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Introduction

A Research and Extension unit of the College of Agriculture and Life Sciences, the University of Arizona
Water Resources Research Center (WRRC) has a mission to promote understanding of critical state and
regional water management and policy issues through research, outreach, engagement and education. It
accomplishes its mission by assisting communities in water management and policy; educating teachers,
students and the public about water; and conducting scientific research on state and regional water issues. The
WRRC is known statewide as a hub for water resources research and information transfer in Arizona. It is the
designated state water resources research institute established under the 1964 Federal Water Resources
Research Act, and as such, the WRRC administers research grant programs and maintains a strong
information transfer program that includes publications, presentations, conferences and other public events.

In addition to these activities, the WRRC conducts programs of research on topics such as planning assistance
for local communities, environmental water needs, managed aquifer recharge, transboundary aquifer
management, and groundwater governance. Collaborations and cooperative arrangements are vital for
accomplishment of the WRRC’s active research, education and outreach goals. Among its key partners is the
Water Sustainability Program, one of three programs making up the Water, Environmental and Energy
Solutions (WEES) program, which is housed at the WRRC and funded from the UA’s Technology and
Research Initiative Fund (TRIF). The WRRC also houses Arizona Project WET (Water Education for
Teachers), which was initiated at the WRRC in 1991. Arizona Project WET is Arizona’s premier water
education program. In addition the WRRC is closely linked with Arizona Cooperative Extension.
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Research Program Introduction

The University of Arizona (UA) WRRC provides support through the WRRA, Section 104(b) research grant
program in the form of small research grants. Investigators at the three state universities in Arizona are
encouraged to apply for these grants. The WRRC typically selects two to four research projects for funding.
Selected projects address water research judged to provide value statewide on resolving water resource issues.
Selection criteria include importance, potential impact, technical merit, and feasibility, as well as provision for
student education and information transfer to research users.

A wide range of projects have been funded over the years, emphasizing mandated program goals of improving
water supply reliability and quality, and exploring new ideas to address water problems and expanding
understanding of water and water-related phenomena. For the 2015-16 grant cycle, the WRRC selected three
research projects for funding from the eight proposals received:

• Water Sources over Time for a Semi-Arid River – Implications for Water Resources and Groundwater
Modeling, Principal Investigator: Thomas Meixner, University of Arizona; • Impact of Upgraded Wastewater
Reclamation Facilities on Chemicals of Emerging Concern in the Effluent-dependent Lower Santa Cruz
River, Principal Investigator: David M. Quanrud, University of Arizona; • Characterization of Uranium and
Arsenic in Unregulated Water Sources on the Navajo and Hopi Reservations, Principal Investigator: Jani
Ingram, Northern Arizona University.

The WRRC issued its call for proposals in September for the 2016-2017 cycle (March 1, 2016-February 28,
2017). The Technical Review Committee met on December 18th to evaluate the five proposals received and
two projects were recommended for funding:

• Sunlight-driven reactive oxygen species production for natural attenuation of wastewater trace organic
compounds, Principal Investigator: Robert Arnold, University of Arizona; • Recycled water use for
agriculture: on-farm demonstration and evaluation research, Principal Investigator: Channah Rock, University
of Arizona.

Grants awarded to Arizona investigators from the nationally competitive grants program, the 104g program
are administered by the WRRC, which is responsible for submitting the proposals from Arizona. No Arizona
104g projects were funded in 2015.
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Problem and Research Objectives 
Recent research on the sources of water in perennial streams in arid and semi-arid climates have 
identified flood-driven recharge from intense precipitation events as critical sources of water for 
sustaining streamflow (Baillie et al. 2007, Plummer at al. 2004, Simpson 2007).  The variation in 
this source of water could have important implications for the effect of climate change and 
variability on sustaining water resources in riparian areas of the Southwest United States.  
Riparian areas of the Southwest are critical biodiversity locations that are under threat from 
human changes to their hydrology (Stromberg et al. 2009).  Because of human threats to these 
systems it is critical to understand the past hydrologic conditions that sustained these ecosystems.  
A concerted effort to link current hydrologic information to paleorecords of water source could 
provide crucial information about how these systems have evolved and how much change 
currently observed is due to human impacts versus due to climate variability and change.  A 
setting where this approach could be successful is the San Pedro River valley in southern 
Arizona.  Detailed studies on water sources for the San Pedro River exist (Baillie et al. 2007, 
Simpson and Meixner 2012).  Additionally, paleorecords of system hydrology in the form of 
cottonwood tree rings exist for the San Pedro River offering an ideal setting to demonstrate the 
proof of concept (Potts and Williams 2004).   
 
Importantly, paleohydrology studies have gained recent currency in the western United States as 
key ingredients in good water resource planning (Meko et al. 2007).  Existing studies have 
depended on tree rings to uncover hydrologic patterns by using upland tree species.  Given the 
complexities of hydrologic systems tree growth corresponding to wet upland conditions may not 
correspond to local changes in streamflow particularly for biologically important low flows 
(Stromberg et al. 2009).  Paleo-records of in-stream flows would be a notable improvement to 
understanding hydrologic responses to climate variation and the intersection of this variability 
with human management. 
 
In this project we sought to achieve two objectives:  First, quantify with high temporal resolution 
the variability of water source to the San Pedro River over the past 60 years.  Second, the water 
source results will be used to drive a simple surface-groundwater interaction model that will be 
used to infer past hydrologic conditions using the results from the tree-ring analysis. 
 
Methodology 
Sampling for this project has been completed and we are currently waiting for a backlog of 
analyses in the Geosciences Isotope Geochemistry laboratory to be cleared so our samples can be 
analyzed.  Samples were collected from 5 trees at the three identified locations on the San Pedro 
River.  This work focused on using the San Pedro basin as a test basin for understanding how to 
link paleo hydrologic records with models of how river systems work.  The length of perennial 
river flow on the San Pedro has declined by approximately 30% over the last 30 years due to the 
effects of groundwater pumping for industrial (copper ore), agricultural and urban purposes 
(Stromberg and Tellman 2009).  Declining base flow was one of the motivating causes for the 
founding of the San Pedro River National Conservation Area.  Recent years have seen 
widespread retiring of pumping in an attempt to restore dewatered areas.  The abundance of 
scientific studies conducted on the San Pedro River makes it an ideal site to generate knowledge 
of coupled abiotic and biotic processes and their control on vegetation dynamics.  Long stream 
flow records exist at three locations along the river.  Water isotopic data exist and show a link 
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between storm events and groundwater recharge (Baille et al 2007).   Our work focused on three 
specific locations along the San Pedro River, Palominas which is currently a losing reach of the 
river and has streamflow dominated by waters of similar isotopic composition to summer storms, 
Lewis Springs which is a strongly gaining reach and more strongly influence by basin 
groundwater, and the reach of the river near Fairbank, AZ which has a current isotopic 
composition intermediate between the other two locations.  All three locations have USGS 
stream gauges established and have been observed to have different degrees of surface 
groundwater connection (Simpson and Meixner 2013). 
 
Quantify with high temporal resolution variability of water source to the San Pedro River over 
the past 60 years:  Tree rings from approximately 5 trees were sampled at each of 3 sites along 
the San Pedro using increment borers in the spring and summer of 2015.  Four cores were taken 
per tree to better identify rings for tree-ring dating and to provide sufficient material for isotopic 
analysis.  Core samples were surfaced with sandpaper (or razor blades) to bring out 
microfeatures, and then dated (Stokes and Smiley 1968).  Rings were separated with a razor 
knife, pooled within trees from each site, and ground to a powder for each year of the 
chronology.  We collected approximately 60 years total at each site. 
 
Tree-ring samples were converted to holocellulose by the Jayme-Wise method through a 
procedure slightly modified from Leavitt and Danzer (1993).  These samples are currently 
awaiting analysis at the Geosciences Isotope laboratory. Cellulose samples will be analyzed on a 
Finnigan Delta-Plus mass-spectrometer in flow-through mode.    
 
Principal Findings and Significance 
Since we are currently waiting for these analyses, we have not yet simulated the conditions that 
created the tree ring patterns observed.  We hope to have results soon and will update our report 
at that time. 
 
It is hoped that improved understanding of the variability of flood recharge will enable better 
management of SPRNCA. 
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Problem and Research Objectives 
 
Municipal wastewater contains an assortment of pharmaceuticals and personal care products 
(PPCPs) along with a myriad of other contaminants of emerging concern (CECs) that are 
sometimes poorly attenuated during wastewater treatment.  A subset, the endocrine disrupting 
compounds (EDCs), have been shown to cause environmental impacts, e.g. feminization of fish, 
and there is speculation that chronic exposure among humans to EDCs is associated with 
elevated incidences of attention deficit disorder, asthma and diabetes.  In Arizona and elsewhere 
in the arid southwest, municipal wastewater treatment facilities commonly discharge to 
waterways that are effluent dominant or effluent dependent.  With little to no opportunity for 
dilution with natural base flow, the fate and transport of CECs in effluent-impacted watersheds 
in Arizona is an especially important issue and a question of broad interest for both ecological 
and human health.  
 
Nine streams in the state of Arizona are classified as “effluent dependent,” comprising a total 
river distance of 91 miles (Uhlman et al., 2012).  In southern Arizona, the Upper Santa Cruz 
River (SCR) is effluent dependent flowing north from Nogales, and, farther downstream, the 
Lower SCR is again effluent dependent flowing north from Tucson.  Riparian ecosystems and 
groundwater quality along these reaches of the SCR are impacted by the quality of effluent 
discharged to these waterways.   
 
In June 2009, a $66 million upgrade was completed at the Nogales International Wastewater 
Treatment Plant (NIWWTP) to meet tightened state regulatory standards for total nitrogen 
discharge and total suspended solids (TSS).  The improved effluent quality resulted in substantial 
changes to the river environment downstream of the NIWWTP outfall (Sonoran Institute, 2009).  
With ammonia no longer present, fish species, including Longfin Dace and Western 
Mosquitofish, have again been observed in the river.  A somewhat unanticipated result of the 
NIWWTP upgrade was a shortening of the length of the wetted reach below the NIWWTP 
outfall.  Infiltration rates along the Upper SCR have increased as consequence of the improved 
effluent quality (Treese, 2008).   
 
Similar outcomes are occurring as a result of recent (2014) upgrades at the two main wastewater 
reclamation facilities (WRFs) located along the Lower SCR (Figure 1) that serve the Tucson 
metropolitan area.  To meet tightened effluent discharge requirements, Pima County replaced the 
Roger Road Wastewater Treatment Plant with the Agua Nueva WRF (ANWRF) and 
substantially upgraded the Ina Road WRF and renamed it the Tres Rios WRF (TRWRF).  Both 
facilities began discharging Class A effluent to the Lower SCR beginning in early spring 2014.  
The ANWRF and the TRWRF are both operated by Pima County Regional Wastewater 
Reclamation Department (PCRWRD) and together discharge about 62 million m3 (~50,000 ac-
ft.) of effluent per year to the Lower SCR.  Most of this water recharges the local Tucson aquifer.   
 



 
Figure 1.  Lower Santa Cruz River study area.  Sampling sites are represented by circles 
(small circles—river sites; large circles—WRF outfall sites). 
 
 
Within the first four months of operation of the new and upgraded WRFs, substantial impacts to 
the Lower SCR were apparent.  Notably, effluent from the Agua Neuva WRF completely 
infiltrates into the riverbed prior to traversing the 7.6 km distance to the downstream Tres Rios 
WRF outfall, leaving a reach of dry riverbed between the two WRFs.  Farther downstream, the 
Lower SCR is at times going dry near the vicinity of Sanders Road.  The improved effluent 
quality has led to an apparent increase in infiltration rates along the river and consequently a 
shortening of the distance along which aquifer recharge occurs (Sonoran Institute, 2015). 
 
In addition to the potential loss of some riparian habitat along the Lower SCR, the increased 
hydraulic loading (percolation) rates may reduce opportunity for natural processes, including 
biodegradation, sorption, and photolysis, to attenuate CEC concentrations during surface 
transport.  Previous work by the PIs has shown that concentrations of several CECs are 
substantially reduced during surface flow in the Lower SCR and that indirect photolysis plays an 
important role in destruction of the estrogen hormone ethinyl estradiol (EE2) (Dong et al., 2015).  
The role of sunlight was also observed by Hanamoto et al. (2013), who found that photolysis 
attenuated some CECs by 20% or more during transport along a 7.6 km river reach.   
 
The goal of this project was to assess impacts of wastewater treatment upgrades on occurrence 
and fate of a suite of CECs during river transport along the Lower SCR.  The study represents a 
first step toward a broader understanding of impacts to the subsurface and the watershed.  
Specific project objectives were as follows: 

1. Measure CEC concentrations in effluent from the Agua Nueva and Tres Rios WRFs to 
establish baseline understanding of current CEC loading rates to the lower SCR 
watershed and how they have changed as consequence of the upgraded wastewater 
treatment facilities  

Agua Nueva Wastewater 
Reclmaation Facility

Tres Rios Wastewater 
Reclamation Facility

El Camino del Cerro

Belmont Rd.

N. Cortaro Rd.

Sanders Rd.

N. Trico Dr.

Twin Peaks Rd.

Avra Valley Rd.



2. Obtain preliminary information on transport and fate of a suite of CECs along the current 
wetted reach of the Lower SCR through multiple sampling campaigns over a one year 
period.   

 
 
Methodology 
 
The time period of the project was March 2015 through February 2016.  Water samples were 
collected along the Lower Santa Cruz River (SCR) at nine sites (Table 1), including at the 
ANWRF and TRWRF effluent outfalls, during May, September, December, and February.  
Sampling conformed to methods described in the USGS Field Manual (Section 5.6.1.F; USGS, 
2010) pertaining to collection of Wastewater, Pharmaceuticals, and Antibiotic Compounds.  
There was no surficial flow upstream of the ANWRF effluent outfall during any of the collection 
events, hence there was no dilution of effluent during the days of sampling.   
 
 
Table 1. Water sample collection sites along the Lower Santa Cruz River. 

Sampling Location Distance downstream (km)1 Notes 
Agua Nueva WRF  0.0 effluent outfall 
   El Camino del Cerro  1.3 bridge2 
   Belmont Rd. 6.4 bridge2 
Tres Rios WRF  7.6 effluent outfall 
   N. Cortaro Rd.  10.2 bridge2 
   Twin Peaks Rd.  13.5 bridge2 
   Avra Valley Rd.  17.8 bridge2 
   Sanders Rd.  27.1 bridge2 
   N. Trico Rd.  34.0 bridge2 

1distance downstream (km) from the Agua Nueva WRF effluent outfall 
2samples were collected upstream from bridges to minimize potential for sample contamination  
 
 
 
The suite of CECs included in this study, along with their uses and method reporting limits, is 
provided in Table 2.  The list includes pharmaceuticals, personal care products, flame retardants, 
and compounds used in industrial applications and consumer products.  Atenolol is a beta-
blocking pharmaceutical used to treat cardiovascular disorders.  Diphenhydramine is a first 
generation antihistamine pharmaceutical used to treat allergies. Perfluorooctanoic acid (PFOA) 
and perfluorooctanesulfonic acid (PFOS) are global pollutants and are used in industrial 
compounds and consumer products. PFOA is used in non-stick and water-proof coatings, while 
PFOS is used as a stain repellent.  Triclocarban is a personal care product commonly used as an 
antibacterial ingredient in soap products.  Trimethoprim is a bacteriostatic antibiotic used to treat 
urinary tract infections by preventing bacterial reproduction. 
 



 
Table 2.  Suite of CECs measured in this project. 

Compound Use Method reporting limit 
(ng/L) 

Atenolol Beta blocker 4.4 
Benzophenone UV blocker 4.4 
Bisphenol A Plastic additive 42 
DEET Mosquito repellent 18 
Diphenhydramine Antihistamine 5.4 
fluoxetine Antidepressant 55 
Ibuprofen Nonsteroidal anti-inflammatory 4.0 
Naproxen Anti-inflammatory 6.0 
PFHxA Flame retardant 1.1 
PFOA Surfactant 2.2 
PFOS Surfactant 2.5 
TCEP Flame retardant 19 
Triclocarban Anti-microbial 4.2 
Triclosan Anti-microbial 8.6 
Trimethoprim Antibiotic 20 

 
 
At each river sampling location, samples were collected in 1-L amber glass bottles that had been 
pre-washed with methanol (MeOH) and triple-rinsed with Milli-Q water. At each location, the 
sampling bottles were triple-rinsed with river water at that site and samples were then collected 
using a polypropylene bucket then poured into the bottles, or collected directly into the bottles. 
As a quality assurance measure, triplicate samples were collected at one site per sampling event. 
All samples were preserved on ice in coolers.  Samples were filtered using 0.7 μm glass fiber 
filter membranes (Whatman) after return to the laboratory, after which they were stored at 4ºC 
pending sample analysis.   
 
Target analytes were prepared using on-line solid phase extraction (OSPE) and then measured 
using ultra-high performance liquid chromatography coupled with tandem mass spectrometry 
(UHPLC-MS/MS, 6460Agilent Technologies, Santa Clara, CA) using published methods 
(Anumol et al. 2013, Anumol and Snyder 2015).  Quantification limits varied between 0.5-20 
ng/L (ppt) in water.  Analytical laboratory QA/QC procedures included use of method blank 
samples, blank and matrix spiked samples, and replicate laboratory samples.  Surrogate 
compounds were added to samples prior to extraction to monitor method performance (isotope 
dilution method).  Data were analyzed using a Masshunter Workstation Software (Agilent 
Technologies, Santa Clara, CA).  All analytical work was performed in the Snyder Research 
Laboratory on the University of Arizona campus. 
 
 



Principal Findings and Significance 
 
Objective 1: Comparison of effluent CEC concentrations from the old and new WRFs.  Average 
concentrations (ng/L) for all of the CECs measured during this study in effluent outfalls at the 
Agua Nueva and Tres Rios WRFs are summarized in Table 3.  CEC concentrations of eight of 
the fifteen analytes were higher from the ANWRF and atenolol, benzophenone, DEET, 
diphenhydramine, and triclocarban were substantially higher at the Agua Nueva facility.   
 
 
Table 3. Average CEC concentrations (ng/L) at effluent outfalls of the Agua Nueva and 
Tres Rios WRFs.  

Compound ANWRF TRWRF 
atenolol 1,036 241 
benzophenone 420 82 
bisphenol A <MRL 51 
DEET 1,093 215 
diphenhydramine 1,825 12 
fluoxetine 104 171 
ibuprofen 9 6 
naproxen 173 <MRL 
PFHxA 26 44 
PFOA 14 26 
PFOS 3 45 
TCEP 210 298 
triclocarban 158 14 
triclosan 90 41 
trimethoprim 327 380 

 
 
A comparison of effluent CEC concentrations from the “old” (2011 study) and the “new” (this 
investigation) WRFs is provided in Table 4.  The “old” WRF data is from an investigation 
performed by the PIs as part of a 2011 project funded by a University of Arizona Water, 
Environment, and Energy Sustainability (WEES) program grant.  Results from the 2011 study 
are included in the publication Dong et al. (2015).  Six CECs were measured in both the 2011 
and in the current studies; values shown in Table 4 are averages from four sampling events 
conducted during each study.  Overall, effluent CEC concentrations were similar in magnitude 
from the “old” and “new” WRFs for the six compounds common to both studies.  Comparison of 
the Roger Road and Agua Neuva WRF data shows a decreased concentration for three of the six 
CECs measured.  For the comparison of the Ina Road and Tres Rios WRF CEC data shown, just 
two of the six compounds were reduced in concentration after the facility upgrade.  These 
admittedly limited data suggest that despite the substantial improvements in performance of the 
new WRFs with respect to BOD, TSS, nutrients, and other regulated water quality parameters, 
there is not a concomitant improvement with respect to reduction in CEC concentrations being 
discharged to the Santa Cruz River.  It should be noted that this comparison is based on limited 



data and other factors may have affected these results, such as possible differences in timing of 
sampling (diurnal and seasonal fluctuations) during the two studies (Nelson et al., 2011).   
 
 
Table 4. Comparison of CEC concentrations (ng/L) from effluent outfalls at “old” and 
“new” Pima County WRFs. Values shown are averages obtained from the 2011 and 
current studies, respectively. 
Location 
 

DEET Fluoxetine PFOA PFOS TCEP Trimethoprim 

RRWRF 
(2011) 786 42 11 19.9 326 547 

ANWRF 
(2015) 1,093 104 14 2.5 210 327 

       
IRWRF 
(2011) 347 71 12 9.2 319 310 

TRWRF 
(2015) 215 171 26 45 298 380 

 
 
 

Objective 2: Assessment of CEC fate during transport in the Lower SCR.  Similar to the 
2011 study by the PIs, the CECs examined in this investigation were ubiquitous in the studied 
reach of the Lower SCR. However, most CECs exhibited substantial attenuation during transport 
along the 34-km study reach.  The five CECs detected at highest concentrations, in descending 
order, were diphenhydramine (antihistamine), DEET (insect repellant), atenolol (beta blocker), 
benzophenone (UV blocker), and trimethoprim (antibiotic), all of which occurred in the ug/L to 
high ng/L range (Figure 2).  The other CECs in this study, including pharmaceuticals and 
perfluorinated organics, had concentrations ranging from 1 to a few hundred ng/L (Figures 3 and 
4).  Data shown in these figures represent averages obtained from four sampling events during 
the 12-month study period.   

The Lower Santa Cruz River is effluent-dependent and there was no flow upstream of the 
ANWRF during the days of sampling, so dilution is ruled out as a mechanism of attenuation.  
The possible removal mechanisms for CECs during surface transport include biodegradation, 
sorption to sediments, and solar-driven photolysis.  Travel time across the 34-km study reach has 
not been established but is estimated to be on the order of 10-14 hours, allowing good 
opportunity for occurrence of sunlight-driven reactions (photolysis).  Except for the flame 
retardant TCEP, all other CECs shown in Figures 2 and 3 were substantially attenuated during 
river transport.  Previous investigation by the PIs was not able to establish correlations between 
attenuation rates and compound properties such as hydrophobicity or biodegradability index 
(Dong et al., 2015).  However, sunlight-driven reactions are suspected of playing an important 
role in compound removal; triclocarban, diphenhydramine, trimethoprim, and atenolol all 
contain aromatic rings potentially amenable to breakdown by photolysis and future research is 
warranted to identify possible reaction pathways.  



 
Figure 2. Top five CECs, based on measured concentrations in the Lower SCR. Data 
shown represent average values at each location from four sampling events.  The ANWRF 
outfall is at km 0 and the TRWRF outfall at km 7.6. 

 

 
Figure 3. Mid-tier CECs, based on measured concentrations in the Lower SCR. Data 
shown represent average values at each location from four sampling events. The ANWRF 
outfall is at km 0 and the TRWRF outfall is at km 7.6. 
 



 
Figure 4.  The four CECs exhibiting lowest concentrations in the Lower SCR.  Data shown 
represent average values at each location from four sampling events. The ANWRF outfall 
is at km 0 and the TRWRF outfall is at km 7.6. 
 
 
 
 
CEC fates during transport along the Lower SCR in the 2011 and present studies are compared in 
Figure 5.  Data points are averages obtained from each study.  Overall, the CECs shown in the 
figure displayed similar behaviors in both studies.  Differences mainly occurred in initial CEC 
concentrations discharged to the river by the two WRFs (positioned at km 0 and at km 7.6, 
respectively).  Compounds with faster attenuation rates during river transport included DEET, 
fluoxetine, and trimethoprim.   
 
 
  





both studies.  Assessment of the ecological significance of CEC discharges to the Lower Santa 
Cruz River was beyond the scope of this project and is an important topic for future 
investigation.   
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