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Abstract: Groundwater resources in the southwestern United States are finite and riparian and 

wetland areas are vulnerable to aquifer overdraft and unregulated groundwater use. Environmental 

isotopes and water chemistry were used to distinguish water types, recharge mechanisms, and 

residence time along several reaches of the Sonoyta River and Quitobaquito Springs located near 

the U.S.-Mexico border. Areas located upgradient from the Sonoyta River, such as the Puerto Blanco 

Mountains and La Abra Plain, are supported by local recharge which corresponds to water from the 

largest 30% of rain events mainly occurring during winter. For Quitobaquito Springs, the δ18O and 

δ2H values are too low to be derived from local recharge. Stable isotope data and Cl/SO4 mass ratios 

indicate that the Sonoyta River supplied Quitobaquito Springs through flow along a suggested fault 

system. Based on these results, Quitobaquito Springs flow could be diminished by any activity 

resulting in increased groundwater extraction and lowering of water elevations in the Sonoyta River 

regional aquifer. 

Keywords: groundwater; springs; environmental isotopes; transboundary watershed; Sonoyta 

River 

 

1. Introduction 

Alluvial aquifers in the Basin and Range Province in western North America have been 

extensively studied through the use of environmental isotopes (δ18O, δ2H, 3H, and 14C) and solute 

chemistry [1–4]. Waters develop distinctive isotopic and chemical compositions as a result of 

fractionation resulting from the hydrological, biological, and chemical processes that occur at the 

surface, and in the vadose and saturated zones of the aquifer systems. This geochemical 

characterization of waters provides the means to distinguish sources of aquifer recharge, identify 

preferential flow paths, and estimate groundwater residence time [2–4]. The method is particularly 

effective in high-relief basins that receive recharge from bounding mountain ranges and from rivers 

with distant headwaters [2,3], such as the Sonoyta River watershed (Figure 1). Here, in the heart of 

the Sonoran Desert, along the U.S.-Mexico border, ecological systems and human settlements heavily 

rely on and compete for water resources that are expected to decline as the climate warms and 

becomes more arid [5]. 
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Figure 1. Sonoyta River Watershed (delimited by red-dotted line) and major geographical features in 

the region. Black dashed line shows the limits of the Tohono O’odham Nation (TON). Black bold line 

shows the limit of the Organ Pipe Cactus National Monument (OPCNM). Sample sites (white circles) 

are identified by numbers listed in Table 1. Black star symbols show the towns of Ajo, Arizona, 

Sonoyta, Sonora, and the Papago Farms in the TON. 

Perennial surface flow and wetlands (ciénegas) occurred along several reaches of the Sonoyta 

River prior to the 19th century, but have been significantly reduced by the diversion of surface water 

into irrigated fields [6]. Livestock grazing during the early 20th century severely degraded the river’s 

channel. Over recent decades, the combination of drought conditions with increasing groundwater 

demand for irrigation and municipal use on both sides of the border has contributed to the decline 

of water levels in the local alluvial aquifer [7]. Intensive groundwater use started in 1952 and peaked 

in the 1980s when approximately 1.32 × 108 m3/year of groundwater were used to irrigate 13,000 ha 

in the Sonoyta Valley in Mexico, and 2000 ha in the Tohono O’odham Nation [6,8,9]. The volume of 

water used for irrigation is estimated to have exceeded natural recharge by 0.97 × 108 m3 during this 

time period [6,9]. 

Today, surface water resources at Organ Pipe Cactus National Monument (OPCNM, Figure 1) 

and the lower Sonoyta River are limited to bedrock depressions (tinajas) that collect seasonal runoff, 

springs such as Quitobaquito and Dripping springs (see Figure 2 for location), and few perennial 

reaches along the river [10,11]. The largest perennial reach occurs 1.6 km south of Quitobaquito 

Springs (referred to as Quitobaquito below), near the privately-owned Rancho Agua Dulce in Sonora 

(Figure 2), where granitic bedrock is exposed along a narrow river channel. The perennial reaches of 

the river are vestiges of a once-intact riparian ecosystem in one of the more arid portions of the 

Sonoran Desert. The pockets of surface water that persist serve as a refuge to a diversity of native and 

endemic aquatic vertebrates recognized as endangered or threatened (e.g., Desert Pupfish and the 

Sonoyta mud turtle; [11]). 

The efforts of this study focus around Quitobaquito and the reaches of the Sonoyta River 

adjacent to OPCNM, and within the Sonoyta Valley and La Abra Plain (Figure 2). Long-term spring 

flow measurements at Quitobaquito show a reduction in discharge during the last 25 years (Figure 

3; [12]). Detailed hydrogeochemical studies that address the origin of groundwater recharge, 

residence time, and hydrologic connections to surface water are needed to understand the impacts of 

increased groundwater use and expected intensified drought in aquatic ecosystems. This study uses 

chemical and isotopic tracers combined with available stratigraphic and piezometric information to 

assist in these efforts. Our initial hypotheses were that (1) a hydraulic connection exists between the 
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local aquifer originating in the Puerto Blanco Mountains, previously believed to be the main source 

of groundwater supporting perennial flow at Quitobaquito, and the regional aquifer of the Sonoyta 

River and (2) unregulated groundwater use will negatively impact the status of Quitobaquito and the 

perennial reaches of the Sonoyta River. 

 

Figure 2. Detail of the study area showing the location of water sample collection. Black star symbol 

shows the location of Sonoyta, Sonora. Pink line shows the watershed boundary, gray-dashed lines 

show water table elevation in meters above sea level. Water levels on the Mexican side from [13]. 

To test these hypotheses, we use stable isotopes (δ18O and δ2H), radioactive tracers (14C and 3H), 

and major ion chemistry of groundwater, surface water, and precipitation. In southwestern North 

America, stable isotopes in recharge preserve the signatures related to the altitude and seasonality of 

precipitation, thus, helping to discriminate between waters of different origin [14–16]. Radioactive 

tracers can be used to estimate groundwater residence times and identify areas of active recharge 

[17,18]. Improved knowledge of recharge dynamics and sources of water sustaining riparian areas in 

the study area can help to manage water resources in this water-stressed region. 

 

Figure 3. Discharge in cubic meters per minute at Quitobaquito from 1973 to 2017 [12]. 
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Table 1. Major ion chemistry and environmental isotope data of groundwaters. 

Site Type Date 
T 

(°C) 
pH 

E.C. 

(mS/cm) 

Ca2+ 

(mg/L) 

Mg2+ 

(mg/L) 

Na+ 

(mg/L) 

K+ 

(mg/L) 

Cl− 

(mg/L) 

SO42− 

(mg/L) 

NO3−-N 

(mg/L) 

Br− 

(mg/

L) 

F− 

(mg/

L) 

HCO3− 

(mg/L) 

δ18

O 

(‰) 

δ2

H 

(‰) 

δ13C-

DIC 

(‰) 

3H 

(TU) 

14C 

(pMC) 

Grou

p 

1 Spring 

Mar-16 14 6.6 0.28 2 0 69 3 21 29 0.3 0.0 0 195 −5.3 −45 −6.5 1.8 103 C 

Feb-17 14 8.2 0.24 5 0 76 4 21 26 0  0 207 −4.5 −38    C 

Mar-11              −5.4 −44    C 

Oct-03 22 6.8 0.33 2 0 64 2 25 36    63        

May-03  7.2 0.30 1 0 61 2 22 32    53        

Dec-02 13 7.5 0.41 3 0 79 3 22 25    118        

2 Spring 
Dec-76 14 8.3 1.10 33 8 190 4 140 87    307        

Mar-11               −4.5 −44    C 

3 Spring 

Feb-17 25 7.6 1.15 38 11 200 5 150 97 3  5 305 −8.4 −59    B 

Mar-16 28 7.4 1.15 36 12 213 5 170 101 3 0.0 5 480 −8.3 −64 −8.3 1.2 62 B 
               −8.5 −61    B 

4 
Spring/Pon

d 

Jul-88 30 7.7 1.15 33 10 190 5 150 87    306          

Jan-85 25 7.7 1.17 38 11 200 5 160 97    311 −8.3 −61    B 

Aug-82 28 7.9 1.06 36 10 41 5 150 93    313 −8.4 −63    B 

Dec-81 25 8.3 1.14 37 11 210 5 150 92    305          

Nov-76 26 7.9 1.15 36 10 200 5 150 97    311          

5 Well Jul-83 25 8.4 2.52 30 18 500 3 460 230    432 −7.0 −54 −7.3   A 

6 Well 

Jan-85 25 7.7 1.19 39 11 210 5 170 98    318 −8.4 −61    B 

Jun-83 25 7.7 1.17 40 11 210 9 160 110    337 −8.5 −62 −11.1   B 

Dec-76 14 8.2 1.30 40 11 210 6 160 110    315             

7 Well Feb-17 28 8.0 0.83 14 5 160 3 100 68 4  5 195 −8.6 −62    B 

8 Well Feb-17 26 8.1 0.95 22 8 180 4 140 70 5  5 195 −8.7 −62    B 

9 Well 

Feb-17 32 7.7 0.78 41 10 103 4 83 52 4  2 198 −8.3 −60    B 

Mar-16 31 5.8 0.82 25 11 119 4 104 62 5 0.0 2 205 −8.2 −62 −9.6 <0.7 47 B 

Mar-89 33 8.1 0.86 30 13 120 4 110 64    198       

Jul-88 33 7.8 0.82 30 13 120 5 110 60    198       

10 Well Mar-16 28 6.0 0.86 11 5 173 4 106 70 5 0.0 8 284 −8.7 −64 −7.8 <0.5 21 B 

11 Well Mar-16 38 6.8 4.25 129 7 578 18 868 372 0 2.6 3 118 −7.9 −62 −4.8 <0.5 24 B 

12 Well 
Mar-16      84 13 13 3 5 2 0 0.0 0 450 −7.3 −53 −9.0   A 

Jan-85 16 7.3 0.57 89 12 12 2 6 15    349 −7.5 −52    A 

13 Well 
Mar-16 23 7.0 0.70 84 16 54 3 12 2 0 0.0 0 452 −5.9 −44 −3.0 2.6 107   

Jan-83 25 8.0 0.45 60 12 39 1 7 18    322 −7.5 −53    A 

14 Well 
Mar-16 30 7.3 2.05 81 24 438 16 517 148 2 1.8 4 678 −8.0 −61 −2.0 <0.5 73 B 

Jul-83 31 7.5 1.85 48 10 330 7 280 200    340 −8.0 −61 −9.9   B 

15 Well Jul-83 24 7.9 2.35 29 10 540 5 350 240    650 −8.1 −64 −7.8   B 

16 Well Mar-16 21 6.9 0.83 75 17 110 2 104 59 1 0.0 1 455 −7.8 −56 −12.2 0.8 99 A 

17 Well Apr-16 29 7.2 1.47 39 15 288 6 265 191 6 1.1 5 279 −8.6 −63 −7.6 <0.7 49 B 

18 Well Apr-16 28 7.5 1.16 28 11 226 4 190 127 5 0.9 6 257 −8.7 −64 −7.5 <0.8   B 
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19 Well Apr-16 24 7.1 1.76 46 12 372 5 265 189 3 1.1 0 643 −8.0 −60 −8.2 <0.7 80 B 

20 Well Apr-16 32 8.0 1.59 15 4 363 5 385 146 0 1.3 0 232 −7.8 −60 −5.5 <1.0  27   

21 Well Apr-16 31 7.9 1.93 23 16 409 5 473 164 2 1.7 0 438 −7.6 −59 −5.3 <0.5 16   

22 Well Jun-81 24 7.3 0.58 72 17 30 1 15 66    268 −8.6 −61       B 

23 Well 
Jan-78 25 8.0 0.58 5 4 114   44 48    165             

Jan-81 25 8.2 0.58 9 4 110 2 44 40    207 −7.3 −58       A 

24 Well 
Sep-78  8.4  23 15 109 3 15 61    250             

Apr-81  8.0 0.81 30 20 120 2 34 100    305 −7.0 −53       A 

25 Well 
Mar-78 31 7.7 0.53 24 16 61   31 23    222             

Apr-81    0.53 26 15 60 5 34 22    220 −7.2 −54      A 

26 Well Feb-16  7.8 0.9 27 5 137 5 124 114 4   127 −8.0 −59    B 

27 Well Oct-16  7.6 0.5 17 4 90 4 12 15 5 0.0  348 -7.6 -51  <0.4  A 

28 Well Feb-17 27 7.7 0.549 45 7.4 60 1.9 31 17    268 −7.5 −52    A 

Note: δ18O and δ2H relative to V-SMOW (‰). δ13C-DIC relative to V-PDB (‰).
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2. Materials and Methods 

2.1. Study Area 

2.1.1. Location 

The Sonoyta River watershed is located in the Basin and Range Province (Figure 1). It is a 

transboundary watershed in southern Arizona, United States, and northern Sonora, Mexico, that 

covers an area of 12,618 km2 [19]. Major watercourses within the watershed include the Sonoyta River 

originating near the Pozo Verde Mountains in Mexico, and the Vamori, Sells, and San Simon washes 

draining the Tohono O’odham Nation west of the Baboquivari Mountains and south of Cimarron 

Peak. The drainage network converges south of the international border, 40 km east of the town of 

Sonoyta, Mexico. From here, the Sonoyta River continues parallel to the border, just south of 

OPCNM, through irrigated lands in Mexico, then turns southwards near the Sierra El Pinacate and 

infrequently reaches the Gulf of California in the vicinity of Puerto Peñasco. 

2.1.2. Climate and Isotopes 

Climate is arid to semiarid and precipitation follows a bimodal pattern. Summer precipitation 

(June–early September) consists of localized, intense, convective precipitation generated during the 

North American Monsoon from water sources in the tropical eastern Pacific Ocean and the Gulf of 

California, and accounts for about half of the annual precipitation [20,21]. Winter precipitation 

consists of widespread and long-lived frontal systems generated in temperate regions of the eastern 

Pacific [21–23]. Weather stations maintained by the U.S. National Park Service (NPS) staff at OPCNM 

show that total annual rainfall increases with elevation [24]. The Sonoyta Valley, located 400 m above 

sea level (masl), receives 180 mm/year of rainfall. Ajo Peak, the highest point within OPCNM at 1465 

masl, receives ~300 mm/year of rainfall. The highest elevations of the watershed occur at the crest of 

the Baboquivari Mountains at about 2300 masl. Precipitation data are available at the Kitt Peak 

National Observatory, 2096 masl, where the annual average is about 560 mm [25]. Average air 

temperature ranges between 13.1 and 32.6 °C at the lower elevations, and 5 and 21 °C at the higher 

elevations. 

Studies in the Tucson Basin (180 km east of the study area) established that summer and winter 

precipitation have distinctly different amount-weighted mean values of δ18O and δ2H reflecting 

seasonal changes in condensation temperature and moisture source [21,26,27]. An isotope altitude 

effect is also well-established in the Tucson Basin where lapse-rates of 1.6‰ per 1000 m for δ18O, and 

11‰ per 1000 m for δ2H have been measured [27]. Such distinctions, extrapolated to surrounding 

basins with few or no isotope data for precipitation, provide evidence of the sources and seasonality 

of recharge in the region [14,28]. On the basis of isotope evidence, recharge in southern Arizona 

originates mainly as precipitation from the wettest (30%) months, when sufficient water is present, 

and conditions are optimal for recharge [14,29]. 

2.1.3. Geology, Hydrogeology, and Hydrogeochemistry 

The Basin-and-Range Province of western North America is characterized by horst and graben 

physiography consisting of long, narrow mountain ranges separated by alluvium-filled valleys 

supporting regional groundwater aquifer systems. The geology and hydrogeology of the OPCNM, 

including the Sonoyta Valley, La Abra Plain, and surrounding areas, have been described in previous 

studies [30–32]. Principal geological units are shown in Figure 4. The study area is bounded to the 

north and northwest by mountain ranges consisting of Mesozoic igneous and metamorphic rocks 

exposed by late Cretaceous thrust faulting and tectonic sliding (e.g., Quitobaquito Hills, Puerto 

Blanco Mountains; [30]). Granite gneiss, schist, granite, and metasedimentary rocks are the main 

lithological components [31]. To the northeast, the study area is bounded by igneous rocks of late 

Cretaceous and Tertiary age, include andesite, rhyolite, latite, and granodiorite complexes in the Ajo 

Range [33]. 
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Figure 4. Geology of study area. Pink line shows the watershed boundary. Black star symbol shows 

the location of Sonoyta, Sonora. Map includes data from [34] in the U.S., and from [35] in Mexico. 

Basin-fill consists of mainly unconsolidated to weakly consolidated gravels, sands, and silts that 

overlie pediments on lower slopes, occurring as a set of overlapping and interconnected lenses of 

alluvium and slope wash adjacent to range fronts [34]. These basin-fill deposits extend outwards from 

the range fronts as alluvial plains sloping down towards the Sonoyta River Valley where their depths 

may exceed 300 m. Stream channels have been cut into the less-permeable basin-fill. These deposits 

are left behind by ephemeral streams (e.g., Aguajita Wash, Figure 2) that originate in the nearby 

mountains and merge with the Sonoyta River. 

Most irrigation wells are drilled in the basin-fill, but groundwater also occurs in stream-channel 

deposits and fractured granitic rocks on the southwest side of the Quitobaquito Hills where a series 

of fault-controlled springs are found (e.g., Quitobaquito; Figure 5, [34]). Reported hydraulic 

conductivities range between 110 and 11,000 m/year for alluvial basin-fill in southern Arizona [36]. 

Hydraulic conductivity is low in volcanic, crystalline, and metamorphic rocks, but can be enhanced 

if weathering and/or fracturing is extensive [37]. Estimated hydraulic conductivities range between 

0.7 and 5.10 m/year for fractured igneous and metamorphic rocks in southern Arizona [38]. 

Recharge in the regional Sonoyta River basin is likely influenced by mountain system recharge 

occurring at the basin margins as in other semi-arid basins in southern Arizona [28]. Mountain system 

recharge includes all water sourced in the mountain block entering a basin-fill aquifer, known as 

mountain-front recharge, and subsurface inflow of groundwater coming directly from the mountain 

block to lowland aquifers, known as mountain-block recharge [39]. Other important contributions in 

this setting include flood-driven recharge in the ephemeral stream network and irrigation reflux 

along the Sonoyta River. Diffuse recharge, defined as the direct infiltration of rainwater and 

subsequent percolation to the water table, is assumed to be negligible. 
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Figure 5. Cross-section of the Quitobaquito Springs area. See Figure 4 for cross-section trace location. 

Modified from [34]. 

The chemical character of groundwaters depends on the location. Recharge areas tend to be 

dominated by Ca-HCO3 water types and low concentrations of total dissolved solids. Down gradient 

areas in alluvial basins tend to be dominated by Na-HCO3-Cl water types (see Figure 6; [40]). SO42− to 

Cl− ratios were used in the nearby San Pedro River, in southeastern Arizona, to differentiate basin 

groundwater from monsoon flood recharge sustaining intermittent streamflow [41]. 

 

Figure 6. Piper Diagram showing data for groundwater samples along the Sonoyta River course. 

“Headwater” samples were collected near the Baboquivari Mountains, “Valleys” samples were 

collected along the floodplains downstream, and “Papago Farms” samples were collected within the 

irrigated fields of the Tohono O’odham Nation (see Figure 1 for location). Data from Water Quality 

Portal [42]. 
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2.2. Data Collection and Analysis 

Groundwater samples were collected from shallow monitoring wells and agricultural wells, 

which range in depth from 3 to 300 m. No surface water samples were collected from the Sonoyta 

River, which was dry during the period of the study. Water supplied in the past by the river is 

represented by shallow groundwater from the river flood plain. Except for site 13, wells were purged 

of three well volumes, or bailed, unless they were in continuous use. For this reason, the (δ18O, δ2H) 

values for site 13 collected in March 2016 are left out of the discussion. Spring samples were collected 

in March 2016 from Dripping Springs (site 1), located near the top of the Puerto Blanco Mountains at 

an elevation of ~650 masl, and Quitobaquito, located at an elevation of ~335 masl, and within 200 m 

north of the international border (Figure 2, sites 3 and 4). Rainfall samples were collected between 

2015 and 2017 from rain gauges within OPCNM (adjacent to sites 1, 3, 9, 12, and 16) prepared with a 

thin layer of mineral oil to prevent evaporation. Aggregate rainwater samples were recovered during 

several visits to the study area in late October and late March of the respective years. 

For groundwater and surface water samples, pH, temperature, and electrical conductivity were 

measured in the field using a YSI 556 Multiparameter System sonde calibrated with standard pH and 

conductivity buffers. Samples for measurement of ions and alkalinity were filtered into 30 mL HDPE 

bottles using 0.45-μm nylon membranes. Samples for analysis of cations were preserved by the 

addition of two drops of optima-grade HNO3. Samples for measurement of stable O, H, and C 

isotopes were filtered as above and kept stored in 20 mL glass containers. For age tracers (3H and 14C), 

we stored unfiltered 1-L water samples in rinsed HDPE and amber-glass bottles, respectively. All 

samples were stored on ice in the field and refrigerated at 4 °C in the laboratory. 

Stable O and H isotopes were measured on a gas-source isotope ratio (Finnigan Delta-S) mass 

spectrometer with automated CO2 equilibration and Cr reduction attachments at the University of 

Arizona’s Environmental Isotope Laboratory. Values for stable O and H are reported in delta notation 

relative to VSMOW (Vienna standard mean ocean water) with standardization based on international 

reference materials SLAP (standard light Antarctic precipitation) and VSMOW. Precision is 0.9‰ or 

better for δ2H and 0.08‰ or better for δ18O. Values for stable C were measured on a Gasbench 

automated sample attached to a continuous-flow mass spectrometer (Thermo-Finnigan Delta Plus 

XL, Bremen, Germany). Samples were reacted with phosphoric acid at room temperature in He-

flushed Exetainer vials. Tritium (3H) was measured by liquid scintillation spectrophotometry on 

electrolytically enriched samples mixed 1:1 with Ultimagold Low-Level Tritium cocktail. The 

detection limit was 0.5 TU for 1500 min of counting using a Wallac Oy Quantulus 1220 

Spectrophotometer (Turku, Finland) at the University of Arizona. Calibration for 3H was relative to 

NIST SRM 4361, and results are presented as tritium units (TU). For radiocarbon (14C), carbon was 

extracted as CO2 from 1-L unfiltered water samples and reduced to graphite. The product was 

measured by accelerator mass spectrometry on a National Electrostatics Pelletron AMS at the NSF-

Arizona AMS facility. Calibration for 14C was relative to IAEA Oxalic Acids I and II, and results are 

presented as percent modern carbon (pMC). Anion (excluding HCO3-) and cation concentrations 

were obtained using a Dionex DX-600 Ion Chromatography system, and an Elan DRC-II Inductively 

Coupled Plasma–Mass Spectrometer (precision ± 2), respectively, at the University of Arizona 

Laboratory for Emerging Contaminants (ALEC). Alkalinity was obtained using the Gran-Alkalinity 

method [43], and the results were used in a PHREEQC speciation model to estimate HCO3− in mg/L 

[44]. 

New data and previously published isotope and ion chemistry for the Sonoyta River basin from 

the Water Quality Portal [42] are presented in Table 1. Water Quality Portal data, which includes data 

from the U.S. Geological Survey’s National Water Information System (NWIS) and U.S. 

Environmental Protection Agency’s (EPA) Storage and Retrieval Data Warehouse (STORET), has 

been published in previous studies [9,13,34]. Table 1 includes all individual values for sites with 

multiple data (see Table S1 for locations). 

Rainfall data collected in the study area are insufficient to provide valid estimates of the long 

term mean δ18O and δ2H values. Due to this shortfall, we combine our results with stable isotope data 

obtained from the United States Network for Isotopes (USNIP; [45]) station at OPCNM’s visitor 
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center (510 masl) as previously published by Zamora et al., 2019 (Figure 7A; [46]). The seasonal, 

amount-weighted means (Figure 7B) were calculated using δ18O and δ2H data for individual rainfall 

events (Figure 7A). Stable isotope data from tinaja samples collected by NPS during March and April 

of 2011 are used to estimate the evaporation trend in the area (Figure 8). Throughout the text, we use 

the terms “locally sourced” groundwater or “local recharge” to refer to groundwaters recharged near 

OPCNM, or at similar elevations in the lower parts of the basin, in contrast to “high elevation” 

recharge which refers to water sourced at the headwaters or margins of the Sonoyta River basin. 

  

Figure 7. (A). δ18O and δ2H values for individual precipitation events collected within Organ Pipe 

Cactus National Monument between 1990 and 2016 at an elevation of ~510 masl (from [46]). (B). 

Amount-weighted mean (δ18O, δ2H) values for winter (November to April), summer (May to 

October), all events (labeled “Yearly”), and the 30% most intense events (including summer and 

winter) from data in (A). “2000 M Winter” and “2000 M Summer” was calculated using the mean 

isotopic altitude effects in Tucson, Arizona (1.6‰ per 1000 m for δ18O and 11‰ per 1000 m for δ2H) 

[27] and the elevation difference between OPCNM’s visitor center and the Baboquivari Mountains 

(~1490 m). 

3. Results 

3.1. Rainfall 

Data for rainfall collected during the winter months (November to April) closely match the 

Global Meteoric Water Line (GMWL; [47]) and follow a trend with a slope of 7.9 and y-intercept of 

9.89 (R2 = 0.91, Figure 7A; [46]). Data for summer rainfall (May to October) plot slightly below the 

GMWL, and follow a trend with a slope of 6.43 and y-intercept of −2.11 (R2 = 0.89, Figure 7A; [46]). 

The amount-weighted mean (δ18O, δ2H) values are −4.3‰ and −29‰ for summer precipitation, −7.2‰ 

and −47‰ for winter rainfall, −5.7‰ and −38‰ for all rainfall events, and −7.5‰ and −50‰ for the 

30% most intense events (Figure 7B). If we apply the mean isotopic altitude effects of the Tucson 

Basin (1.6‰ per 1000 m for δ18O and 11‰ per 1000 m for δ2H) to the OPCNM means (assuming an 

elevation difference of 1490 m between the rain gauge location at OPCNM’s visitor center and the 

Baboquivari Mountains), we estimate (δ18O, δ2H) values of −9.6‰ and −63‰ for average winter 

precipitation, and −6.7‰ and −45‰ for average summer precipitation at the highest elevations of the 

Sonoyta River basin (2000 masl, Figure 7B). For comparison, the average (δ18O, δ2H) values at an 

elevation of 2000 masl for the Catalina Mountains, near Tucson, Arizona are −10.5‰ and −66‰ for 

winter, and −8.0‰ and −53‰ for summer [27]. 
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3.2. Tinajas 

Tinajas had δ18O values ranging between −4.9 and +7.7‰, and δ2H values ranging between −30 

and +10‰. The data plot on an evaporation line of slope 3.16 (R2 = 0.82, Figure 8).  

 

Figure 8. δ18O and δ2H values for water samples collected by the NPS from tinajas during March and 

April 2011 [48]. 

3.3. Groundwater 

Groundwaters in the Sonoyta River basin transition from Ca-HCO3 type near the headwaters, 

adjacent to the Baboquivari Mountains, to Na-HCO3 type upgradient of the international border. 

Degradation of water quality is associated with the presence of lakebed-clay deposits near Papago 

Farms (see Figure 1; [9]). Within the study area, only groundwaters from sites 12 (Valley of the Ajo) 

and 13 (in La Abra plain) are Ca-HCO3 type, and the rest are Na-HCO3-Cl and Na-Cl types (Figure 

9). Other ions including F−, NO3−, and Br− are reported in Table 1. These ions are not further discussed 

but are presented here as a reference for future studies. 

 

Figure 9. Piper Diagram showing major ion chemistry data for springs and well water samples in the 

study area. 
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Three groups of water isotope data are present in Figure 10 (Table 2). For samples in Group A, 

δ18O values range between −7.0 and −7.8‰, and δ2H values range between −51 and −58‰. This group 

includes samples from sites 5, 12, 13, 16, 23, 24, 25, 27, and 28. For samples in Group B, δ18O values 

range between −7.9 and −8.7‰, and δ2H values range between −59 and −64‰. This group includes 

samples from sites 3, 4, 6, 7, 8, 9, 10, 11, 14, 15, 17, 18, 19, 22, 26, and includes the data for the 

Quitobaquito system (discussed below). Samples from the lowest reaches of the river (sites 20 and 

21, Figure 1) plot next to group B, but more evaporated. Levels of 3H and 14C, are lower near the 

Sonoyta River than at sites near the Puerto Blanco Mountains (except for site 11, 25 pMC; Figure 11). 

Site 13, located along the Aguajita Wash had the highest values for both radioisotopes (2.6 TU and 

107 pMC; Figure 11). 

 

Figure 10. δ18O and δ2H values for mean rainfall (winter, and other values shown in Figure 7B), 

springs, and wells. Red arrows show the expected evaporation trend in the area with a slope of 3.16 

obtained from Figure 8. Quitobaquito samples (from spring and pond) are shown by green-filled 

triangles in Group B. Ancient water samples (uncorrected pMC < 10) in southern Arizona from [2]. 

Wells east (upstream) of Quitobaquito along the Sonoyta River floodplain (7, 8, 10, 17, 18, 19) have 

(δ18O, δ2H) ranges between −8.7 and −8.0‰ and −64.1 and −60‰ respectively. 

Table 2. Summary of maximum and minimum (δ18O, δ2H) values for groups A, B, and C in Figure 10. 

Group 
δ18O-

Max 

δ18O-

Min 

δ2H-

Max 

δ2H-

Min 
Sites 

A −7.0 −7.8 −51 −58 5, 12, 13, 16, 23, 24, 25, 27, 28 

B −7.9 −8.7 −59 −64 3, 4, 6, 7, 8, 9, 10, 11, 14, 15, 17, 18, 19, 22, 26 

C −4.5 −5.4 −38 −45 1, 2 

3.4. Springs 

Dripping Springs (site 1) samples tend to have Na-HCO3 chemistry, while Quitobaquito samples 

are Na-HCO3-Cl water types (Figure 9). In terms of stable isotopes, there is a clear difference between 

the two systems. For Dripping Springs, δ18O values range between −4.5 and −5.4‰, and δ2H values 

range between −38 and −45‰. These values comprise Group C in Figure 10 (Table 2). For 
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Quitobaquito, δ18O values range between −8.3 and −8.5‰, and δ2H values range between −59 and 

−64‰ (Figure 10; Group B). Williams Spring (site 2) is adjacent to Quitobaquito, and plots within 

Group C. The samples from both sites plot below the GMWL (Figure 10). A Dripping Spring sample 

had a 3H value of 1.8 TU, and 14C value of 103 pMC. For Quitobaquito, the 3H value was 1.2 TU, and 

the 14C value was 62 pMC (Figure 11). 

 

Figure 11. Tritium (TU), and Carbon-14 data (pMC) for groundwater samples in the study area. Pink 

line shows the watershed boundary. Black star symbol shows location of the town of Sonoyta, Sonora. 

See Figure 1 for sample site identification.  

3.5. Summary of Geographic Distribution 

The groups defined by isotope chemistry have a specific geographic distribution. Group A 

occurs away from the main stem of the Sonoyta River mainly along small tributaries draining low-

elevation mountain ranges near or within OPCNM. Group B is found close to the Sonoyta River. 

Group C is limited to the vicinity of the Puerto Blanco Mountains with the exception of the Williams 

Spring sample (Figures 2 and 10). 

4. Discussion 

4.1. Recharge Sources 

Well sites 12, 28, and 27 are located away from the Sonoyta River (Figure 1). The (δ18O, δ2H) 

values for these three sites plot along the GMWL, and represent local recharge (around −7.5‰ and 

−52‰, Figure 10). Similar values have been observed in the lower Gila River basin, adjacent to the 

study area [49]. For areas located upgradient from the Sonoyta River, such as the Puerto Blanco 

Mountains and La Abra Plain, the local recharge is the only possibility. Group A in Figure 10 occurs 

within this area and corresponds closely to local recharge. Local recharge also corresponds to water 

from the largest 30% of rain events which tend to occur during the winter months (−7.5‰ and −50‰; 

Figure 10). Group C must also be locally sourced and appears to be the evaporated equivalent of 

Group A, or in one case the evaporated equivalent of mean winter precipitation. 

Groundwaters in Group B have a distinct isotopic composition, indicating a different source 

than group A and C waters. Group B groundwaters occur in the Sonoyta River flood plain, including 

sites ~20 km upstream of Quitobaquito, where they cannot originate from the spring area. Such water 

is best explained as originating in the Baboquivari Mountains because its isotope composition 
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resembles that found at site 22 (Figure 10). The (δ18O, δ2H) values (−8.6‰ and −61‰) of site 22 are (1) 

close to the value estimated for mean winter precipitation at 2000 masl in the Baboquivari Mountains; 

and (2) in agreement with other localities in southern Arizona where groundwater may originate as 

precipitation from >1500 masl, such as the town of Patagonia where (δ18O, δ2H) values range between 

−10.5‰ and −8.2‰ for oxygen and −7.3‰ and −58‰ for hydrogen (average −8.7‰ and −62‰; [50]).  

Group B water also occurs at Quitobaquito, where its origin is not so clear, but the possibilities 

include: (a) the Sonoyta River, if a plausible flow path can be identified (discussed further below), (b) 

hurricane rain, but this is unlikely to affect only the spring [51], and/or (c) Late Pleistocene 

precipitation which had lower (δ18O, δ2H) values in most or all of North America [52]. In southern 

Arizona, the shift from modern to lower (δ18O, δ2H) values occurred at 13–14 ka [53], corresponding 

to about 18 pMC. Paleobotanical remains from packrat middens in the area dating back to 22,000–

11,000 years B.P. suggest a precipitation decrease ranging from 16% to 70% from the wetter 

Pleistocene to Holocene conditions (depending on the elevation), with the Pleistocene dominated by 

winter rain, and having temperatures at least 5 °C lower than today [54–57]. 

The 14C content at Quitobaquito, 62 pMC, could be explained as an approximate 1:1 mixing 

between modern local recharge (100 pMC) and water recharged 13,500 years ago (18 pMC), assuming 

no addition of dead radiocarbon from carbonate dissolution which would lower the pMC. If the same 

mixing ratio is used on δ18O data, the local recharge value (−7.5‰) and the Quitobaquito value 

(−8.4‰) can be used to calculate the value for Pleistocene water which would have been ~−9.4‰, and 

consistent with the regional 2‰ shift [48,49]. Such value (~−9.4‰) is within the range of ancient 

waters (uncorrected pMC < 10) found in southern Arizona [2] which are shown in Figure 10. The fault 

zone near Quitobaquito contains local recharge represented by the Williams Spring sample with a 

temperature of 14 °C (see Table 1). This, and the 1.2 TU at Quitobaquito, are consistent with the 

mixing of waters in the fault zone. 

The volume of groundwater stored in the basin-fill for the local flow system around the fault 

zone is estimated to range between 2.11 × 107 m3 and 3.66 × 107 m3 [34]. If we assume that this volume 

is discharged in its entirety through the Quitobaquito system at a rate of 1.7 × 102 m3/day [34], this 

would yield a residence time ranging between 340 and 590 years. This calculation suggests that the 

fault zone cannot accommodate enough paleowater to sustain the spring for 13,000 years, or that a 

larger volume of water is stored in the fractured granite.  

A hydraulic connection between the local groundwater at Quitobaquito and the regional 

groundwater beneath the Sonoyta River is plausible [34]. The fault zone from which the springs 

discharge (~335 masl) may extend southeast to the Sonoyta River on the indication of vegetation 

anomalies observed in satellite images, and the presence of a former perennial reach south of the 

Santo Domingo Hills [2]. This hypothetical fault would closely follow the 335 m contour in Figure 12 

(red-dotted line). 

A southeast continuation of the fault could intersect the river where the 335 m topographic 

contour (red-dotted line in Figure 12) crosses the channel. When the river had perennial water in the 

past, perhaps during cooler and wetter times or prior to major irrigation development, it would have 

been capable of supplying water to the suggested fault zone, and into Quitobaquito. Upward flow in 

the fault zone at Quitobaquito may be driven by regional hydraulic gradients. The SO42− and Cl− 

concentrations at Quitobaquito are higher than those of local recharge and more similar to those of 

Sonoyta River waters (Figure 13). Similarly, the mass ratio of Cl/SO4 at Quitobaquito and Sonoyta 

River water plot close to each other suggesting a common origin (Figure 14). 

In summary, there are two possible explanations for the origin of water at Quitobaquito and 

observed decreasing flows, (1) paleo recharge, although estimated groundwater storage volume is 

too small to accommodate Pleistocene-aged waters, and (2) Sonoyta River water supplying water 

through the suggested fault zone, which deserves further study. If paleo recharge mixed with local 

recharge is the source, current drought conditions may be affecting the head in the fault zone due to 

lowered local recharge fluxes. If water is derived from the Sonoyta River or the alluvial aquifer, 

present groundwater extraction has probably already impacted the water supply to the spring. The 
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latter explanation seems to be more plausible based on the ionic mass ratio of Cl− and SO42−, which 

suggests Quitobaquito is sourced from the Sonoyta River. 

 

Figure 12. Quitobaquito Springs area. Red dotted line shows the 335 m elevation contour and a 

hypothetical fault, related to the fault system that created Quitobaquito, extending into Mexico. 

4.2. Other Data 

Samples 20 and 21 plot outside groups A and B (Figure 10). However, these two samples are 

slightly different in terms of Cl− and SO42−, and 14C. The concentrations for both anions are higher in 

these two samples than in most of the samples in groups A and B (Figure 13) and 14C pMC are the 

lowest among all samples (16 and 27 pMC). At a first glance, these samples can be interpreted as 

analogous to Group B but evaporated prior to recharge. Both samples are located in the southernmost 

locations along the Sonoyta River and were obtained from wells near irrigated lands (Figure 1). The 

high degree of evaporation could reflect irrigation reflux into the aquifer, although the low 3H and 
14C pMC values do not suggest recent exposure to the atmosphere. 

  

Figure 13. Cl− vs SO42− values for spring and well samples. Diagonal line shows hypothetical 

evaporation line. 
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Figure 14. Cl/SO4 vs Cl− concentrations for local recharge (sites 1, 12, 13, 27, and 28), Quitobaquito 

(sites 3, and 4), and Sonoyta River wells upstream of Quitobaquito (sites 7, 8, 10, 17, 18, and 19). 

5. Conclusions 

Areas located upgradient from the Sonoyta River, such as the Puerto Blanco Mountains and La 

Abra Plain, which include Group A and Group C groundwater (Figure 10), are supported by local 

recharge. Local recharge corresponds to water from the largest 30% of rain events, dominated by 

winter events (−7.5‰ and 50‰). Groundwaters in the Sonoyta River floodplain (Group B, Figure 10), 

~20 km upstream of Quitobaquito, originate in the Baboquivari Mountains where recharge occurs at 

a higher elevation. For Quitobaquito, the δ18O and δ2H values are too low to be derived from local 

recharge. Two possible explanations for the origin of water at Quitobaquito include (1) a mix of 

modern recharge and Pleistocene-aged groundwater and (2) Sonoyta River water supplying water 

through a suggested fault system connecting the spring to the alluvial aquifer beneath the river. The 

estimated groundwater storage volume around Quitobaquito is too small to accommodate 

Pleistocene-aged waters, thus it is more likely the spring is fed by the Sonoyta River or its alluvial 

aquifer, as seen in the similar Cl/SO4 mass ratios and the δ18O and δ2H values. 

The conclusions here presented have important implications for the management of water 

resources within OPCNM and the lower Sonoyta River. To further test the nature of the hydrologic 

connection between the Sonoyta River and alluvial aquifer and Quitobaquito, more detailed field 

investigations along the fault zones near Quitobaquito are needed. The strategic installation of 

monitoring wells near Quitobaquito could provide valuable information regarding the subsurface 

geology, groundwater levels, aquifer properties, and access for the sampling and analysis of stable 

isotopes and solute chemistry in water. Seismic refraction and magnetic methods around 

Quitobaquito, including reaches of the Sonoyta River in Mexico along OPCNM, could be useful to 

find the extension of known faults and outline the existence of others. Detailed studies of isotopes 

and solute chemistry in groundwater are also needed within the Tohono O’odham Nation. These 

studies could help identify other potential water sources that could play an important role in the 

Quitobaquito system. Updated water level information along the Mexican side of the border is vital. 

This information can be synthesized in a calibrated groundwater model that could help to (1) better 

understand the present hydrologic conditions of the Quitobaquito and Sonoyta River systems, (2) 

identify sensitive areas that require further study, (3) re-create past conditions, and/or (4) simulate 

the spatial and temporal response of the local aquifer under different scenarios of groundwater 

extraction. 

Future climate scenarios predict declines in recharge of varying magnitudes in the southwest 

region of the United States [58]. Binational collaboration between government agencies in the U.S. 

and Mexico is critically needed. Further hydrogeological studies are imperative to conserve water 
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resources for the sustainable development of human communities, and the preservation of natural 

resources in this arid part of the Sonoran Desert. 

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/12/12/3307/s1, Table 

S1: Sampling sites locations. 
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