfall and runoff to have similar isotope values (Figure 22).  Goodrich 
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et al. (2004) also found precipitation and runoff to have similar 18‏O and ‏D values at the main 

channel in Walnut Gulch (a larger spatial scale), which is what led Baillie et al. (2007) to make 

the assumption that precipitation and runoff data samples are isotopically interchangeable.  

Therefore, the results of this research are consistent with previous studies at Lucky Hills, but 

more research is needed in order to determine if the results observed in this paper are valid for all 

parts of the WGEW. 

 

Secondary Results 

The shallow slopes of the Lucky Hills and Kendall local meteoric water lines (LMWLs) 

compared to the Global Meteoric Water Line (GMWL) (Figure 11) indicate that evaporation 

occurs during precipitation.  This trend is common in semiarid regions, since the lighter ‏D is 

preferentially evaporated over the heavier 18‏O (Gat 1980).  Conditions controlling evaporation 

are highly variable temporally and spatially, which might explain why the composite LMWL of 

the WGEW observed by Koch (2005), is slightly different from the LMWLs of the Lucky Hills 

and Kendall subwatersheds found in this study (Figure 11).  The relative contributions of the 

different vapor sources to the precipitation (generally, the Gulf of Mexico and Caribbean versus 

the Pacific Ocean and Gulf of California) will also affect the LMWL of any given year, and may 

explain slight variations between our data, Koch (2005) and the long-term Tucson Basin summer 

LMWL (Eastoe and Dettman, 2016) (Figure 11). 

Storm size is seen to affect the spatial variability of the samples collected at Lucky Hills 

(Figure 16).  According to the ñamount effectò originally studied by Dansgaard (1964), small 

storms are more subject to isotopic evaporative enrichment than large storms, since small 

raindrops equilibrate to a larger degree with the water vapor and temperature conditions below 
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the cloud base, and they evaporate relatively more than larger raindrops on their way to the land 

surface. Large raindrops, on the other hand, retain their ‏D and 18‏O values due to longer 

equilibration times and larger volume (Dansgaard, 1964).  Since the amount of evaporative 

enrichment small raindrops experience is determined by temperature and water vapor conditions, 

which are highly variable in arid and semi-arid environments, the amount effect might explain 

the high spatial variability observed in precipitation during small storms at Lucky Hills (Figure 

16). 

Isotope time series of the soil water (Figures 17, 18) show trends that are not well studied 

in this paper but may be of interest to future studies.  The first soil water samples became 

available at the shallow (40cm) depth, furthest from the flume (21.3 meters) on 7/26/2015, two 

days after the previous rain event (7/24/2015) and four days prior to the first and only runoff 

event at Lucky Hills (7/30/2015).  Soil water from the other three lysimeters (21.3 meters from 

the flume, 60cm deep; 9.1 meters from the flume, 40cm deep; 9.1 meters from the flume, 60cm 

deep) became available only after the runoff event on 7/30/2015.  Given that soil water samples 

became available before any significant runoff events, the delay between precipitation on 

7/24/2015 and soil water sample generation on 7/26/2015 might suggest subsurface flow and the 

accumulation of soil water from upgradient sources. The samples from 60cm depths are much 

more depleted in 18O and D than any of the other potential sources studied in this research:  

antecedent precipitation from the 2015 monsoon season, the recent precipitation, the 40cm soil 

water samples, and runoff water (Figures 21).  Winter precipitation is known to be more depleted 

in 18O and D than summer precipitation in the southwestern U.S. (Wright, 2001; Eastoe and 

Dettman, 2016), so it is possible that the 60-cm lysimeters are sampling water sourced from 

winter precipitation, or they receive flow from sources not studied in this paper.  To determine if 
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the isotopically depleted water was in fact a result of winter precipitation, we compared the deep 

soil water (60 cm) to the winter-time local meteoric water lines observed by Eastoe and Dettman 

(2016) and Baillie et al. (2007).  The local meteoric water lines did not approach the deep soil 

water on a 2-D ‏D vs. 18‏O plot similar to Figure 21, but because the local meteoric water lines 

used for comparison are not necessarily representative of the winter precipitation from 2015, the 

results of this comparison do not negate the possibility that the deep soil water is depleted in 18O 

and D as a result of winter precipitation. 

The deep soil water (60 cm) also became enriched in 18O and D with time (Figures 17, 

18), showing either evaporative enrichment or mixing with the enriched water from above.  

Since the same trend is not observed in the 40cm depth samples, which would be more likely to 

undergo evaporation, mixing is considered to be the most likely reason for the observed 

increasing trend in the ‏D and 18‏O isotopes of the 60cm soil water samples. 

 

Uncertainties 

Soil Water 

Suction lysimeters struggle to collect immobile water, the soil water in micropores or thin 

films of water tightly bound to the soil particles, at a tension above 35 centibars (Landon et al, 

1999).  As the water more tightly bound to the soil particle might reside in the soil for longer 

periods of time, it could have a different isotopic signature than the samples being extracted from 

the lysimeter, and the lysimeter water might not reflect the actual isotopic and signature of the 

soil water.  However, since the tightly bound residual soil moisture would only be present at 

small volumes, this likely does not influence the isotope values in our soil water samples 

dramatically. 
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Dry soil moisture conditions limited our ability to collect and analyze soil water before 

the 7/30/2015 runoff event, since lysimeters are unable to retrieve samples below a matric water 

potential of 10-3 hPa (Sprenger et al., 2015).  We were unable to pump soil water from three of 

the four lysimeters on 7/30/2015 prior to the runoff event, which indicates that the soil moisture 

conditions necessary to retrieve soil water from suction lysimeters were not present at all but one 

lysimeter location and depth.   While lysimeter LY-21m40cm produced soil water samples 

before the runoff event, it would have been ideal to be able to analyze soil water from the other 

three lysimeters (both 60cm depth lysimeters and LY-9m40cm) as well, to get a more clear 

picture of the geochemical tracer concentrations in the soil water prior to the runoff event. 

 

Limited Number of Samples Analyzed 

Not all of the collected precipitation samples were analyzed.  Only five out of the 24 

storms collected at Lucky Hills were chosen to have samples analyzed from all of the collectors, 

because it was believed that five storms would be enough to establish the spatial variability in 

precipitation isotope signatures for individual storms.  The five storms selected were chosen for a 

variety of reasons:  all samples on 7/29/2015 and 7/30/2015 were analyzed in order to view the 

precipitation before and during before the runoff event on 7/30/2015; all samples on 7/31/2015 

were analyzed because it was the last precipitation event before a long period of no rain, which 

we thought might be important when considering soil drying dynamics; and all samples on 

8/9/2015 and 8/26/2015 were chosen in order to view precipitation from different parts of the 

monsoon season, and to consider the isotopic composition of small versus large storms.  Because 

the spatial variability across Lucky Hills for a single storm was found to be relatively small (avg 

1.98 ă ‏D, 0.65 ă 18‏O), the remaining storms used to construct the LMWL (Figure 11), and 



32 

 

to compare precipitation data to runoff and soil water, were analyzed for only one collector (RG-

083C1).  Kendall precipitation data was even less studied because it could not be applied to the 

main focus of this research (runoff source composition), due to the lack of runoff generation at 

Kendall during the 2015 monsoon season.  Therefore, the LMWL at Kendall is based on all of 

the samples collected from only three storm events, the dates of which were chosen to coincide 

with the storms selected for total analysis at Lucky Hills in order to view the variability between 

watersheds for the same storms.  This might explain the relatively low R2 value of 0.54 for the 

Kendall LMWL.  While in general, we believe that the choice to limit data analysis to a few 

select representative samples is valid for the purpose of our research, Figure 16 suggests that this 

may not have been the course of action for small storms, which can experience larger variability 

and would have been better represented by taking the average of many samples.  Given that all 

the important dates considered in our research were either large storms or had all the samples 

analyzed, small storm variability is not likely to influence our conclusions about the sources 

contributing to the runoff on 7/30/2015.  Small storm variability may, however, influence the 

LWML we found for Lucky Hills, and it should be considered if any of this data is used in future 

research.  

The fact that there was only one runoff event during the 2015 monsoon season makes 

trend analysis a challenge for this research.  All of the conclusions about runoff water 

composition discussed in this section are the result of only one storm, which we cannot say with 

confidence reflects normal conditions since there are no other runoff events from 2015. 
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5. CONCLUSION 

We used isotope and solute geochemical tracers to determine the sources of runoff at the 

Lucky Hills subwatershed of the Walnut Gulch Experimental Watershed (WGEW).  Graphical 

representations of the concentrations of chloride and sulfate in the same waters conclusively 

revealed that the runoff and precipitation water cannot be distinguished, while runoff and soil 

water are distinct.  However, statistical hypothesis testing of the stable isotopes of water (2H and 

18O) in precipitation, soil water and runoff, showed precipitation and runoff to be distinct.  

Therefore, it is likely that there was negligible to no soil water mixing into the runoff at Lucky 

Hills during the 2015 monsoon season, which is consistent with data found by Goodrich et al. 

(2004) and Koch (2005), and the assumptions made by Baillie et al. (2007), but additional 

research is necessary to confirm this conclusion.  Additional research is needed to extend the 

conclusions of this paper beyond the Lucky Hills subwatershed of Walnut Gulch, since Koch 

(2005) observed trends in his research that suggest the presence of soil water in runoff at the 

Kendall subwatershed of Walnut Gulch.  
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Figure 1: Map of the Walnut Gulch Experimental Watershed, showing its location in comparison 

to the U.S.A and Mexico; major cities and rivers in Arizona, U.S.A and Sonora, Mexico; and 

within the Upper San Pedro River Basin 
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Figure 2: Locations of Lucky Hills and Kendall subwatersheds within the WGEW, and map of 

instrumentation at the WGEW 
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Figure 3:  Geology of WGEW, showing that the WGEW is primarily Alluvium (Gleeson Road 

Conglomerate) from Cenezoic era 
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Figure 4:  Vegetation survey of WGEW (Skirvin et al., 2008), with added markers to show Lucky 

Hills 103 and Kendall 112 subwatersheds 
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Figure 5: Soil survey of WGEW (Breckenfeld et al., 1995), with added markers to show Lucky 

Hills 103 and Kendall 112 subwatersheds 
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Figure 6:  Aerial map of Lucky Hills watershed 103, showing precipitation collecting locations 

(yellow) and Flume 103 (red) 
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Figure 7:  On the left, a graphic depiction of suction lysimeter collecting locations in the Lucky 

Hills 103 streambed, including their depths and distance from Flume 103; on the right, an image 

of the suction lysimeters in the streambed. 
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Figure 8:  Map of Lucky Hills 103 catchment area, separated into small, numbered polygons by 

the KINEROS2 runoff modelling program, and colored according to the Thiessen polygons of 

each relevant rain gauge:  RG-083 (pink, óaô), RG-386 (yellow, óbô), RG-384 (green, ócô), RG-

P105 (blue, ódô) (used in weighing precipitation on 7/30/2015) 
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