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Abstract

:

Environmental isotopes and water chemistry distinguish water types, aquifer recharge mechanisms, and flow paths in the Gran Desierto and Colorado River delta aquifer. The aquifer beneath the Gran Desierto supports a series of spring-fed wetlands, locally known as pozos, which have provided vital water resources to diverse flora and fauna and to travelers who visited the area for millennia. Stable isotope data shows that local recharge originates as winter precipitation, but is not the main source of water in the pozos. Instead, Colorado River water with substantial evaporation is the main component of water in the aquifer that feeds the pozos. Before infiltration, Colorado River water was partially evaporated in an arid wetland environment. Groundwater followed flow paths, created by the Altar Fault, into the current location of the pozos at Bahía Adair. Mixing with seawater is observed at the pozos located near the coast of the Gulf of California. The wetlands or other natural settings that allowed recharge to the aquifer feeding the pozos no longer exist. This leaves the pozos vulnerable to major groundwater pumping and development in the area.
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1. Introduction


Observations and studies in the early twentieth century along the Colorado River and its delta documented wetland and riparian ecosystems swarming with life, sustained by the muddy waters of the then mighty Colorado [1,2]. Today, water-management practices, including dams and the over-allocation of Colorado River water, have drastically reduced these once vast ecosystems. The river no longer reaches the lower part of the delta, but a string of coastal wetlands that harbor oases of plant and animal communities, and an underground aquifer of unknown extent still exist in the area [3,4].



Adjacent to the upper Gulf of California and the Colorado River Delta is the most extensive sand dune field of North America, the Gran Desierto de Altar (Figure 1). A series of wetlands and freshwater springs, or pozos as they are locally known, are found on the westward coastal fringe of the massive dune field (Figure 2). These oases represent one of the most critical biological and cultural resources in this dry borderland region of the Sonoran Desert [5,6]. The spring-fed water bodies support a diversity of flora that contrasts with the surrounding desert, due to the water’s availability and relatively low salinity [7]. The pozos support at least 26 species of vascular plants [3], and a variety of terrestrial and avian fauna congregates around them.



The remote freshwater springs were also destinations of multi-day pilgrimages along the historic Salt Trails where indigenous inhabitants navigated through the dune field to the sea to collect salt [8,9]. Oxygen isotope ratios in shells from prehistoric middens (Figure 2D) and carbon-14 (14C) ages from buried charcoal suggest that people visited the northern Sonoran coast during the fall and winter to harvest fish and shellfish soon after the stabilization of the early Holocene sea level rise around 7000 yrs. B.P. [10], if not before [11,12]. Pioneering explorers seeking an overland route to California also used the pozos as a watering stop. Observations relative to early explorers’ descriptions and photos from the early nineteen hundreds suggest that the pozos have not changed drastically during recent centuries [8].



Previous studies in the area have attempted to decipher the source of recharge of the pozos [3]. Nonetheless, the underpinning questions of age and origin of the pozos water have remained unsolved. In this study, we use environmental tracers to advance our understanding on these enigmatic oases. Our initial hypotheses were that (1) the systematic study of oxygen and hydrogen isotopes would refine the understanding of groundwater sources in the Gran Desierto aquifer and the pozos; (2) the radioactive isotopes tritium (3H) and 14C would provide an estimate of groundwater residence times; and (3) the combination of these environmental isotopes, major ion chemistry, and the features of the local hydrology would provide information to evaluate groundwater dynamics (e.g., flow paths) throughout this transboundary aquifer. This information is relevant because of anticipated severe droughts and water shortages in the region [13,14], and is an important contribution needed to manage the hydrological, biological, and cultural resources of the Gran Desierto wetlands.




2. Materials and Methods


2.1. Study Area


The Gran Desierto is a Late Pleistocene dune field that extends from the eastern end of the Colorado River delta to the Sierra El Pinacate (El Pinacate) in Sonora [15,16]. It is one of the driest and hottest deserts in North America where maximum temperatures reach 46 °C, and the mean annual temperature is 23 °C [17]. Precipitation occurs as sporadic, cyclonic events during winter, and rare localized convective events during summer with an annual average between 53 mm and 57 mm [17].



The study area is bounded to the northeast by northwest-southeast mountain ranges consisting of igneous and metamorphic rocks of the Cretaceous age (Gila Range, Tinajas Altas, and Sierra El Rosario), and to the east by basaltic flows of the Pleistocene to late Holocene age (Sierra El Pinacate). The Altar Basin covers the area between San Luis Rio Colorado and Bahia Adair (Figure 1). This area was once part of the delta complex, but now is an inactive, subsidiary basin above the level subject to flooding by the Colorado River [18].



The Cerro Prieto fault, part of the San Andreas Fault system, traverses the study area and continues into the Gulf of California [19] (Figure 1). Strike-slip movement along the Cerro Prieto fault system is estimated to be as much as 60 mm/year [20,21]. The eastern side of the Altar Basin is limited by the seismically inactive Altar Fault [18] (Figure 1). Both faults are northwest trending, dip to the west, have significant dextral offset, and drop the southwestern side down.



The principal aquifer beneath the Colorado River valley and the mesas (fluvial terraces) of Yuma and San Luis occurs within a series of gravels [22], and groundwater generally moves in a northeast to southwest direction (Figure 3). This alluvial aquifer becomes confined towards the coast as a result of the presence clay layers with hydraulic conductivity of 0.001 cm/hr, and artesian pressure develops [3]. Thick and extensive coastal salt flats (sabkhas) barren of vegetation, and believed to be of paleo-deltaic origin [23], cover several areas along the coast particularly northwest of Bahía Adair. Along these coastal salt flats, pozos develop in locations where the permeability of the clay increases because of desiccation cracking, flocculation due to ion exchange, or digging by local fauna in the search of freshwater [3]. These processes expose a sandy layer containing groundwater with a vertical head gradient of ~0.40 m/m, and a hydraulic conductivity 243 cm/hr [3].




2.2. Data Collection and Analysis


In order to further investigate the origin and dynamics of the groundwater system feeding the pozos, we collected surface and groundwater samples on several trips to the area between 2013 and 2017, and during different times of the year (Figure 4). Thirty-four surface water samples were collected from the pozos and ten from the Ciénega de Santa Clara (Ciénega), a wetland supported by brackish agricultural return flow derived from the Wellton-Mohawk Irrigation Drainage District of Arizona (see Figure 1 for location of the Ciénega). The Wellton and Mohawk valleys are irrigated with Colorado River water. The wetland was sampled because it represents the composition of evaporated Colorado River water and can be compared with the pozos.



The pozos were drained using a hand bucket and allowed to refill to obtain a sample not affected by evaporation (where this was possible). Groundwater samples were collected from two wells available in the pozos’ vicinity. Two water samples were obtained from auger holes adjacent to the pozos in order to minimize evaporation. These holes were hand-drilled in the clay layer beneath the surface. The pozos samples were divided into two sub-groups. Those located along the Altar Fault in the vicinity of Bahía Adair were designated as Bahia Adair (Adair) pozos, and those located along the escarpment dividing the delta from the San Luis Mesa were designated as Cerro Prieto Fault (Cerro Prieto) pozos. Water samples collected from auger holes and wells are included with the Adair pozos, but are differentiated in Table S1. Sampling site 14 (locally known as Pozo Nuevo), is at the base of the west side of El Pinacate at an elevation of 78 m a.s.l., and is separated from both groups (see Figure 4). This private well was purged for five well volumes to obtain a representative, non-evaporated groundwater sample. Rainfall samples were collected using rain gauges scattered throughout the region. A thin layer of mineral oil was added to the rain-collecting devices to prevent evaporation. The accumulated rainfall was recovered from all stations during field visits in late October and late March during two years (2015 and 2016). Three tap water samples (sites 21–23 in Figure 4) were obtained from El Golfo de Santa Clara’s supply because wells were unavailable for sampling.



Temperature, pH, and electrical conductivity were measured in the field after each parameter had stabilized using a YSI 556 Multiparameter System sonde calibrated with a standard pH buffer (4, 7, and 10) and conductivity (1413 μS) solutions. Samples collected for stable isotopes analysis (O, H, and C) were filtered through a 0.45-μm nylon filter and kept in 20 mL glass vials with no headspace. Unfiltered water samples were collected for age tracers (3H and 14C) using rinsed 1-L HDPE and amber borosilicate glass bottles, respectively. Samples for ions and alkalinity were filtered with 0.45-μm nylon filters into 30 mL HDPE bottles. Cation samples were preserved by adding two drops of concentrated optima grade HNO3. All samples were kept on ice during field collection and then refrigerated at 4 °C.



Values for δ18O and δ2H were determined in the Environmental Isotope Laboratory, Department of Geosciences, University of Arizona, using a Finnigan Delta-S mass spectrometer with automated CO2 equilibration and Cr reduction attachments. The δ18O and δ2H values are reported in delta notation where:


δ = (R/Rstd − 1) × 1000 (‰).



(1)




R is the ratio of the heavier over the lighter isotope in the sample, and Rstd is the isotope ratio of Vienna standard mean ocean water (VSMOW). Calibration followed the method of Coplen [27], using international standards VSMOW and standard light Antarctic precipitation (SLAP). The analytical precisions (1σ) for these techniques were 0.9‰ for δ2H and 0.08‰ for δ18O.



Values for δ13CDIC were measured on a Thermo-Finnigan Delta Plus XL continuous-flow gas-ratio mass spectrometer coupled with a Gasbench automated sampler. Samples were reacted for more than 1 h with phosphoric acid at room temperature in Exetainer vials flushed with He gas. Standardization is based on NBS-19 and NBS-18 and precision was + 0.30‰ or better (1σ). Values for δ13C are expressed in delta notation relative to the Vienna Pee Dee Belemnite (VPDB) standard.



Tritium values were measured by liquid scintillation counting on electrolytically enriched water in a Quantulus 1220 Spectrophotometer. The detection limit was 0.5 TU for nine-fold enrichment and 1500 min of counting. One tritium unit (TU) is equivalent to one tritium atom in 1018 atoms of hydrogen. Carbon-14 was measured as liberated CO2 reduced to graphite at the NSF-Arizona AMS facility. Carbon-14 results are reported as percent modern carbon (pMC) relative to NBS standards Oxalic Acid I and II. Anion concentrations (excluding HCO3− and CO32−) were determined using a Dionex Ion Chromatograph model 3000 with an AS23 analytical column (precision + 2%) at the University of Arizona Department of Hydrology and Water Resources. Alkalinity was determined by the Gran-Alkalinity titration method [28] within 24 h of collection. The HCO3− and CO32− concentrations were determined using the PHREEQC speciation model [29]. The analyses for cations were performed using an Elan DRC-II Inductively Coupled Plasma–Mass Spectrometer at the University of Arizona Laboratory for Emerging Contaminants (ALEC).



New (this study) and available isotope and solute chemistry data [3,30,31,32] for groundwater and surface water samples in the Colorado River delta and the Altar Basin are compiled and presented in Table S1. Rainfall data collected as part of this study are insufficient to calculate long-term mean δ18O and δ2H values. For this reason, rainfall stable isotope data were obtained from the United States Network for Isotopes (USNIP) station located at the Organ Pipe Cactus National Monument (OPCNM) [33]. These data are a collection of individual events registered between 1990 and 2006 (Table S2). OPCNM is located at an elevation of 515 m above sea level and ~100 km northeast from the study. OPCNM’s elevation is similar to the average elevations seen at El Pinacate where aquifer recharge is likely to occur.



Additionally, major ion chemistry for rainfall was obtained from the National Atmospheric Deposition Program (NADP) station also located at OPCNM [34]. These data represent individual events collected between 1980 and 2017. Bicarbonate is not reported in the NADP samples. In these cases, HCO3− was estimated by balancing the charge among the major ions, assuming it to be the missing anion. Then, these samples were plotted on a Piper Diagram for hydrochemical characterization (Figure 5).





3. Results


3.1. Rainfall


There is a wide distribution of solutes, but in general, rainfall is dominated by the Ca–SO4 and Na–Cl facies. Only a few samples plot within the Ca–HCO3 facies. Stable isotope data for winter precipitation (November to April) followed a trend with a slope of 7.9 and a y-intercept of 9.89 (R2 = 0.91, Figure 6A); almost identical to the global meteoric water line (GMWL) [35]. Data for summer precipitation (May to October) followed a trend with a slope of 6.43 and a y-intercept of –2.11 (R2 = 0.89, Figure 6A). The weighted mean (δ18O, δ2H) values were −5.7‰ and −38‰ for yearly rainfall, −7.2‰ and −47‰ for winter rainfall, and −4.3‰ and −29‰ for summer precipitation (Figure 6B).




3.2. Ciénega de Santa Clara


Surface water samples from the Ciénega had Cl− concentrations between 550 mg/L and 54,492 mg/L, and SO4 concentrations between 251 mg/L and 9,653 mg/L. The concentrations of these solutes increased southward towards the Gulf of California (Table S1). The δ18O values ranged between −10.6‰ and +6.0‰, and the δ2H values ranged between −88‰ and +8‰ (Figure 7A). The highest (δ18O, δ2H) values were also located in the southern part of the Ciénega near the tidal flats (sites 76 and 77). Most of the water samples fell to the right of the GMWL. The regression line (δ18O and δ2H) had a slope of 5.8 (Figure 7A). The slope was within the range observed by other studies in the area (slopes between 5 and 6; [36]) and was characteristic of evaporated Colorado River water [37,38]. This evaporation line is shown in Figure 7 as the Colorado River evaporation trend (CRET).




3.3. Colorado River Floodplain and San Luis Mesa


Colorado River floodplain samples are divided between Ca–SO4 and Na–Cl facies (Figure 5). Groundwaters in the eastern side of the San Luis Mesa show Na+ and Cl− as the predominant ions, and evolve into a Ca–SO4 facies as they move westward and mix with Colorado River water. These groundwaters are undersaturated with respect to halite, gypsum, and anhydrite allowing Na+, Cl−, Ca2+, and SO42− concentrations to increase along the flow paths. The δ18O values for Colorado River floodplain groundwaters range between −11.8‰ and −14.7‰, and δ2H values range between −94‰ and −112‰. The (δ18O, δ2H) values for the San Luis Mesa groundwaters range between −7.9‰ and −12.7‰, and between −60‰ and −98‰, respectively (Figure 7).




3.4. Gran Desierto Pozos and El Golfo Groundwater


The waters of the pozos were characterized as Na–Cl facies, with the exception of sites 9 and 14, which had a Na–HCO3 chemistry (Figure 5). Site 14 (Pozo Nuevo), at the base of El Pinacate and away from any major stream, had (δ18O, δ2H) values of −7.6‰ and −51‰. The (δ18O, δ2H) values for the Adair pozos ranged between −3‰ and −8‰, and between −40‰ and −62‰, respectively (Figure 7). The (δ18O, δ2H) values for the Cerro Prieto pozos and the El Golfo samples showed less variability, excluding sample 19 (highly evaporated), and ranged between −6.3‰ and −7.1‰, and −62‰ and −67‰ (Figure 7), respectively.



Tritium activities were below detection levels for all pozos samples at both the Adair and Cerro Prieto locations (Figure 8A). Carbon-14 values varied between 10 and 90 pMC in the Adair pozos, including site 14 at Pozo Nuevo, which had a value of 87 pMC (Figure 8B). The 14C values in the Cerro Prieto pozos ranged between 3 and 25 decreasing from north to south. There was no clear correlation between 14C (or 3H) and δ18O values.





4. Discussion


4.1. Rainfall and Local Recharge


The chemistry of regional rainfall is variable and is not restricted to a particular hydrochemical composition. However, the Na–Cl and Ca–SO4 compositions predominated (Figure 5). The cation portion of the Piper diagram showed a linear trend of rainfall samples plotting between Ca2+ and Na+. One possible explanation of this pattern could be related to the source of the water vapor for precipitation. Rainfall formed from vapor originating near the Pacific coast will have similar ion ratios to those of sea water, through release and dissolution of marine aerosols [39], and will plot in the Na–Cl portion of the Piper diagram. Rainfall moving inland from more distant sources (e.g., Gulf of Mexico, East Pacific) into the area might have higher concentrations of Ca2+ and SO42−, relative to Na+ and Cl−, as marine-derived solutes fallout near the coast and continental dust containing gypsum is rapidly acquired and dissolved [39].



The (δ18O, δ2H) values observed at site 14 (Pozo Nuevo) plot near the GMWL and represent locally recharged groundwaters (−7.6‰ and −51‰). Similar groundwater values have been observed in other catchments located in the lower Gila basin and the Sonoyta River basin in southwestern Arizona, and adjacent to the study area [40,41]. The local recharge value was slightly lower than the weighted average (δ18O, δ2H) values for winter rainfall at the OPCNM rain gauge (−7.2‰ and −47‰, Figure 7).



Long-term records of (δ18O, δ2H) values in precipitation and groundwater in tropical and sub-tropical areas show that groundwater recharge was biased to heavy monthly rainfall exceeding the ~70th intensity percentile (or the 30% most intense events; [42]). In the Sonoran Desert, the amounts and stable isotope data of rainfall show that events with totals above the 60th percentile usually had lower (δ18O, δ2H) values than the weighted winter averages (e.g., Figure 9). In fact, the amount-weighted average δ18O and δ2H values for the largest 30% of the rainfall events (−7.5 ‰, and −50 ‰) were almost identical to locally recharged groundwaters (−7.6‰ and −51‰, site 14).



Based on these observations, it is reasonable to conclude that recharge at the base of El Pinacate is limited to the largest 30% of the rainfall events. During these events, which occur during winter, the amount of water was large enough and the environmental conditions were optimal for infiltration and percolation of moisture into the water table. This pattern has been observed in other regions of southwest Arizona [36].




4.2. Origin of the Gran Desierto Pozos


Water samples collected from the pozos and nearby wells along the coast had different (δ18O, δ2H) values relative to groundwaters in the lower Colorado River floodplain and in the San Luis Mesa (Figure 7A). Previous studies [3] hypothesized that water in the pozos was derived as local recharge flowing from El Pinacate towards the coast (Figure 1). While site 14 was consistent with the local recharge as discussed in the previous section, the pozos (both Adair and Cerro Prieto), well, and tap water samples from El Golfo plotted far from the GMWL, and require further explanation (Figure 7A,B).



Most of the Cerro Prieto pozos plotted in a cluster with δ18O values between −6.3‰ and −7.1‰ along the CRET. The association of the pozos samples with the CRET suggests that they consist of evaporated Colorado River water. The plotting position of this cluster approaches Colorado River water that has undergone ~40% evaporation at 60% relative humidity according to calculations made by H.A.Z. [43] using the method described by Clark and Fritz [44]. Some of the Adair pozos samples plot near the Cerro Prieto pozos cluster, but there was significantly more scatter among the Adair pozos, and they also seem to follow a different trend away from the CRET (dashed polygon in Figure 7B). The water table elevation of the Adair pozos was no higher than 1.5 m a.s.l., and these seem to be located near the fresh groundwater and seawater interface. There is a possibility that some seawater intrudes into the fresh groundwater system. Higher-than-average tides during spring tides and tidal surges caused by hurricanes (rare, but occur in the study area) would certainly force seawater inland. Seawater intrusion would cause some of the east Adair pozos samples to plot in a field between evaporated Colorado River water and seawater as shown in Figure 7B.



The monovalent ions Cl− and Br− provide a useful tracer combination to identify salinity sources in groundwater. Bromide is rejected during the process of halite precipitation, and the Cl/Br mass ratio of solid NaCl is usually 2–3 orders of magnitude higher than in the original waters (~ 5000) [45]. Available data from the Colorado River water near Yuma, Arizona (USGS Stations 09429600 and 09521100; [30]) were consistent with a trend line resulting from the dissolution of halite (Figure 10A,B). Water samples from the pozos plotted close to a seawater dilution or mixing trend (Figure 10A,C). There are two alternatives that explain this observation. Given the location of the pozos near the coast, it is likely that there is a percentage of seawater in the pozos. This is consistent with the pozos-seawater trend observed in the stable isotope data and supports field observations [23] that hypothesized the intrusion of seawater into the pozos closest to the coast. The percentage of seawater in the solution would depend on location, but mass balance calculations using δ18O suggest that it would not exceed 25%.



The other possibility is the dissolution of marine-derived aerosols. The Cl/Br mass ratio in local precipitation ranges between 150 and 274. These values are similar, but lower than the marine Cl/Br mass ratio of 290 [46], and are likely due to the presence of organobromine compounds including CH3Br and C2H4Br2. These compounds could have been originated as agricultural pesticides in the extensive Mexicali or San Luis valleys or as natural metabolites in marine organisms [47]. Constant dissolution of marine-derived aerosols would cause samples to plot along the seawater dilution trend. However, this mechanism by itself would not explain the observed mixing trend between evaporated Colorado River water and seawater observed in Figure 7B. Freshwater–seawater mixing and dissolution of marine aerosols not only affect Cl− and Br−, but also SO42− concentrations. Figure 11 shows Cl/SO4 ratios of waters in the study area seem to have a tendency to plot towards the seawater ratio likely also as a direct result of freshwater–seawater mixing and dissolution of marine aerosols.



A single mixing relationship between Colorado River water and seawater (in terms of Cl− and Br−) does not explain the variability observed in the pozos samples. Figure 12 shows different mixing lines for seawater with diverse river water compositions. The chemical compositions of the pozos samples are likely the result of mixing between Colorado River water with variable starting chemical compositions, and seawater. The variability in the starting composition of Colorado River water, in terms of Cl−, could be explained in part by changes in the amount of salt input from evaporites, and evaporation. As previously discussed, water in the pozos seems to have undergone up to 40% evaporation from its original Colorado River composition, affecting the original Cl−concentration.




4.3. Conceptual Model


Recharge to the pozos was subjected to an evaporative process at the surface prior to infiltration and percolation into the water table (Figure 13). Evaporation causes the pozos samples to plot along the CRET. This process is assumed to occur prior to infiltration, because groundwater samples collected from wells (sites 9 and 12), and tap water samples (municipal supply; sites 21, 22, 23) plot along the CRET and care was taken during collection to prevent evaporation. In modern times, (δ18O, δ2H) values similar to the pozos (−6.8 and −67; Figure 7B) are only found along the Colorado River in highly evaporative environments such as the Ciénega, and Topock Marsh [38]. Clay layers across the floodplain and the San Luis and Yuma Mesa deposited in a low-energy environment could be vestigial surfaces showing the possible location of such settings [22,24]. These environments are no longer found along the highly engineered floodplain of the Colorado River.



After infiltration and percolation, the direction of groundwater flow was influenced by the major faults in the study area. Faults are known to affect flow patterns in aquifers [48]. The pozos are conspicuously located along or near the Cerro Prieto and the Altar faults. It seems that groundwater flow and discharge was focused along the faults. The Ciénega is also situated along the Cerro Prieto Fault, in an abandoned meander within the historical alluvial plain of the Colorado River. The presence of low permeability material, such as fault gouge, mineralization, and clay smearing might hamper flow across the fault, and develop a strongly anisotropic permeability near the Altar Fault zone [24]. The combination of a strong hydraulic gradient generated in the former recharge zones near Yuma, where a wetland environment could have been located in the past, and the fault-related permeability allowed groundwater to flow for tens of kilometers likely following old alluvial channels now buried under the dunes of the Gran Desierto [3] (Figure 4).



Age tracers suggest that none of the recharge for groundwater discharging at present in the pozos occurred in the last ~65 years. Tritium activities are below detection levels in all the pozos samples (Figure 8A). This is different from modern Colorado River water near Yuma, which has a value of ~5 TU and even higher values in the past decades as a result of nuclear testing [49]. Carbon-14 values were also lower in the pozos water samples than in Colorado River water at Yuma (> 100 pMC, Figure 8B). Corrected 14C ages were calculated for sites 13 and 20 using the Fontes–Garnier model [50]. For these two sites, water is constantly running, the point of discharge is free of any vegetation that would contribute modern DIC, and both plot near the CRET, indicating Colorado River water that has not mixed with detectable amounts of water of other sources. Such mixing would invalidate the application of the Fontes–Garnier method. Using a δ13CCaCO3 value of −5.6‰ (from bulk sediment at site 20), δ13Csoil-CO2 value of −23‰ (assumed), partial pressure of CO2 of 10−2, and a pre-bomb 14Co of 84 pMC [51] the model yielded corrected ages of 6400 and 18,400 14C years for sites 13 and 20, respectively. Groundwaters with δ18O and δ2H values and low 14C similar to what is observed today at the pozos were not found around the hypothesized recharge zone near Yuma. This suggests that this older water might have been flushed out of the system along the present-day river channel by more contemporary, less-evaporated Colorado River water.





5. Conclusions


A comparison of local recharge, near El Pinacate, with long-term isotope data for rainfall indicates that winter recharge is dominant. Stable and radioactive isotope data suggest that locally derived recharge is not the main source of water supporting the pozos, as suggested by previous studies. Instead, evaporated water derived from the Colorado River is a major component of the pozos recharge. Recharge near the axis of the Colorado River channel occurs with minor evaporation, but in prehistorical times, recharge also occurred at the floodplain margins after being exposed to highly evaporative conditions. Wetland environments where standing water would persist due to the presence of fine-grained material are likely to have played a significant role in the aquifer recharge and are likely to have experienced considerable evaporation.



After infiltration and percolation, groundwater flow direction was influenced by the major faults in the study area. The aquifer underlying the pozos was supplied by evaporated Colorado River water and followed preferential flow paths determined by the local faults. The presence of low permeability material along the fault obstructs flow across the fault, leading to the development of a strongly anisotropic system near the Altar Fault zone that favors groundwater flow parallel to the fault. Groundwater flow direction was likely enhanced by the strong hydraulic gradient generated at the recharge zone.



The Adair pozos are located at the freshwater and seawater interface near the coast. Here, fresh groundwater appeared to be mixing with seawater prior to reaching the surface as suggested by stable isotope and water chemistry data. Tidal surges created during rare, but often occurring, hurricanes likely intensify mixing by forcing seawater above the usual high-tide levels.



The pozos of the Gran Desierto have remained resilient over the centuries despite major landscape changes and water over use in the Colorado River delta. The aquifer feeding the pozos was recharged by evaporated pre-dam Colorado River water. Flow from the river to the pozos occurred at least prior to the 1960s, but perhaps thousands of years ago as suggested by the 14C data. The environment where recharge occurred is no longer present and the pozos are vulnerable to major groundwater pumping and development in the area.
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Figure 1. Location of the Colorado River delta, Altar Basin, and major geographical and geological features. Organ Pipe Cactus National Monument (OPCNM, discussed below) is located ~100 km northeast from the study area and is shown as a red triangle in the upper map. The dashed red line in the bottom map separates the floodplain (west) from the Yuma and San Luis mesas (east). The dashed blue line labeled the Gila River represents a dry river bed. Blue stars in the bottom map show the general location of the pozos. 
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Figure 2. The pozos of El Gran Desierto. (A) Pond in La Salina, (B) pozo Tres Ojitos, (C) cottonwood (Populus fremontii) near La Salina, and (D) prehistoric shell midden at La Salina. Photo credits: Benjamin T. Wilder and Benjamin M. Johnson. 
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Figure 3. Groundwater levels in 2010. Contours represent water table elevation in meters above sea level (based on data from [24,25,26]). 
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Figure 4. Location of sampling sites in study area. Red dashed line in detail box separates floodplain (west) from the San Luis and Yuma mesas (east). 
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Figure 5. Piper diagram showing data for rainfall samples collected at the Organ Pipe Cactus National Monument (OPCNM), Colorado River (C.R.) floodplain well samples, San Luis Mesa well samples, and pozos water samples. Bicarbonate was used to balance the charge among major ions where it was not reported. 
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Figure 6. (A) δ2H vs. δ18O values for individual precipitation events collected at OPCNM. (B) Amount-weighted average δ18O and δ2H values for overall, winter, summer precipitation, and 30% wettest events for samples in 5A. 
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Figure 7. (A) δ2H vs. δ18O values for surface and groundwater from Colorado River floodplain, San Luis Mesa, Cienega, mean winter rainfall (RF), 30% wettest rainfall events at OPCNM rain gauge, and the pozos relative to the global meteoric water line (GMWL), and Colorado River evaporation trend (CRET). (B) Detailed view showing the pozos samples relative to the GMWL and CRET. Red dashed triangle shows the mixing trend that would be followed by mixing evaporated Colorado River water (δ18O = −6.8‰, δ2H = −67‰), local recharge, and seawater (SW). 
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Figure 8. (A) Tritium (TU) data for water samples in the study area. (B) Carbon-14 (pMC) for water samples in the study area. Data shown with asterisk (*) from [24]. 
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Figure 9. Amount-weighted average δ18O and δ2H values as a function of the size of rain events. As an example, the points for 80% correspond to an amount-weighted average of the largest 20% of rain events. Dashed (dotted) line points to δ18O (δ2H) value of local recharge in the region (site 14). Plot based on Table S2 for precipitation at OPCNM. S = summer, W = winter. 
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Figure 10. (A) Br– vs. Cl– (mg/L) values for water samples in the study area. (B) Detailed view of the lower end of graph A. (C) Extension of graph A to higher salinity. Colorado River water (C.R.) at Yuma obtained was from USGS Station 09404200 [30]. 
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Figure 11. Cl−/SO42− (mass) vs. Cl− concentration (mg/L, log scale) for surface and groundwaters in this study. Dashed lines show hypothetical mixing lines between seawater (SW)—or whole salt as aerosols—and Colorado River water. 
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Figure 12. Cl−/Br− (mass) vs. log Cl− (mg/L) for surface and groundwaters used in this study. Dashed lines show hypothetical mixing lines between seawater—or whole salt as aerosols—in one end, and Colorado River water with different Cl- concentrations at the other. 
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Figure 13. Schematic diagram showing recharge mechanisms. Recharge to the pozos was subjected to an evaporative process in a wetland environment prior to infiltration. Groundwater then followed a preferential flow path along the major faults in the area. 
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