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1. Tracer Systematics, Sample Collection, and Analytical Methods 

Noble gases are naturally present in the atmosphere and incorporated into groundwater 

during recharge. The equilibrium concentration of noble gases dissolved in recharging 

groundwater is a function of barometric pressure, water temperature, and salinity following 

Henry’s Law. As each gas has differing solubilities, measured concentrations can be used to 

inversely solve for the recharge conditions providing useful information about recharge source 

and processes (Aeschbach-Hertig et al., 2000). Relative abundance of helium (3He, 4He) and 

neon (20Ne) isotopes in the atmosphere are distinct from terrestrial sources (crust and mantle) 

such that 3He/4He and 4He/20Ne in groundwater can be used to track fluid and gas origins 

(Solomon, 2000). Helium exchange between deep crustal and mantle reservoirs and shallow 

groundwater can be used to trace fluid sources and has important implications for groundwater 

chemistry and the South Rim conceptual model. Tritiogenic helium-3 (3Hetrit) is derived from the 

radio-decay of tritium and  is useful age tracer of water recharged after 1950. Tritiogenic helium-
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3 can be determined after accounting for other sources of helium if no appreciable mantle source 

is present (Solomon and Cook, 2000).  

Tritium (3H) and 14C are cosmogenic isotopes, also produced in nuclear fission, with half-

lives of 12.32 years (Lucas and Unterweger, 2000) and  5,730 years (Kalin, 2000), respectively, 

making them useful for estimating groundwater age. Above-ground nuclear testing between 

approximately 1950 and the early 1960s significantly increased atmospheric concentrations of  

3H and 14C over the same period. The so-called ‘bomb pulse’ is readily identified in groundwater 

samples by tracer concentrations greater than background levels for northern Arizona of ~ 7 

tritium units (TU) and 100 percent modern carbon (pmC), respectively (Michel et al., 2018; 

Reimer et al., 2013). Background 3H decayed to 2016 is ~0.2 TU, a useful criterion for 

differentiating between modern water recharged post-1950 and pre-modern water recharged pre-

1950. 3H is particularly useful as a tracer as it is part of the water molecule and samples are un-

likely to be contaminated or affected by reactions other than radioactive decay. 14C is the most 

commonly used tracer for dating 1,000s to 10,000s year old groundwater, but frequently must be 

corrected for geochemical and isotopic exchange other than radioactive decay (Han and 

Plummer, 2013). Further discussion of groundwater age calculation and geochemical correction 

of 14C can be found in the methods section of the main text.  

Most samples were collected from springs and processed following standard protocol 

(Gibs et al., 2012; Radtke et al., 2002; Ritz and Collins, 2008; Rounds, 2012; Rounds et al., 

2013; Skrobialowski, 2016; U.S. Geological Survey, 2006, 2019a; Wilde et al., 2014; Wilde, 

2002, 2004, 2006). Well samples collected for this study made use of dedicated submersible 

pumps. Once samples were collected, processed, and properly preserved they were hiked to a 

place where they could be stored appropriately until they could be shipped to their respective 
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labs for analysis. Noble gas water samples were collected by flushing and filling a copper sample 

tube, in duplicate, with pinch clamp closures (Weiss, 1968). Copper tubes were closed under 

backpressure and while water was flowing through to limit degassing and back diffusion of gas. 

Dissolved noble gases were analyzed at the University of Utah Noble Gas Lab. The gases were 

extracted from the water and cryogenically separated. Heavier gases (Ne, Ar, Kr, Xe) were 

measured using a quadrupole mass spectrometer. Helium isotopes were measured using a sector-

field mass spectrometer. Helium and neon concentrations have an uncertainty of  ±1.5%. Argon, 

krypton, and xenon concentrations have an uncertainty of  ± 2%. Other major total dissolved gas 

components (i.e., O2, N2, CH4, CO2) were also analyzed from the copper tube samples by 

quadrupole mass spectrometer. No preservation was attempted for these reactive gases at the 

time of sampling and are only discussed here as qualitative measures. Stable isotopes of water 

were collected as part of a companion study—details of stable isotope sample collection, 

analytical methods, and data interpretation are provided in Solder and Beisner (2020). Alkalinity 

and 14C water samples were filtered using a 0.45 micron capsule filter. Tritium and stable 

isotopes were collected as raw samples. 3H samples were processed by distillation and 

electrolytic enrichment and then analyzed using liquid scintillation counters (Thatcher et al., 

1977) at the USGS Menlo Park Tritium Laboratory. 14C samples were collected by overflowing 

sample water in ground glass stoppered bottles used for low-volume sampling. A copper tube 

was inserted in the bottom of the sample bottle for overflow.  A short section of rubber tubing 

was used to route sample water from source to bottle.  14C and δ13C abundances were analyzed 

by the National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) Laboratory at the 

Woods Hole Oceanographic Institution.  
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2. Tracer Data Interpretation 

 

2.1 Dissolved Noble Gas 

The Closed Equilibrium (CE) noble gas solubility model (Aeschbach-Hertig et al., 2000) 

was used to fit gas concentrations by varying recharge temperature, recharge elevation as a proxy 

for barometric pressure, excess air, and the fractionation of gases.  The CE modeled value of 

entrapped air (Ae) was converted to excess air (EA) for reporting in this study, which at common 

water table conditions, have generally similar values (Aeschbach-Hertig et al., 2008). Noble gas 

temperature (NGT) and recharge elevation are codependent such that the groundwater 

temperature lapse rate, which matches the adiabatic lapse rate with a small offset, was used to 

constrain reasonable NGTs and elevations following Manning and Solomon (2003). 

Groundwater temperatures from within the study area from National Water Information System  

(USGS, 2019b) were investigated, but there were little data available from shallow groundwater 

well screen intervals near the water table. Thirty-year mean annual air temperatures (1981-2010) 

for South Rim weather stations (NOAA, 2018) were used to estimate the temperature lapse rate. 

A +3 °C correction was added to the lapse rate as a point of common practice given water table 

temperatures have been observed to be slightly warmer that air temperatures (Manning and 

Solomon, 2003). The observed and corrected lapse rate define a temperature lapse window and 

result in estimation of a minimum and maximum for the NGT and recharge elevation. Where the 

minimum elevation defined by the lapse rate was less than the sample site elevation, the 

maximum NGT was calculated for the site elevation. The most recent water table elevation 

reported in NWIS was used to calculate the minimum NGT for Canyon Mine Observation Well. 

The water table at Havasupai Well is generally shallow (< 20 m) so the land surface elevation 
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was used. Mixtures of groundwater sources with distinct recharge conditions are not explicitly 

handled by the CE model. The limited number of noble gases mean the model is under-

determined for explicit separation of more than one recharge source. In these cases, the CE 

modeled NGT and recharge elevation represent a mean value of the recharge captured by the 

sample. 

Sampling and analysis of dissolved gases in South Rim groundwater presented a 

significant challenge. In general, karstic groundwater systems provide opportunity for degassing 

of the atmospheric gases prior to discharge if large gas filled void spaces not in equilibrium with 

the water are encountered (e.g., Han et al., 2017). As with any chemical analysis, the utility of 

results is contingent on the quality of sample collection. This is particularly true for noble gases 

in groundwater as noble gases are present in the atmosphere, dissolved concentrations are often 

in excess of air equilibrated values, and the low solubility of He in particular make the samples 

very sensitive to contact with the atmosphere or degassing prior to collection. As the goal of 

noble gas modeling is to capture conditions under which the sample equilibrated with the 

atmosphere at the time of recharge, correction for re-equilibration of concentrations in unlikely 

to be successful. Reverse solubility of noble gases with respect to temperature causes an increase 

in modeled recharge temperatures because gas loss is not accounted for.  Dissolved gas re-

equilibration with free gas, at a second set of physical conditions not representative of the 

conditions at recharge, will reset the gas signature. Most commonly, gas loss occurs with 

atmospheric contact at the point of discharge, which can be reasonably mitigated by careful 

sampling technique and site selection. Gas loss can also occur during 1) exsolution resulting in 

bubble formation,  and 2) exchanged with free gas already present in the system such as gas-

filled void spaces. If after re-equilibration, the free gas escapes the system such that a second 
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different free gas composition exchanges with the water, the CE model results will capture the 

second set of re-equilibration conditions. The CE model captures the occurrence of gas loss (i.e.,  

F > 1, Ae < 1; Aeschbach-Hertig et al., 2008) but the original recharge conditions cannot be 

reconstructed. Of all the samples, multiple gas exchanges were most likely to have occurred at 

Blue and Cataract Canyon Springs where visible bubbles at the spring source and large tufa 

deposits, resulting from decreased calcite solubility driven by CO2 gas loss and increasing pH, 

were observed. The addition of non-atmospheric gas largely in the form of deeply sourced CO2 

(Crossey et al., 2006) results in a condition where the ratio of the exsolved gas bubble volume to 

sample water volume at the final state (i.e., point of sampling) is larger than the bubble to water 

ratio at the initial state (i.e., recharge; Aeschbach-Hertig et al., 2008). Continued exsolution and 

rapid upward transport of mainly CO2 bubbles could facilitate multiple exchanges. Despite these 

factors, measured noble gas concentrations are reasonably captured by the CE model and we feel 

the interpretive results advance the study’s goals. Knowledge of the sample collection and site 

conditions was used to critically evaluate the model results. Future use of the dissolved gas data 

collected as part of this study should consider these limitations. 

 

2.2 Helium Isotopes 

Relative abundances of stable isotopes of helium (3He and 4He) for terrestrial sources 

(atmosphere, crust, and mantle) are distinct such that measured helium isotopes in groundwater 

can be used to track fluid and gas origins (Solomon, 2000). Isotopic helium ratios (R; 3He/4He) 

are reported relative to the relatively constant ratio in the atmosphere (Ra; 1.384 × 10-6). By this 

convention AEW has an R/Ra value of 1. Crustal helium sourced from U and Th series decay has 

a R/Ra  between 0.02 and 0.3 (Mamyrin and Tolstikhin, 1984; Andrews, 1985). Sub-continental 
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lithospheric mantle (SCLM) helium from radioactive decay and primordial sources has a R/Ra ~6 

(Gautheron and Moreira, 2002), while the bulk mantle has R/Ra ~8 as approximated by helium 

trapped in mid-ocean ridge basalts (MORB). Based on the differences in isotopic ratios, a helium 

mass balance can be calculated to determine the individual contributions of helium from the 

atmosphere, crust, mantle, and decay of 3H (3Hetrit; Solomon, 2000; Kulongski and Hilton, 2011). 

In samples with a significant mantle He component, the contribution of Hetrit cannot be reliably 

estimated, the implications of which are discussed later. 

In shallow groundwater, atmospheric He from solubility equilibrium and excess air is 

commonly the largest component of the helium budget. The remaining He (excluding 3Hetrit) 

sourced from crust and mantle is referred to as terrigenic helium (Heterr). The relative 

contribution of Heterr can be quantified by the ratio of 4He to 20Ne (Ballentine et al., 1991). As 

there is no meaningful source of 20Ne other than the atmosphere, measured ratios of 4He/20Ne 

that deviate from the atmospheric ratio of 0.288 are likely contain Heterr. Samples with measured 

ratios of 4He/20Ne much greater than 0.288 (i.e., 10 times greater) contain a negligible amount of 

atmospheric helium. For samples in which the crust and mantle components of the helium budget 

are dominant, helium isotope ratios corrected for the atmospheric contributions (i.e., Rc/Ra) will 

not significantly differ from measured R/Ra. A plot of R/Ra versus 4He/20Ne was used to identify 

dissolved helium sources (Fig. 4 of main text).  

For samples dominated by terrigenic source of helium, the fraction of helium derived 

from mantle (FSCLM) versus the crust can then be determined by binary mixing model as:  

𝐹SCLM =

𝑅
𝑅a

 of sample +  
𝑅
𝑅a

 of crust

𝑅
𝑅a

 of crust +  
𝑅
𝑅a

 of mantle
                                   (S1) 
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For this study, R/Ra of the crust was assumed to range between 0.02 and 0.15, and R/Ra of 

the SCLM was assumed to be 6. The estimate of FSCLM provides some quantification of mantle 

He but is not a measure of the fraction of water which was in contact with the mantle. Deeply 

sourced gases, particularly the relatively light and insoluble He isotopes, can easily travel 

through the substrata and water column as bubbles and thorough diffusion without any actual 

advection of water between the two reservoirs. In the above calculations for determining helium 

source components it is assumed that no fractionation of He isotopes, with the exception of the 

initial exchange between the atmosphere and infiltrating water, has taken place.  

 

2.3 Groundwater Age  

2.3.1 Interpretation Method 

 

Although the conceptual model of recharge sources provides important insights and 

guides LPM interpretations, simplified LPMs were selected for many of the sites because 

multiple tracers were not available. More complex LPMs that may better represent the physical 

complexity of recharge sources and the groundwater flow-system require a larger number of 

fitting parameters and thus were under-determined with the  data available in this study. A 

conservative approach was taken of using simplified LPMs except where tracer data was 

incongruent, and all available tracer concentrations for a given site could not be adequately 

reconciled using an LPM. 

Conceptually, the exponential piston-flow model (EPM; Jurgens et al., 2012) is an 

appropriate starting place for constraining South Rim LPMs. The EPM describes an aquifer 

where areally uniform recharge (i.e., exponential model) occurs over a discrete area at the 
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upgradient extent of the aquifer, and flow paths become confined, approximating a piston-flow 

model (PFM), as water moves down gradient toward the discharge point. The fitting parameter 

for the EPM is the ratio of the confined length to the unconfined length of the flow path (Jurgens 

et al., 2012). In South Rim aquifers, the confinement can be either physical (e.g., recharge is 

physically prevented by a confining unit), hydrological (e.g., limited recharge occurs over the 

piston-flow portion of the flow path length), or both. EPM ratios were estimated based on 

hypothetical flow paths between the presumed primary recharge area (San Francisco Peaks) and 

the respective groundwater sampling site. The length of the recharge zone flow path was varied, 

with the transition from unconfined to confined flow varied between from the base of the San 

Francisco Peaks to the outer extent of elevation greater than ~2,000 m relative to North 

American Vertical Datum of 1988 (Fig. 1 of main text),  to provide some estimation of 

uncertainty in the EPM ratio. Although later results of this study bring the EPM conceptual 

model into question for some sites, it is a good starting point for the investigation of groundwater 

age and almost certainly provides a better representation than a piston-flow only approximation 

(i.e., apparent tracer age).  

For tracer concentrations best fit by the extreme end-members of the EPM (i.e., either a 

very small or very large EPM ratio) simplified LPMs were adopted. The dispersion model (DM) 

with a dispersion parameter of 0.01, representing longitudinal dispersive mixing along km scale 

flow paths (Gelhar et al., 1992), was used to approximate samples approaching a piston-flow 

(PFM) age distribution which assumes no mixing. The exponential mixing model (EMM) was 

used to approximate samples where the confined length was very small and assumes that 

groundwater recharge is equal across the capture area. For select sites where observed tracer data 

cannot be explained by a single recharge source, a binary mixing model (BMM) is employed. 
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Conceptual diagrams and further explanation of the LPMs is provided by Jurgens et al. (2012) 

and references therein. Based on the number of assumptions required to fit LPMs to the observed 

tracer data, confidence in representativeness of the true age distribution is generally low. As 

such, only mean ages are presented here.   

Minimum BMM parameters include the age of the young and old component and the 

mixing fraction which requires at least three reliable tracer concentrations. Due to the limited 

tracer availability, BMMs are poorly constrained and are used sparingly. The old component 

mean age was estimated based on near-by samples expected to be representative of the deep 

regional groundwater flow system. The remaining young fraction mean age and mixing fraction 

are then optimized based on the observed tracers for that given site.  

A tracer-tracer plot (Jurgens et al., 2012) of 3H versus 14C was used to identify samples 

that could not be reasonably explained by a single distribution of groundwater ages (Fig. S1). 

Groundwater tracer concentrations (points) are plotted against modeled age distributions 

represented by the continuous functions of tracer concentrations with respect to age, i.e., a 

discrete position on the line corresponds to a specific mean age. The modeled age distributions 

are a function of sampling date, so the plot shown here is meant for illustrative purposes. Sample 

date specific cross-plots were reviewed during LPM selection for each sample. The dispersion 

model with a parameter of 0.01 (DM; limited mixing of flow-paths similar to piston-flow) and 

exponential mixing model (EMM; complete mixing of flow-paths) bound the region where the 

groundwater data can be reasonably represented by a single age distribution (Fig. S1). The 

second lower bounded region defines the possible tracer combinations best explained using a 

binary mixture model (BMM) of two separate age distributions, conceptually representing 

contributions from separate and distinct recharge sources. Fitting parameters for respective 
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LPMs within each region were optimized to match the available tracer data and, in some cases, 

estimated based on physical aquifer dimensions. For BMMs, the old component of the mixture 

was estimated from optimized LPM parameters from nearby sites. For data points that fall above 

the bounded region (14C > ~100 pmC), adjusted 14C is over-predicted or the sample is largely 

composed of modern water where the adjusted 14C could be consistent with the measured 3H but 

is too uncertain for age dating. In these cases, estimated mean ages were assigned using 3H 

alone.  

2.3.2 Results 

 

A single LPM (i.e., not a binary mixture) was selected to estimate mean age for 55 

samples and the remaining samples (n = 15) were fit by BMMs (Table S1 of the electronic 

supplementary material ESM2). Of single LPMs, the EPM was selected most frequently (n = 39) 

with estimated EPM ratios varying between 0.004 and 5 with a mean value of ~1. The EMM and 

DM were used to estimate mean age for 13 and 3 samples, respectively. BMM distributions were 

estimated to be a mixture of two EPMs which allowed for the flexibility of the young component 

of the mixture to vary between the DM and EMM. In most cases, the BMM was under-defined 

(too few tracers to unique define all LPM parameters) but tracer data could not otherwise be 

reconciled. LPM parameters for the old component of the BMMs was estimated from LPM fits 

to samples likely to represent the deep regional groundwater flow in the Redwall-Muav aquifer. 

Depending on the hydrologic position of the sample site, Bar Four or Canyon Mine Observation 

Wells, or Indian Garden Spring LPMs were used to estimate the age distribution of the old 

fraction age in BMMs (Table S1 of the ESM2). Uncertainty in mean age resulting from 

uncertainties in estimated LPM parameters (rather than fit using multiple tracers) was quantified 

by estimating mean ages for two sets of LPM parameters for each site. This is not meant to 
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represent the total uncertainty in estimated mean age at these sites. However, it provides an 

indication of the relative sensitivity of mean age to assumed LPM parameter values.  

 

 

 

Fig S1. 3H versus 14C in sampled groundwater. Lines indicate LPMs (DM, red line; 

EMM, blue line; BMM, purple line). Filled areas indicate EMM-DM (red shading) and BMM 

(purple shading) zones. Note that this plot is an approximation for illustrative proposes. LPMs 

based on actual collection dates for each sample were used to estimate mean ages.  
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