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ABSTRACT

Prior observation®y Koch (2005suggesthe presence of soil waterixed with current
rainfall in runoff samples at the Kendall subwatershed ofd8®A-Agricultural Research
ServiceWalnut Gulch Experimental Watersh@d GEW). However, previous observations
elsewheren the WGEW have shown runoff toonsi$ mainly of currenprecipitation (Goodrils
et al., 2004). The disparity between the two studesonstratea 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 théEW during the 2015 monsoon
season A comparison othe stable isotopes of watéH(and®0) in runoff to those in
precipitation and soil water, shewhat runoff and precipitatioare distinct(p < 0.05, while soil
watercannot be differentiateftiom runoff (p> 0.05. However,graphicalrepresentations of
chlorideandsulfateconcentrations in the three water sources (precipitation, soil water and
runoff), conclusivelyreveal that there is negligibsmil water present in the runoff at Lucky
Hills. 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 @soétase no runoff or soil
water data wagenerated at the Kendall subwatershed dutied2015 monsoon season,
continued research is necessary to draw conclusions about the sources contributing ito runoff

the Kendall subwatersheandin otherportionsof the Walnut GulchExperimental Watershed
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1. INTRODUCTION

Establishing a cleamnderstanding of storm runoff generation, its timiggd 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 eraanhnorpoint ssurce 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 scaleat(Gamd Hebbert, 1979; Robinson and
Sivapalan, 1995; McGlynand McDonnell2003). Due to these complications, runoff
generation is still not entirely understood, and more research is required to further our knowledge
in the field.

Arid andsemtarid 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 toebused in rainfaltunoff modeing (Yair and Lavee, 1985). In addition to
limited data collection, Pilgrim et al. (1988) list other issues affecting streamflow data quality in
semtarid environmentsiisolation of gauging stations in logdensity populations; difficulty of
access in rainy periods; lack of suitable natural control sections in streams with movable beds,
and high cost of artificial controlgnddifficulty of current metering with high sediment and
debris load®x Understanddly, 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 semtarid climates and in generalhen consideng the interaction of water sources
during runoff generatignt is important tdoe able to tell the water sources ap&ainfall, river,
lake and soil water are made isotopically distinguishable by the evaporative effects imparted on
them by the dryia (Ingraham et al., 1998), causing the stable isotopes of Waten@d'0) to
be valuable geochemical tracers in hydrology research. Concentrations of solutes commonly
found in water, such as chloride and sulfate, arewsstulgeochemical tracers due to the
natural and unique mineral dissolution that océtom the soil allowing soil water tde
differentiatedfrom precipitation (Pearce et al., 198&)dfor groundwater aquifer systems to be
distinguishedRobertson, 1989; Rertson, 1992). Both isotope and solute tracers have been
usedin a wide range of environmeritstrack 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 andsemtarid environments, subsurface hydrolagyhese environments 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 tfzesseen
applied to humid environments to study rainfalhoff generation involving subsurface flow
(McGuire et al., 2006; Brammer, 1996; Luxmoore, 1990; Peters and Ratcliffe, 1998; McDonnell
et al., 1991), it is common in seiid environments to assie little to no interaction between

soil water and runoff (Yair and Lavee, 1985; Puigdefabregas et al., 1998; Balillie et al., 2007).
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Precipitation and runoff data collected by Goodrich et al. (2004) at theasehWalnut
Gulch Experimental Watershéd@/GEW) in southeastern Arizorghow 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 considerig stable isotope values (Baillie et al., 2007). However, observations by Koch
(2005) indicatehatthis assumption may not be valid for all subwatersheds within Walnut Guich.
Koch saw similarsotope values iprecipitation and runoff at the Lucky Hilksibwatershed, but
found the runoff at the Kendall subwatershed tonoee depleted iffO and Dthan
precipitation, which he hypothesized might be dutihéoflushing of stored soil water during
storms as a result pfessure wave translator flow (Weikmd McDonnell, 2004) and mesopore
or percheeaquifer flow (Wilson et al., 1991). Studies at the sand 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 th@ ®W could challenge existing
assumptions about rainfalinoff generation at Walnut Gulch and in general in arid and-semi
arid catchments. Therefore, in order to clarify and gain more insight into thectiogfli
observations seen by Goodrich et al. (2004) and Koch (20@5¢0és of this study were tose
isotope and solute geochemical tracers found in precipitation, soil water and runoff, to ascertain

the source composition of runoff at the Kendall andkyuHills subwatersheds tfie WGEW.
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2. METHODS
Site Description

TheWalnutGulch ExperimentaWatershed WGEWp per at ed since the 1
USDA-Agricultural Research Service (AR$) a popular research site for hydrology and
environmental processes in seanid environments. It is locatéa the Upper San Pedro River
Basinin southeastern Arizona, U.S.£&igure 1) The 1% kn? watershed is ideal for field
studies in semarid environments because it is well equippedecord precipitation, runofgnd
sediment transporas well asneteorologic and soil moisture conditions with its expansive
network ofinstrumentatior{Figure2). TheWGEW s located in a transition zone between the
Chihuahuan and Sonoran Desgwvigh elevatioms ranging from 1250 to 1585 metek$1SL
(Renard et al., 1993|ts subwatershedsmcompasa range oprecipitation, soil and vegetation
conditions which have beenvell studiedsince thanception of theVGEW 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 Monsoor(Goodrich et al., 2008)However, interannual 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 typicabuli of
convective thunderstorms, which result in skertation highrintensity precipitation eventsith
limited areal extenfOsbornand Reynolds, 1963)The remaining 40%f the precipitations a
result of low intensity frontal systems in the winfPecember to Marchandrelatively rare
tropical depressions iginating in the Gulf of Mexico, most common in September and October
(Gochis et al., 2006)The streamsat the WGEWareephemeraland runoff generation almost

exclusively occurs duringp the summer duringigh-intensity monson 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 inkloesummer, although it cavccur
during the lowintensity winter storms (Scott et al., 2000)

Located primarily in a high foothill alluvial fan portion of the San Pedro Bésen,
geology of the WGEW is mostig@enozoicalluvium (Gleeson Road Conglomerat®nsisting of
clastic mataals that sitdeep (> 400 m) below treoil surfacgFigure 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., I983%outhern and
southeastern portions of the WGEW, not studied in this palgercantain volcanic and ignecus
intrusive rocks due to a history of tectonism in the afidee current research focusestba
Lucky Hills and Kendallinit source watershedgthin the WGEW thevegetal and soll

properties of which ardistinct(Figures4 and 5, respectively)

Lucky Hills

The Lucky Hills subwatershed located in thdower basin of the larger GEW. Its
vegetation primarily consists of shrub type species, including credsoted tridentat@, white-
thorn (Acacia constricty tarbush Flourensia cernug snakeweedGutierrezia sarothrag and
burroweed Aplopappus tenuisectu@Renard et al., 1993)The soils at Lucky Hills are part of
the LuckyHills-McNeal Group, whicliend to beof poorly to moderately permealdandy and
gravellyloams(Breckenfeld et al., 1995andwhich sit above a soft caliche layer (located one
foot or more below the solil surface) (Kincaid et al., 196Me soi$ of the Lucky HillsMcNeal
Groupare oftenimmature due to frequent erosion during high interstiblyms(Breckengld et

al., 19%).
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Kendall

TheKendallsubwatershed located in the upper basin, which is higher in elevation and
is dominated by grass species of black gramaeloua eriopodg blue gramaRg. gracilis),
sideoats gramaB( curtipendulg, bush muhly Muhlenbergia portey, and Lehmann lovegrass
(Eragrostis lehmannianaRenard et al., 1993)The soil at Kendall is part of the Elgin
Stronghold Group, typically containing deep sandy gravel loams formed on beds of
conglomerateBreckenfeld et al., 1%). These soils armore permeable thandbkeof Lucky
Hills and do not contain a caliche layallowing rainfall to abruptly penetrate to considerable

depths and the soil to remain mdist long durations of timéKincaid et al., 1964).

SampleCollection

In order to determine the source composition of the runoff, samppge@pitation soil
water and runoff water were collected at the WGEW (FigurdPigcipitation samples were
collected during the 201&mmer monsoon season at both the Lucky Hills and Kendall
subwatershedd-igure2). However, the 2015 monsoon season was relatively dry, and
unfortunately there was not enough precipitation over the KehtiaBubwatershe(l.86
hecares)to produce soivater and runoff samples. Therefores éimalysis of runoff
compositionwill focus on solely the Lucky Hills subwatersheldowever,analysedased on
precipitation only, such as the isotopic variability in raingpitiallyacross each subwatershed

andbetween the two subwatersheas presentefbr bothLucky Hills and Kendall
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Precipitation

Precipitation was collected at fell during storm eventsnd retrieved from the collectors
the following morning. Rainfall sampling locations were chosen to address spatial vanability
the watershedsThree of the five collecting locations were placed next to three preexisting
recording rain gauges at oear 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 samgdlésicky Hills (Figures,
yellow). In order to determine sample variability, two rain collectors were placed adjacent to
each other at three of the five sites (RB05, RG384, RG083). Precipitation samples were
collected by funneling water intel 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 RG083housedwo additional collectors that did not use mineral oil
in order b 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 miheralean
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 agntly removed from the water in the mason jar.
The pipette was wiped with a paper towel in order to remove the maiktiadt attached itself
to the exiting pipette, a small amount of sample was flushed out, and finally the sample was
deposited into théml 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 SmimoisturePressure/Vacuum Soil
Wat e r , barduttion lysitneters (Figuré). Two lysimeters each were placgéd and 21.3
meters 80 and70 fee} upstream of the runoff collection site, at 40 and 60 centimeter depths.
Soil water samples were | abelled with respect
and t he s uc tocatiomand dethTherefore, a o water sample collected from the
suction lysimeter that is 21.3 meters upstream of Hu@8and 40cm below the soil surface
woul d be [2albmedl Ol d2ailp atfernpts 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 hanghpp was used to apply suction &45 kPa (S0 ps) to the
lysimeters forl-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

roomtemperature in the dark.

Soil Samples

Daily soil sample collection was added to the experimental design in late Julyo2015
providecontinuous soil water dataincesuction lysimeters will not produce soil water samples
at lowsoil moisture conditionsSoil sample collection was also added to the experimental
design in ordeto address concerns abdle omission oimmobile waterthe water in
micropores or tighthbound films around a soil parti¢lehich suction lysimeter struggle to

extract(Landonet al, 1999.
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Samples were collected using a hand auger to dig a hole close to each lysimeter pair
approximately 6@entimetersieep, and samples were collected from the sides of the hole at 2, 5,
10, 20, 40 and 60 centimeter depths. The samplescobeeted directly into 4ml glass vials
with polyseal capandimmediately transferred to a cooler after collectidihe samples were

placedin a refrigerator while awaiting analysis.

Runoff

Runoff was collected at Flume 103 in the Lucky Hills waterst@®13.68hecares)by
two methods of collection: an ISCO automated water sampling device, and an automated
traversing slosediment sampler already operated at the site by the Southwest Watershed
Research Center (USDARS) sincel977(Nichols et al., 208). 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 raisby 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 btween 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 mirmral oil
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 collectiwhich occurredn 7/30/2015
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Lab Methods
Liquid Samples

Liquid samples (rainfall, runoff, soil water from lys#ars) were filtered and measured
for Deuterium and Oxygef8 { D and *®0) on a Finnigan Delta S ga®urce isotope ratio
mass spectrometer (IRM$)D was determined b@r reduction at 75K, coupled to the mass
spectrometet; 120 was determined by G@quilibrium at 13C, coupled to the mass
spectrometer. Standardization is based on internal reference materials VSMOW (precision
< 0.94 1 D,< 0.08a 1 80). 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 samplewere also analyzed for F, Cl, BYOsz and SQ concentrationsn a Dionex
lon Chromatograph (IC) model IEE00 using an AS17 analytical column (precisior2o).
In order to address the primary question of runoff source compositiocsart@eschoserto be
analyzednclude all of the runoff samples collected from the ISCO autosampler and sediment
sampler (n = 17 and 4, respectivelgll soil watersampleghat hadsufficientsamplevolume
after mass spectrometayalysisfrom 7/26/2015 to 8/6/201Ghe start of sample production to
one week after thé/30/2015unoff event)n = 26);and precipitation samplésom 7/16/2015
(two weeks before the 7/30/2015 runoff eyent7/30/2015n =37). Standard checks occurred

after every fifth sample.

Soil Samples
Soil samples were analyzatithe University of Arkansas Stable Isotope Lalmg 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 spectron@tardand Strauch2003. The
soil samples were prepared in silver capsules (~0.3 mg) and pyrolyzed a€ 1d2onvert
Oxygen to CO and #as and allow them to be separated by a 1m 5A Mol sieve gas
chromatography column. Rawb and 0 values were obtained throughmoarison to a
monitoring gas, CO or # Data normalization was achieved using known standards to place
values on international scales.

Unfortunately, the results of the®il sampleanalysiswereinconclusivebecauseesults
showvery large daily variabity (up to almost 12 | *¥0 and 63 | 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 maults of this study. These data are available in Appeddix

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
characteristicsas well asnitial model parameters are derived by intersecting KINEROS2
overland flow modeling elements with topography (lidar, ~1 x 1 m),,sild land cover data
using the Automated Geospatial Watershed Assessment (AGWA) tool (Miller et al., 2007).
KINEROS?2 is an event based model that requiresgrdall-runoff event initial soil moisture.
Thereforesoil moisture sensors installed in thecky Hills watershed complexere used to
determine the soil moisture conditions antecedent to the runoff event 23 Bn 7/30/2015 in

order to model theutflow, peak flow and total infiltratioof the event In the KINEROS2
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model, he LH-103 waterBed was subdivided into 18 overland flow modeling elements

(polygons depicted in Figure 8, Table which flowedinto channel modeling elements ending

at the LH103 runoff measuring flume and slot sediment samglee modeled outflowdata, in
combinatia 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 rdi®aittlow 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

Theprecipitation, soil water and runagdmples that were analyzed following the 2015
monsoon can be accessed in Appeesi andB. Appendk A featuresthe isotope datasets,
while Appendx B features the solutechemistry datasets. The dataset for the soil samples that

were analyzed, but chosen not to be used in this research, arequesépendixC.
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3. RESULTS
Isotopic Analysis
Mineral oil was determined to be an essential asset in reducing evaporative enrichment.
Figures9 and10show sample pairs from the same location and storm, where one sample is from
a collector using mineral oil and the other is framaajacentollector without mineral oil.
Here, the orange line represents a 1:1 line, which the samplerpphessentedybcircles,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 useterfallowing 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 [Eqg. 1] and Kendall [Eq. 2] subwatersheds.
10 o8 11 O opmoer [Eq. 1]
10 P 0 p@CX [Eq. 2]
The Lucky Hills LMWL in the present study is similar to the LMWL for the entire
WGEW found byKoch (2005)[Eq. 3], as well as the lorgrm summer LMWL for th@ucson
Basin found by Eastoe and Dettman (2016) [EgQ. 4]
1 0 P O T [Eq. 3]
1 0O ey ] U Tdp [Eq. 4]
The LMWL of both subwatersheds fall below, and are significantly different from the
global meteoric water line (GMWL) equation [E5j.(Clark and Fritz, 1997 according to an

analysis of covariance (ANCOVA) testigire 11).

1 0 Ul 0 pm [Eq. 3]
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Precipitation isotope values varied temporally and spatially within and across the
subwatersheds (ffures12- 15). At Lucky Hills, the average standard deviation across the five
collecting locations was found to be 1®8for| D and 0.6% for] 80 (n = 5). At Kendall,
the average variability across the four collecting locations was found to ba If&% D and
0.62a for] 80 (n = 2). The sampling variability, determined by the average standard deviation
of adjacent collectors, wasund to be 0.9& for] D and 0.43 for] 80 (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 variabilitasetre
with increasing accumulated precipitationgife 16).

The soil water collected by the lysimeters at Lucky Hills and shown in Figurasd18
shows trendghat maybe 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 availablé¢h&tfurthest lystimeter from the flume at the most
shallow depth (L¥21m40cm on 7/26/2015, two days after theeviousstorm event on
7/24/2015 and four days before the runoff event on 7/30/2015. Prior to themal/a3 and
7/24/2015, there were only small storms &<0m) at the site with one exception on 7/08/2015
(06cm. Accor di ng t-test ¢he lgsimeter evater 16aslingtup to the rain on 7/30/2015
is not significantly different than the weightedaeipitation data from 7/30/2015 §p0.05 for
1 O and D). The standard deviation assigned to the precipitation duringtéis¢ was the
sampling variability for precipitation (0.98 for] D and 0.43 for| *0).

The 60cm depth lysimeter waterhich became available only after the runoff e(eluie

to sufficient soil moisture)is more depleteéh both D and®0 than any of the recorded
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precipitation(on 7/31/2015, *¥0 valueof -104 and-9a& for LY-9m60cmand LY-21m60cm
respectively} D valueof -77a and-70a for LY-9m60cmand LY-21m60cm respectively)
While theisotope valuefrom the 40cm depth lysimeters remedimelatively stable, the 60cm
depth lysimeter watdsrecameenriched in‘®0O and Dwith 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
approximatelyl.27 an (0.5 inchey Figures 9 and20 depict a time seried the runoff after the
runoff was significant enough to trigger collection by the ISCO sampler. In Fi§utieelrunoff
becomes isotopicallgiepleted in®0 and Dwith time, while the] %0 variability shownin Figure
201looks 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-B plot of] D vs.] 80 (Fgure21). The runoff
weighted by thechange iraccumulated runoff (Tabl®), plotsto the left and down from both the
rainfall andsoil watersamples leading up to the runoff event, indicating that the weighted runoff
is more depleteth both water isotopehian the two potential source waters (precipitation and
soil water).A St u d etest adadysis comparing the weighted precipitation and weighted
runoff data indicates that the precipitation and runoff are statistically differerd.(b for both
1 Dand] ¥0) . A s i mitelstavas pexformeatd éomdmpase dél water data leading
up to the runoff evenir{ the period fronv¥/26/2015 7/30/2015) and the weighted runoffich
showed thatunoff is statistically different from the soil watehen comparing 20 (p < 0.05),
but not when comparirigD (p > 0.05). Because this research directly addretisesVNGEW
precipitation and runoff isotope data obsertagd<och (2005)jn Figure 22 we replicate his

Figure 4.1, andadd the runoff ang@recipitation 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 rundfigure23, 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 mglear
concentrations of both S@nd Cl. Figur€4also shows the runoff water grouping tightly with
the precipitation data with respect to thes&Dratio. The soil water consistently plots with

larger SQ/CI values than the precipitation and runoft.
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4. DISCUSSION

At the semiarid WGEW, following observations by Goodrich et al. (200dnoff water
from ephemeral streams has been assumed to be isotopically indistinguishable from precipitation
water (Baille et al. 2007). However, data fr
significant preence of soil water in runoff samples at the Kendall subwatershed of the WGEW.
The disparity between Koch and thieservations andssumptioaby Goodrich et al. an8aillie
et al, respectivelyinspiredthe present study in determining the water soucoasibuting to
runoff. The lack of a runoff event(s) at Kendall for the 2015 monsoon season made it impossible
to analyze runoff composition atatsubwatershedEven though a single runoff event was
available at Lucky Hillsthe statistical and grapal comparison of geochemical tracers found in
precipitation, soil water, and rungdfior to, and from that evemdicatethat the runoff water on
7/30/2015 wasikely entirely consistenwvith precipitation but that more research is necessary to
confirm our observationsWe will discuss our conclusion by first interpreting slodutetracer
results, and then thsotopetracer results. We will also mention the trends we observed in the
precipitation and soil water data, which are secondary to owaroésbut may be of interest to
future studies, and finally we witliscussuncertainties associated with our collection techniques

and the data we selected to draw our conclusions.

Source of runoff

Using gaphicalinterpretatios of the solute chemistry of pregxtation, 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 amourfisnce dissolved S{and Cl are affected

simultaneously by evaporation, samples that plot on a 1:1 line when plotted QESCCI]
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(Figure 23), or on a horizontal line when plotted for [$CI] vs.| *¥0 (Figure 29, might be
interpreted as samples from the same source, undergoing vanymmts 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 precipitati@nd with much larger [S{Pto [CI] ratios(likely due to longer
exposure time to soil minals). 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 [CI], suggesting runoff at Lucky Hills is entirely composed of precipitatatenywith

no or negligible mixing with the soil water. As shown by Fig@@@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 findingd thesolute chemistrgraphs statistical hypothesis tests
compaing the stable isotope values of waté @nd®0) in thethreesources (precipitation, soil
water and runoff) reveal that precipitation and runoff aréactdistinct. The weighted
precipitation is more enriched in bdd and*®0 than the weighted runofp thedistinctisotope
values cannot be explained by isotopic evaporative enrichment of the runoff wstieraim and
before collection. However, it iopsible that the precipitation collected before and after the
production of runoffare influencing the isotope composition of the daily composite sample to
look more enrichedhan that of runoff.The results of the isotope analysis do not contribute a
clear understanding of the source composition of the runoff; thereforehoeose to baseur
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 subwatersheaf the WGEW, it is important to note thaitthe Lucky Hills

subwatershedefoundrainfall andrunoff to havesimilarisotope valueg¢Figure22). Goodrich
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et al. (2004) also found precipitation and runoff to have simf?® and D valuesat the main
channel in Walnut Gulch (a larger spatial scaM)ich 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 comsgisth previous studies at Lucky Hills, but
more research is needed in order to determine if the results observed in this paplef fmeall

parts of the VGEW.

Secondary Results

The shallow slopes of the Lucky Hills and Kendall local meteoric Wiates (LMWLS)
compared to the Global Meteoric Water Line (GMWLig{fe 11) indicate that evaporation
occurs during precipitation. This trend is common in semiarid regions, since the| liDhger
preferentially evaporated over the heavi€iO (Gat 198). Conditions controlling evaporation
are highly variable temporally and spatially, which might explain why the composite LMWL of
the WGEW observed by Koch (2008 slightly different from the LMWLs of the Lucky Hills
and Kendall subwatersheds foundhis study (Figure 11)The relative contributions of the
different vapor sourceds 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 theteong 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
(Figurel6) . According to the fAamount effecto orig
storms are more subject to isotopic evaporative enrichment than large storms, since small

raindrops equilibrate to a larger degree with the water vapor and temperatutmosriogilow
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the cloud base, and they evaporaiativelymore than larger raindrops on their way to the land
surface. Large raindrops, on the other hand, retain tBeand 20 values due to longer
equilibration times and larggolume (Dansgaard, 195 Since the amount of evaporative
enrichment small raindrops experience is determined by temperature and water vapor conditions,
which are highly variable in arid and searid environments, the amount effect might explain
the high spatial variabilitylwserved in precipitation during small storms at Lucky HHgure
16).

Isotope time series of the soil watergiires17, 18) show trends that are not well studied
in this paper but may be of interest to future studies. The first soil water sample®beca
available at the shallow (40cm) depth, furthest from the fli#he8(meterson 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 otleeé lysimeters1.3 metergrom
the flume 60cmdeep 9.1 metergrom the flume 40cmdeep 9.1 metergrom 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 suggestatgfow and the
accumulation of soil water from upgradient sources. The samples from 60cm depths are much
more depleted iffO and Dthan any of the other potential sources studied in this research:
antecedent precipitation from the 2015 monsoon sedise recent precipitation, the 40cm soill
water samples, and runoff water (Figu@d). Winter precipitation is known to bmmore depleted
in 80 and Dthan summer precipitation in the southwestern U.S. (Wright,;Z8&dtoe and
Dettman, 201§ so it is pssible that the 60m lysimeters are sampling water sourced from

winter precipitation, or they receive flow from sources not studied in this p@petetermine if
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the isotopically depleted water was in fact a result of winter precipitation, we contipargeep
soil water(60 cm)to the winteftime local meteoric water lines observed by Eaatag Dettman
(2016) and Balllie et al. (2007)The local meteoric water lines did not approach the deep soil
water on @-D1 D vs. 80 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 possibilitythieadeep soil wates depleted in 180
and D as a result of winter precipitation.

Thedeep soil water (60 cnalsobecameenriched in'®0 and Dwith time (Fgures17,
18), showing either evaporative enrichment or mixing withehechedwater 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 theD and| 80 isotopes of thé0cm 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 abowe@&bargLandon 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 ntigbt 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 duvegter samples

dramatically.
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Dry soil moisture conditionmited our ability tocollect and analyzsoil water before
the 7/30/2015 runoff event, since lysimeters are unable to retrieve samples below a matric water
potential of 1¢ hPa(Sprenger et al., 2015). We were unable to paaipwater 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 depthWhile lysimeter LY-21m40cmproduced 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 aneBit¥0cn) as well, to get anoreclear

picture of thegeochemical 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 establsbatial 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 beéothe 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/26/2015 were chosen in order to view precipitation from different parts of the
monsoon season, and to consitierisotopic composition agimall versudarge storms. Because
the spatial variability across Lucky Hills for a single storm was found telagvely small (avg

1.9834 1 D, 0.65& | *0), the remaining storms used to construct the LMWguFe 13, and
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to compare precipitation data to runoff and soil water, were analyzed for only one collector (RG
083C1). Kendall precipitation data was eless 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 cadkted 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 relativelyioaii 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, Biguggédsts that this
may not have been the course of action feals 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, sméaktorm 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 datiaesl 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 resuhlgfane 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 subwatershedf the Walnut Gulch Experimental Watersii®dGEW). Graphical
representations of the concentrationsidbrideandsulfatein the same wateinclusively
revealed that the runoff and precipitation water cannot be distinguishéd runoff and soil
wate are distinct However, statistical hypothesis testing of the stable isotopes of Widtand
180) in precipitation, soil water and runoff, showed precipitation and runoff to be distinct.
Thereforeijt is likely thattherewasnegligible to no soil water mixing into the runoff at Lucky
Hills during the 2015 monsoon seaswaich is consistent with data found by Goodrich et al.
(2004)and Koch (2005)and the assumptions made by Baillie et al. (2000 additional
research imecessary to confirm this conclusioAdditional research is needed to extend the
conclusions of this paper beyond the Lucky Hills subwatershed of Walnut Guich, since Koch
(2005) observed trends in his research that suggest the presence of soil waief et the

Kendall subwatershed of Walnut Gulch.
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35

Lucky Hills

0 200 Meters
]

69,
2 2 4 67
» 04
54
= 70
89 .. 88 5o /
4 7 & 2214
504 218 91 68
2 65
52
092 - 56_%
201 . o % 66
1 5 220 .
1 . = ‘ 62
76 96 219
b Y s 9 e53 % *63 Kendall
6 217
9 60,
10 59 560 d
N
61 ‘o’
o 82
361
0 1000 Meters
—]
k L] ] 78
0 2 4 Kilometers > 21 1>
I e
@77
s Stock Pond [ Unit Area Subwatershed
* Runoff Measuring Device [__]Gaged Pond Subwatershed
* Recording Rain Gage [ ungaged Pond Subwatershed
= Inactive Rain Gage [ Primary Subwatershed

Figure 2: Locations of Lucky Hills and Kendall subwatersheds within the WGEW, and map of
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Figure 3: Geology of WGEW, showing that the WGEW is primarily Alluvium (Glé&tsach
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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1993 Soil Survey
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Il Blacktail gravelly sandy loam, 8 to 15 percent slopes Il Mabray-Chiricahua-Rock outcrop complex, 15 to 30 percent slopes
Il Budiamp-Woodcutter complex, 30 to 60 percent slopes [l Mabray-Chiricahua-Rock outcrop complex, 3 to 15 percent slopes
Il Chiricahua very gravelly clay loam, 8 to 15 percent siopes [l Mabray-Rock outcrop complex, 15 to 45 percent slopes

I Combate loamy sand, 0 to 3 percent slopes [ | Mabray-Rock outcrop complex, 3 to 15 percent slopes
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[7] Epitaph very cobbly loam, 3 to 15 percent slopes Il Pedregosa very gravelly fine sandy loam, 3 to 15 percent slopes
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Il Luckyhills loamy sand, 0 to 3 percent slopes Il Tombstone very gravelly fine sandy loam, 8 to 15 percent slopes
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Figure 5: Soil survey of WGEW (Breckenfetdal, 1995), with addecharkers tasshowLucky
Hills 103 and Kendall 112 subwatersheds
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Figure 7: On the left, graphic depictiorof suction lysimeter collecting locationsthre Lucky

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