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[bookmark: _Toc6830176][bookmark: _Toc71548009]Abstract
The intersection of an increasing population, climate change, pollution, and over allocation of water continue to place additional strain on groundwater resources in arid regions. Groundwater in arid environments is particularly susceptible to overuse, and therefore a thorough understanding of groundwater sources and its contribution to sensitive ecosystems is vital. Unaweep Canyon, in the arid region of Colorado’s western slope, is a geologically unique site that harbors a buried paleovalley. The modern valley contains up to ~500 m of sediment fill comprising unconsolidated lacustrine, fluvial, and mass-wasting deposits, as well as possible lithified sedimentary rocks. We hypothesize that the unconsolidated layers in Unaweep Canyon aquifer are not hydro-geochemically linked and represent different, unique sources of groundwater. Our study focused on integrating published geologic information, geophysical data, and seasonal geochemical properties of groundwater and surface water to delineate multiple sources of water for both human and ecosystem needs. Several streams, seeps, Precambrian bedrock spring aquifers, and several domestic wells were sampled for metals, anions, and stable isotopes (18O and 2H) during spring, summer, and fall 2020 to identify seasonal effects. Piper plots also revealed that the Precambrian bedrock spring aquifers may be a sodium chloride or mixed type water, the spring is a sodium chloride type water, and the surface and groundwaters are magnesium-bicarbonate type waters. Furthermore, the isotopic composition of the seeps, West Creek, domestic well and Precambrian bedrock samples range from -14.06 to -15.16‰ δ18O and -103.5 to -109.46‰ δ2H, -12.89‰ to -14.7‰ δ18O and -99.3 to -106.68‰ δ2H, -13.64 to -14.77‰ δ18O and -102.4 to -105.94‰ δ2H, -14.27 to -15.39‰ δ18O and -108.7 to -112.78‰ δ2H respectively. Principal Component Analysis coupled with Spearman Correlation supported the existence of seasonal variation and multiple groundwater sources from all the sampling locations. Seasonal variability amongst in-situ water chemistry, metal and stable isotope results were attenuated, likely attributable to the drought conditions of 2020. Our results suggest the presence of multiple sources of groundwater within Unaweep Canyon, leading for the potential to utilize each source in a sustainable fashion. The findings and methodology used in our study may have applicability in similar hydrogeologic settings where alternate water sources.   
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[bookmark: _Toc6830179]1.1 Water in arid environments
Groundwater has been recognized as one of the most valuable natural resources in all climatic regions of the world because it is the primary source of water used in meeting the domestic needs of about one-third of the world's population (Sefie et al., 2015, United Nations Environment Program, 1999). During the last few decades, the steady increase in the global demand for groundwater due to an increase in population poses a threat to the sustainable development of human society (Mekonnen and Hoekstra, 2016). In addition, climate change has exacerbated groundwater demand in arid and semi-arid regions. 
Arid and semi-arid regions (with mean annual precipitation of 25-500 mm) composes one-third of the total land area on earth and are inhabited by at least 400 million people (Williams, 1999). In the United States, arid regions prevail from about the middle the Great Plains and extends across the Rocky Mountains to the Pacific Ocean in states such as Colorado, Utah, and Arizona to mention a few (Powell, 1879). These areas like other parts of the United States have a high strain placed on available groundwater resources by the increase in population and groundwater in these arid environments is further threatened by more prevalent factors such as climate change, pollution and over-extraction (Williams, 1999). As a result, such regions are incredibly prone to overuse of water resources if not managed properly and this strain in turn affects sensitive ecosystems including wetlands that rely on groundwater, thus creating the need to identify various sustainable sources of potable water for humans.


[bookmark: _Toc71548013]1.2 Non-Invasive Methods in Sourcing Groundwater in Snow-Dominated Watersheds
Snow‐dominated watersheds are especially susceptible to climate change yet represent key sources of water for one sixth of the world's population ((IPCC, 2014, MRI, 2015, Mankin et al., 2015). Groundwater sourced from deeper aquifers experiences little to no immediate effects of climate change and can help provide a more dependable water supply to help against climate extremes (Taylor et al., 2013). Traditionally, characterization of groundwater and its properties including flow pathways typically includes the installation of wells or piezometers in the area of interest, but this is expensive and may perturb the natural hydrogeological environment (Wang et al., 2015, Rizzo et al., 2004, Maineult et al., 2008). However, more recently, non-invasive methods are becoming more common in studies focusing on characterizing aquifers. These methods are generally cost-effective and produce adequate data on the presence and source of water in the aquifer. Common non-invasive techniques include general water chemistry, stable isotopes, trace metals, Rare Earth Element (REE) patterns and geophysical methods (e.g. seismic and resistivity) to locate and differentiate between shallow and deep aquifers. 
[bookmark: _Toc71548014]1.2.1 Application of Water Chemistry, Stable Isotopes and REE to Evaluate Groundwater Sources. 
Solute chemistry is influenced by variations in meteoric precipitation, evapotranspiration, dissolution-precipitation reactions, mineral weathering, or mixing processes (Carrillo-Rivera et al., 2007) and thus produce spatial and seasonal changes in groundwater and surface water chemistry (Matthess, 1982). These solutes include dissolved ions such as Ca2+, Mg2+, SO42-, dissolved organic carbon (DOC), trace metals (e.g U+, B+) and REEs (e.g Y, Ce, Eu).  The dissolved ions in both surface and groundwater are extremely useful in hydrogeochemical studies because these ions are typically indicative of dissolution or weathering processes which leads to the release of ions from the geologic material the water contacts. For example, in a study carried out in Delhi, India, Kumar et al. (2006) observed excessive Na+ in groundwater relative to the surface water in the Yamuna river. The excessive Na+ was then linked to the dissolution of silicates in the aquifer. Nonetheless, Zhou et al. (2014) observed that surface water/ shallow groundwater interactions result in surface water exhibiting similar water chemistry as groundwater (Zhou et al., 2014). In contrast to shallow aquifers, groundwater originating from deep aquifers commonly exhibit higher concentrations of dissolved ions owing to prolonged water-mineral interactions ((Hazen et al., 2002, Marks et al., 2008, Walton-Day and Poeter, 2009, Sefie et al., 2015, Abd El Samei and Sadek, 2001, Abdelshafy et al., 2019).
The use of variation in water chemistry as a result of the water’s source has been harnessed by water resource management studies as fingerprints that can be harnessed to identify different groundwater sources in arid-semi/arid regions. This typically involves the use of Piper diagrams in identifying geochemical facies and therefore, classify water samples by source. In a study in the Dharapuram area, a semi-arid region in India, Kumar (2016) utilized the hydrogeochemical data of groundwater samples to plot a Piper trilinear diagram which identified three water types, Na–Cl, Ca–Cl and mixed Ca–Mg-Cl type. A study by Aly et al. (2013) in an arid region in Kingdom of Saudi Arabia (KSA), revealed two water types: A Na-Cl-SO4 and Ca-Mg-SO4, signifying two different sources of groundwater in the area. 
However, the use of water chemistry alone to determine water source is not very reliable because factors such as changes in concentrations along flow paths due to biologically mediated reactions in places such as wetlands can alter water chemistry Chapman et al. (2003); but it can be used in conjunction with other hydrogeochemical analysis such as stable isotopes. Such biologically mediated reactions include the amelioration of water chemistry which occurs during the process of wetlands retaining nitrogen via sorption and incorporating it into biomass, and denitrification which removes Nitrogen, thus reducing Nitrogen loads flowing into surface water (Costanza et al., 1998, Zedler et al., 2003). For remediation processes, such biologically mediated processes can help the ecosystem at large; however, it alters the water chemistry greatly and can therefore complicate attempts to trace the origin of the water feeding the wetland. 
Nonetheless, stable isotopes of O and H such as 18O and 2H are widely used to assess chemical and physical properties associated with groundwater that are a factor of temperature, altitude, evaporation, etc. (Chacko et al., 2001). Their wide use is because 18O and 2H are the most common isotopes in water and also, their conservative nature help to provide a useful and increasingly applied tool for understanding hydrological processes across various scales, including identifying the origins of water in various environments, such as mountainous, fractured-rock environments and semi-arid to arid regions (Barbieri et al., 2005, Chapman et al., 2003, Coplen et al., 2000, Hazen et al., 2002, Walton-Day and Poeter, 2009, McDonnell and Beven, 2014). Isotopic signatures of water are generally conservative in groundwater over short time periods, but at the surface they can be altered due to fractionation caused by evaporation (Clark and Fritz, 1997). In arid environments, evaporation from a shallow water table is quite common and can be used to distinguish between shallow and deeper groundwater (Yin et al., 2011). Shaw et al. (2017) were able to distinguish between shallow groundwater, springs, and surface water, where the springs exhibited depleted 18O isotopic signatures relative to the shallow groundwater and the surface water which had strong evaporated isotopic signatures (enriched in 18O). However, isotopes can experience extreme seasonal fluctuations thus creating the need to combine this approach with other geochemical methods for higher accuracy in the results of such studies (Gurrieri and Furniss, 2004). 
Studies have also combined the use of general water chemistry, 18O and 2H isotopes to distinguish between various sources of water. In a study carried out in South Park Colorado; Chapman et al. (2003) attempted to identify the water source supplying high-altitude wetlands (fens) in the area using isotopic and water chemistry analysis. The variation in the isotopic signatures of the groundwater samples obtained signified the presence of a deeper aquifer which was observed to be isotopically depleted in relation to heavier isotopes when compared to the shallow groundwater and surface water in the area. Further geochemical modeling using the general water chemistry (such as concentrations of Ca2+, Mg2+) and isotopic data demonstrated the source of the water feeding the fens to be the shallow groundwater. In China, Han et al. (2009), through the use of Piper plots of the major ions were able to identify three water types, HCO3.SO4-Na, HCO3-Ca and HCO3.SO4-Ca.Mg in the arid-semiarid Xinzhou Basin. The result of the water chemistry data corroborated the isotopic signatures, revealing three water sources: surface water, a shallow and a deeper aquifer system. However, in areas with contrasting mineralogy, the use of seasonality in REE fingerprints of the host rock due to its special rock-water interactions (Tweed et al., 2006, Playà et al., 2007).
Aquifer-rock interactions can produce unique REE patterns that serve as groundwater tracers (Banner et al., 1989, Smedley, 1991). REE are generally separated into light and heavy REE (LREE and HREE, respectively) where REEs with an atomic number lower than Eu (63) are considered LREE while Gd (64) and any REE with a higher atomic number are classified to be either MREE or HREE (Castor and Hendrick, 2006). By classifying REE based on their atomic number, a simplified description and possible quantification can be made between interelement relationships. Certain anomalies that occur in unique REEs as a result of redox especially for Ce and Eu (Brookins, 1989) and anthropogenic emissions for Gd (Bau and Dulski, 1996) can assist in interpreting geochemical processes. Johannesson et al. (1997) observed that carbonate rock aquifers exhibited negative Ce anomalies, depletions in the LREEs, enrichment in the MREEs and HREE whereas the opposite occurred in the water samples originating from felsic volcanic aquifers of south-central Nevada. They suggested that the patterns of REEs in these groundwaters are controlled greatly by a combination of solution complexation by carbonate ions and adsorption onto O-donor surfaces. However, such factors controlling/influencing geochemical reactions and ultimately altering REE fractionation patterns in groundwater has not yet been fully understood and thus can limit the use of REE in hydrogeochemical studies. Also, the use of REE can be plagued by values below the detection limit of the analytical method (Palarea-Albaladejo et al., 2014, Noack et al., 2014). 
[bookmark: _Toc71548015]1.2.2 Seasonality in Water chemistry, Stable Isotopes and REE.
General water chemistry has been shown to vary seasonally which is linked to nutrient cycling in the environment driven by the hydrologic cycle (Mulholland and Hill, 1997, Walton-Day and Poeter, 2009). Differences in water chemistry can then be used to infer the processes that have occurred over time. In mountainous environments, as snowmelt travels through  the subsurface, it accumulates solutes that are released through various processes such as chemical weathering and the breakdown of organic matter (Winnick et al., 2017) and provides further insight into surface water, groundwater and bedrock interactions (Anderson et al., 1997, Kim et al., 2017, Carroll et al., 2018). Various studies have used the concentration-discharge (C-Q) relationships of solutes to provide useful information on hydrologic processes and interactions with solute generation at large spatial scales (Winnick et al., 2017, Carroll et al., 2018, Dwivedi et al., 2018). Solute concentration and increasing flow vary inversely for both groundwater and surface water (Hornberger et al., 2001, Scanlon et al., 2001, Godsey et al., 2009). In surface water, base cations  (Ca2+, Mg2+, K+ and Na+)  decrease with increasing discharge during snowmelt periods whereas increasing concentrations occur during winter base flow periods (Carroll et al., 2018). Shallow groundwater also tends to have slight variations in solute concentration in different seasons but not to the same degree as surface water (Imes and Wood, 2007, Ameli et al., 2015). However, deep confined groundwater flow often results in relatively consistent water chemistry throughout the year (Walton-Day and Poeter, 2009). The lack of variation in water chemistry in deeper aquifers is typically as a factor of residence time and the confining layer that separates it from the shallow aquifer below it and acts as barrier that prevents the inflow of water (Chapagain et al., 2009, Exner-Kittridge et al., 2016, Shakya et al., 2019).
The comparison of solute concentrated and diluted surface water and possibly, shallow groundwater, observed due to seasonal changes has been used to distinguish between various water sources. Sacks et al. (1992) demonstrated seasonality in Lake Santa Olalla, France where in the dry season, the surface water was solute concentrated and in the wet season became solute diluted, whereas the shallow groundwater was fairly conservative in areas where it was not being recharged by the lake. In the East River watershed (Colorado), snowmelt/solute relationships have been widely studied (Carroll et al., 2018, Winnick et al., 2017). In surface water, Winnick et al. (2017) demonstrated that solute fluxes were prevalent, with the concentrations of solute (such as HCO-3 and SO2-4) much lower during snowmelt conditions and greater during baseflow. Carroll et al. (2018) identified seasonal variations in the solute concentrations of surface water and shallow groundwater, but in the deeper groundwater, the solute concentration was quite consistent. Thus, showing that seasonal effects observed in general water chemistry can be a valuable tool in identifying different water sources.
Stable isotopes are another hydrochemical component of water commonly used to delineate seasonal interactions between groundwater and surface water and even relative age differences (young versus old) of groundwater. This involves the use of stable isotopes of water:18O and 2H (Maréchal and Etcheverry, 2003, Gurrieri and Furniss, 2004). In mountainous environments, isotope distribution is strongly controlled by snowmelt, evapotranspiration, and temperature (Fontes, 1980, Mazor, 1991, Gat, 1996, Clark and Fritz, 1997, Gibson et al., 2005, Li et al., 2019, Soderberg et al., 2013, Farid et al., 2015). Evaporation  of surface water leads to an enrichment of heavier isotopes whereas precipitation (including snowmelt) results in depletion of the heavier isotopes (Clark and Fritz, 1997, Walton-Day and Poeter, 2009). Typically, the isotopic composition of water in deep subsurface aquifers are constant over short time scales but can change over long time scales through geothermal exchange and water-rock interactions (Clark and Fritz, 1997). However, certain mountainous shallow aquifers have shown limited seasonal variations except for a depletion in the heavier isotope due to snowmelt (Walton-Day and Poeter, 2009). In a study by Zhao et al. (2018), enrichment of the heavier isotope during the dry season and depletion of the heavier isotope during the wet season was used to differentiate between surface water, shallow groundwater and a deeper groundwater source in the Heihe River Basin, northwestern China which is located in an arid to semi-arid environment. However, shallow aquifers can experience seasonal variations and thus be used to distinguish shallow and deeper aquifers. In the Ordos Plateau, a semi-arid region located in the eastern part of Northwest China, Yin et al. (2011) also differentiated shallow and deeper groundwater due to the effects of evaporation that caused the shallow groundwater samples to be enriched in the heavier isotopes whereas the deeper groundwater experienced little to no seasonal variation in isotope composition. Walton-Day and Poeter (2009) also demonstrated the usefulness of the influence of seasons on isotopic data in understanding the sources of water to the Dinero mine tunnel located in Turquoise lake, Leadville Colorado. The surface water samples were isotopically heavier during snowmelt (spring), lighter in the summer months and heavier during baseflow conditions, which differed from other water samples analyzed in the study area. The deep groundwater was enriched in 18O whereas the Dinero water was a combination of deep groundwater and shallow groundwater recharged by seasonal snowmelt. 
In complex geological settings and complex mineralogy, seasonal REE patterns in water have also been used for differentiating between surface water and groundwater (Duvert et al., 2015). The collection of temporal data is important because samples collected in only one season fail to adequately represent a system that changes seasonally (Shiller, 1997). Studies have also shown surface water chemistry to fluctuate greatly over time and seasons (Ingri et al., 2000, Shiller, 2002, Bagard et al., 2011, Möller et al., 2014). While for shallow groundwater, a range of responses to seasonality has been identified, ranging from its REE concentrations having no seasonal variation in concentration to there being substantial differences (Gruau et al., 2004, Pourret et al., 2009, Poh and Gasparon, 2011). In mountainous areas where systems can be highly responsive to seasonal changes, Duvert et al. (2015) utilized seasonal variation in REE abundances and normalized patterns in water samples to characterize the different aquifer systems in the Teviot Brook catchment (Southeast Queensland, Australia). The results showed contrasting variation in the REE concentrations of both surface water and shallow groundwater, while in igneous rocks, the REE concentrations showed no variation between seasons. 
[bookmark: _Toc71548016]1.2.3 Shallow Geophysical Methods 
	Shallow geophysical methods such as Electrical Resistivity Method (ERM) and 2D seismic acquisition have been used in groundwater exploration to delineate subsurface stratigraphy (Riwayat et al., 2018, Patterson, 2019, Behm et al., 2019) and these methods can be used in conjunction with hydrogeochemical studies to confirm the presence of groundwater in an area. For example, in Unaweep canyon, Patterson (2019) utilized 2D seismic acquisition to delineate the Precambrian basement geometry. Pre-stack migration results showed an upper reflector (with a profile between 600-1200 m and an elevation of 1845 – 1945m) with a velocity of 1500m/s which is the velocity of saturated sand (Wightman et al., 2003). The upper reflector indicated the relative location of the water table (Patterson, 2019), but further confirmation is needed. The interval and stacking velocities showed four distinct velocity layers which have been interpreted as four stratigraphic units. The first layer was interpreted to be saturated sand (or the fanglomerate), the second, lacustrine sediments, the third possibly lithified sedimentary rocks and finally the metamorphic Precambrian basement being the fourth layer. Generally, the upper ~half of the geophysical observations tie in closely with core data retrieved from an up-canyon site previously (Marra, 2008). 
[bookmark: _Toc71548017]1.3 General Research Scope: Objectives and Hypotheses 
Mesa County, Colorado, U.S.A., is a semi-arid region with an estimated 92% population increase from 2000 to 2025 (Mesa County, 2019) that will likely strain the county's water resources. Unaweep Canyon, located within Mesa County, is a geologically unique site with an inferred (buried) over-deepening hypothesized to be a result of initial valley formation by glaciation (possibly in the Paleozoic), and there might therefore be lacustrine strata of Paleozoic age in the overdeepened section but further investigation would be needed to confirm this.As evidenced by well and core log data from the canyon, there are possibly two or more aquifers present in Unaweep Canyon (Marra, 2008, Soreghan et al., 2009). The upper, shallow aquifer is an alluvial aquifer, composed of sediments accumulated primarily through continuous mass wasting of the valley walls. The other aquifers are inferred from core data and geochemical results from previous sampling efforts in March and September 2018 which hinted at probable multiple sources of groundwater. Thus, to confirm the presence of various sources of groundwater originating from multiple aquifers within Unaweep Canyon, I hypothesize that:
1. The Unaweep Canyon aquifer consists of multiple formations that are not directly hydro-geochemically linked. 
2. The groundwater source of seeps and springs located at the mouth of Unaweep Canyon originates from either of the likely aquifers. 
In order to address the stated hypothesis, objectives for this study include collecting surface water, domestic well, seep, and spring samples to understand the aquifer systems present at Unaweep canyon. Another objective involves collection of these water samples in the spring, summer and fall to account for seasonality effects that can also be used to trace the origin of water in the canyon. 
[bookmark: _Toc71548018]2. GEOLOGIC SETTING AND HYDROLOGY
[bookmark: _Toc71548019]2.1 Geology of Unaweep Canyon, Colorado
Unaweep Canyon (Mesa County, Colorado, U.S.A.) consists of massive exposed igneous and metamorphic Precambrian basement capped with Mesozoic sedimentary rocks (Soreghan et al., 2015) that contains the West Creek and East Creek Watersheds (Figure 1). Today, the canyon's outer steep walls are ~ 1km deep and 6 km wide, while its inner part is ~ 400m deep and 3km wide (Soreghan et al., 2009). 
[image: ]
Figure 1. Location of the West Creek Watershed and Unaweep Canyon study site. 
The processes surrounding the formation of Unaweep Canyon remains debated, with three possible hypotheses: 1) Fluvial incision in the late Cenozoic; 2) Glacial incision in the Pleistocene (late Cenozoic); and 3) Glacial incision in the late Paleozoic (late Carboniferous -Early Permian) followed by latest Paleozoic-Mesozoic burial and finally, partial fluvial exhumation of the buried valley by the Gunnison River (Hood, 2011, Marra, 2008, Soreghan et al., 2009, Soreghan et al., 2015). The third hypothesis has been supported by several studies (Soreghan et al., 2015) and forms the basis of this research as these processes set the stage for subsequent depositional events that led to the physical settings of the study site and associated aquifer system(s). 
  Unaweep Canyon is drained by East and West creeks that flow in opposite directions from the nearly imperceptible Unaweep Divide at an elevation of 2148m. East Creek joins the Gunnison River near Whitewater, Colorado, and West Creek flows into the Dolores River near Gateway, Colorado (Soreghan et al., 2015). At ~1.4 Ma, an inferred mass-wasting event at the western end of the canyon resulted in the damming of the ancestral Colorado or Gunnison river, which led to the formation of a lake resulting in the deposition of lacustrine deposits (Balco et al., 2013, Marra, 2008). The lake eventually filled up with organic-rich sediments forming well defined lacustrine deposits, and the ancestral Gunnison River ultimately abandoned the canyon flowing eastward  (Marra, 2008, Soreghan et al., 2009, Soreghan et al., 2015). Above the lacustrine unit is approximately 160 m of colluvium deposits, recording mass wasting of sidewall canyon debris with an approximate age of mid-late Pleistocene (ca. 0.9 Ma; (Marra, 2008, Balco et al., 2013, Soreghan et al., 2015)). Following the mass wasting, the alluvial aprons stabilized, marked by heavily vegetated surfaces and well developed Calcisols (Soreghan et al., 2015).
The type and sequence of deposits as described by the Pleistocene depositional history is evidenced in well log data from domestic wells (Fig. 2) in Unaweep Canyon as well as a generalized core log (Fig. 3) from a borehole that penetrated to a depth (below ground surface) of approximately 330 m (Soreghan et al., 2015). As recorded in this well penetration, the canyon fill includes three primary stratigraphic units above Precambrian basement: a basal unit (<15 m) of inferred upper Paleozoic strata, succeeded by Pleistocene lake and and mass wasting deposits, the latter two separated by an pedogenic interval (Marra, 2008, Soreghan et al., 2015). The lacustrine deposits comprise medium sand underlain by fine clayey sand with plant fragments. These lacustrine deposits document the presence of a lake bearing the same burial age as the lowest terraces of the Gateway (ancestral Gunnison River) gravels found close to the canyon's western mouth (Balco et al., 2013), effectively recording the near-abandonment age of the ancestral Gunnison River in Unaweep Canyon.
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Figure 2. Map view and core profiles of lithological descriptions from domestic water wells installed in Unaweep Canyon. The well lithology information was obtained from well logs obtained from the Colorado Division of Water Resources (https://dwr.state.co.us/) ). The numbers above each profile represent the well identification number recorded by the Colorado Division of Water Resources.
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Figure 3. Generalized Massey Core log from Marra (2008). The core log was simplified by consolidating intervals that had similar lithology. Poor recovery includes brown coarse to fine sand cuttings with boulders up to 70m. 
[bookmark: _Toc71548020]2.2 Hydrology of Unaweep Canyon
[bookmark: _Toc71548021]2.2.1 Climate
The study area is located in the West Creek watershed with an estimated drainage area of 177 km2 that spans from the Unaweep Divide to the Dolores River at Gateway Colorado (Figure 4) (USGS StreamStats, 2016). The watershed has a maximum elevation of approximately 3000m from the upper reaches of the watershed to a minimum elevation of 1390 m near Gateway (USGS StreamStats, 2016). The region is semi-arid with a MAP of 50.72 cm, which falls mostly as snow in winter (USGS StreamStats, 2016), with minimal precipitation (other than afternoon storms) in summer (Colorado State University, 2019). The temperatures range from 5.9 – 21.2oC in the summer and -5.9 – 11.4°C in the winter (Colorado State University, 2019). 
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Figure 4. Map of the West Creek Watershed and associated Hydrologic Unit Code (HUC) boundaries. The West Creek stream network is also shown as well as the confluence of West Creek and the Dolores River (Red dot). Data was retrieved from USGS Streamstats (http://water.usgs.gov/osw/streamstats/colorado.html) and National Hydrography Dataset (https://www.usgs.gov/core-science-systems/ngp/national-hydrography/).
[bookmark: _Toc71548022]2.2.2 Surface Hydrology of the West Creek Watershed
West Creek is the primary surface water feature within the West Creek watershed that drains into the Dolores River and eventually the Colorado River. The tributaries of West Creek generally begin near the watershed boundary and join West Creek at the bottom of the Unaweep Canyon valley. Due to a lack of hydrologic studies and permanent gaging stations in the West Creek Watershed, records of stream flow do not exist. However, direct observation and communication with residents indicates that stream flow in West Creek is likely perennial, with inflow from both snowmelt and groundwater. A USGS gaging station (Station number: 09179450) on the Dolores River above Gateway provides insight into likely seasonal streamflow influenced by snow melt, sporadic precipitation in the summer, and baseflow periods. As shown in Figure 5, stream flow in the Dolores River during 2019 was influenced by snowmelt inflow beginning around late- April and peaking in June followed by summer recession (July - October) into baseflow  (USGS, 2016). The 2019 season was an exceptionally wet year whereas 2018 and 2020 were below average as highlighted in Figure 5, which resulted in significantly less flow in the Dolores River and a shorter snowmelt period (Fig. 6). From Figure 6, snow water equivalence (SWE) results from the Columbine SNOTEL station on the Uncompaghre Plateau indicates that the year 2018 was a very dry year, 2020 average, and 2019 in the 80th percentile for the maximum snow water equivalent line (NRCS, 2021).
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Figure 5. Modified Hydrograph from USGS stream gaging station (09179450) located near Gateway CO, for 2018, 2019 and 2020 (USGS, 2016). Note that stream discharge at the USGS gage station near Gateway is used as a proxy for periods of snowmelt, groundwater recharge, sporadic liquid precipitation, and baseflow owing to the lack of a gaging station in West Creek. Sampling dates for spring, summer, and fall 2020 are also shown.
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Figure 6. Snowpack conditions of Uncompaghre Plateau for the year 2018, 2019 and 2020 from the NRCS, which is used as a proxy to periods of snow accumulation due to the lack of a SNOTEL station in West Creek (NRCS, 2021; https://www.nrcs.usda.gov)
[bookmark: _Toc71548023]2.2.3 Groundwater in the West Creek Watershed
2.2.3.1 Shallow Groundwater
The nature and extent of groundwater in the study area is unknown. However, logs from domestic wells and the Massey Core (Fig. 2 and Fig. 3) indicate the presence of shallow groundwater in the region within the alluvial/colluvium deposits in the upper ~76 m. Behm et al. (2019) acquired seismic reflection data and inferred the presence of fanglomerate (alluvial deposits) in the western canyon, composed of ~160 m of clast- and matrix- supported conglomerate, with clasts of both the Mesozoic sand-siltstone and Precambrian basement. Pers. comm identified two interpreted aquifers (A1 and A2) based on previous electrical resistivity data (Fig. 7) which further confirms the presence of at least the shallow aquifer.
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Figure 7. Integrated interpretation of the PSTM image, ground-truth data, and additional geophysical observable. Pc, Qt: Precambrian and quaternary surface cover. Dashed lines indicate where horizons are less well defined and/or are largely based on supplemental data. B1: Consolidated Precambrian basement. B2: Top of Precambrian regolith and pre-Quaternary sediments. L: Reflector associated with a Cenozoic lacustrine unit. P: pre-Quaternary sediments. A1, A2: Top of deep and shallow aquifers. (pers. comm).
2.2.3.2 Deep Groundwater
 The nature and extent of deep groundwater in the West Creek watershed is unknown. However, a deeper confined aquifer is implied to exist from the description of lithology (Soreghan et al., 2015) where a confining clay-rich layer at a depth of 208 to 248 m lies above an aquifer with a composition that transitions from a medium clay-sand to medium sand with a total thickness of 24 m.  Medium sand tends to exhibit a relatively high hydraulic conductivity ranging from 9 ×10-7 to 5 ×10-4 m/sec (Domenico and Schwartz, 1991), an average porosity between 29 – 49% and a specific yield of 32% (Morris and Johnson, 1966). Therefore, based on the likely intrinsic properties of high porosity and permeability typical of this type of aquifer material (Bjerg et al., 1992), the medium sand interval is potentially a deeper aquifer. 
In Mesa County, there is a regional bedrock aquifer related to Precambrian basement rock fractures that store and transmit water (Colorado Geological Survey, 2017).  A few domestic wells intercept fractured basement (Division of Water Resources, Colorado Support Decision Systems; (CDSS, 2017)). One of such well is well permit #155324 located in the study site and most of the other wells have been observed south and southwest of Colorado National Monument, where much faulting has occurred with the faulting decreasing towards the western county edge of the county (Colorado Geological Survey, 2017). These wells yield from 1-100 gallons per minute (Colorado Geological Survey, 2017). 
However, despite the number of DWR permitted wells installed in Precambrian bedrock, no water quality data exist, other than a few results from springs, albeit none with sufficiently ion data to generate water-type pie charts (Colorado Geological Survey, 2017). The only data available were contamination data which showed that for the analyzed spring locations, primary maximum contaminant level (MCLs) was not surpassed, and the secondary maximum contaminant level (SMCLs) were only exceeded for TDS and sulfate at one spring (Colorado Geological Survey, 2017). At three springs, pH ranged between 7.6 and 8.2, within the acceptable SMCL range of 6.5 to 8.5 (Colorado Geological Survey, 2017). Therefore, this study aims to fill in the gap of providing sufficient data to be able to identify the water types present in the Precambrian bedrock.
2.2.3.3 Wetlands
Wetlands occupy approximately 1.5% of the total area of the West Creek Watershed  (USGS StreamStats, 2016). These wetlands include the Unaweep Seep Natural area, a designated critical habitat (Doyle et al., 2002). The Unaweep Seep Natural area - a CNHP Potential Wetland Conversation Area- is home to Unaweep Seep, one of the seeps in the area (Fig. 6). A combination of wet meadows, marsh, sedge, cottonwood, willows and more and a rare assembly of plants including the Joe-pye weed, panic manna grass and giant helleborine orchid have been documented in the Unaweep Seep Natural area (National Audubon Society, 2020). A 1983-84 survey of the area revealed it as the richest landbird site in west-central Colorado (National Audubon Society, 2020). Since springs and seeps are locations where groundwater saturates the surface, the water for the springs and seeps in the West Creek watershed likely originates from groundwater, and based on field observation, these wetlands occur wherever these seeps/springs exist. 
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Figure 8. Map indicating locations and degree of wetland sensitivity in Unaweep Canyon. Unaweep Seep is indicated including areas of significant wetland biodiversity. Unaweep Canyon has been identified as a CNHP Potential Wetland Conversation Area with a Very High Biodiversity significance 
(https://www.arcgis.com/apps/webappviewer/index.html?id=a8e43760cb934a5084e89e46922580cc).
[bookmark: _Toc71548024]3. MATERIALS AND METHODS
[bookmark: _Toc71548025]3.1 Sampling and In-Situ Water Chemistry
Water samples from 3 seeps, 2 Precambrian bedrock springs, 2 domestic wells, and 3 surface water locations (West Creek) were collected during the spring, summer, and fall in 2020 (Fig. 9). Samples were collected once in-situ measurements of pH, temperature, conductivity, and total dissolved solids (TDS) stabilized (±10% between three consecutive measurements). A pre-calibrated HANNA™ HI 9829 multi-parameter probe was used for in-situ measurements of pH, Dissolved Oxygen (D.O.), Specific conductivity (SpC), temperature (°C), Oxidation-Reduction Potential (O.R.P.), and Total Dissolved Solids (T.D.S.). The probe was calibrated using pH buffer solutions (Orion Application Solutions) of 4.01 (Orion 910104), 7.00 (Orion 910107), and 10.01 (Orion 910110). 
Table 1. Sampling Locations with coordinates and brief descriptions regarding source or distinct features.
	Site ID
	Coordinates
	Brief Description

	
	Latitude
	Longitude
	

	UNA-18-1
	38°46’37”N
	108°50’32”W
	Organic rich seep located on the Moore property. Seep appears to be an excavated depression. Sample was collected close to where seep emerges from the surface. 

	UNA-18-4
	38°46’15”N
	108°53’21”W
	Base of Unaweep seep near overpass. High organic content, heavily vegetated/grassy. Inaccessible in the summer sampling event due to vegetation overgrowth

	UNA-18-14
	38°46’36.24”N
	108°51’1.76”W
	Seep coming out of hillside, located west of Moore’s house on the Moore’s property. High organics, well vegetated

	UNA18-2 June
	38°46'’33”N
	108°50’25”W
	West Creek on Moore property, across UNA-18-1.

	UNA18-7 June
	38°46’17”N
	108°53’11”W
	West Creek across from Unaweep Seep, located below the bridge before the picnic area.

	UNA18-10 June
	38°44’0”N
	108°54’10”W
	West Creek at Picnic area. Creek is across the street from the Old mine adit (UNA18-12)

	UNA18-11 June
	38°43’58.02”N
	108°54’6.23”W
	Old mine adit (seep) in Precambrian basement. Sample collected from seepage on roadside bank 

	UNA18-12-1 June
	38°43’28”N
	108°54’58”W
	Smells of sulfur, salt precipitate. Spring is known as the Wright Spring from the Mesa County report. Looks like an old adit, developed in the Precambrian basement  located on a hillside approximately one  mile from the road

	UNA-19- June
	38°46’35”N
	108°50’47”W
	Well depth of 96ft. Owners are the Moores. 

	UNA-20- June
	38°46’12”N
	108°48’8”W
	Well depth of 140ft, DTW: 70ft (information from owners). Owners are Amy and Fred Bolton
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Figure 9. Map of sampling locations separated by their type. The geologic map of the area is shown to indicate subsurface lithology and structures in relation to sample points.
[bookmark: _Toc71548026]3.2 Laboratory Analysis
[bookmark: _Toc71548027]3.2.1 Major Anions
Samples for major anions were filtered (0.45 µm nominal pore size) into pre-cleaned (acid-washed and rinsed with nanopure water) 60 mL HDPE bottles and stored at 4°C until analysis. Anion analysis was completed by Ion Chromatography (Dionex ICS-1100) in the Aqwatec Laboratory (Colorado School of Mines, Golden, CO).  Anions measured by IC included fluoride (F-), bromide (Br-), nitrite (NO2-), chloride (Cl-), phosphate (PO43-), sulfate (SO42-), and nitrate (NO3-) ions. Quality assurance and quality control (QA/QC) included analysis of laboratory blanks and calibration checks after every tenth primary sample including the beginning and end of each run. The laboratory blanks consisted of deionized, ultrapure water for which readings below the instrument detection limit are satisfactory. Calibration checks consisted of a low and high range sample with known concentrations analyzed once per group of 10 primary samples and at the beginning and end of each analytical run. The calibration check results are considered valid and acceptable if the measurements were within ±10% of known concentration. If anion results exceeded the calibration dynamic range, the samples were diluted and rerun to ensure accuracy. 
[bookmark: _Toc71548028]3.2.2 Metals
Metal samples included collecting only the dissolved fraction at each site since this study focused on the solute phase. Water samples were filtered through a Titan3TM PVDF 0.45µm syringe filter attached to a polypropylene Fisherbrand TM 60 mL sterile syringe into 60 mL HDPE bottles. Major cations included Ca, Mg, Na, and K, and trace metals included Al, As, B, Ba, Cd, Cu, Cr, Fe, Li, Mn, Mo, Ni, Pb, Se, Si, Sr, Ti, Tl, U, V, and Zn. 
Metals samples were preserved with approximately 0.5 mL 70% trace metal grade nitric acid and stored at 4°C until analysis. The metal analysis was completed by a PerkinElmer 8000DV Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) at the Colorado School of Mines (Golden, CO) Atomic Spectroscopy Laboratory. Quality assurance and quality control (QA/QC) included the analysis of laboratory blanks, calibration checks, NIST certified standard reference material (SRM), and an internal standard. The laboratory blanks consisted of deionized, ultrapure water for which readings below the instrument detection limit (BDL) were satisfactory. A multi-element continuing calibration verification (CCV) solution was measured at the beginning, end, and after every tenth primary sample to ensure the validity of the instrument calibration throughout the analysis. Acceptable CCV values are within ±20% of the known concentrations. The NIST 1643f SRM (https://www-s.nist.gov/srmors/view_detail.cfm?srm=1643F) was analyzed at a frequency of once per group of 30 primary samples for which measured values that are ±10% of the certified concentrations are deemed acceptable. Scandium (Sc) was included as an internal standard added to each aliquot (calibration, blank, SRM, CCV, and primary solutions) measured in each analytical run to account for instrument drift and potential salt deposition within the sample introduction system. Acceptable Sc concentrations were within 20% of the known concentration (1mg/L ±0.2mg/L). 
[bookmark: _Toc71548029]3.2.3 Alkalinity 
Alkalinity was measured on-site using a Hach™ digital titrator (Hach™ Method 8203 Phenolphthalein and Total Alkalinity) to minimalize potential variability associated with changes in water temperature and pH. Measured alkalinity (as mg/L CaCO3) results were then evaluated by Visual MINTEQ (https://vminteq.lwr.kth.se/download/) to estimate the concentrations of bicarbonate (HCO3-) and carbonate (CO32-) components necessary for Piper diagrams.  
[bookmark: _Toc71548030]3.2.4 Stable Oxygen and Hydrogen Isotopes
Isotope samples were collected by filtering site water through a Titan3TM PVDF 0.45µm syringe filter syringe filter attached to a polypropylene Fisherbrand TM 60 mL sterile syringe into borosilicate 30ml glass vials with Polyseal caps. Special care was taken to avoid any headspace in each sample by filling each vial to where a visible meniscus forms at the top prior to capping to prevent any sampling error related to fractionation of the isotopes. Isotope analysis focused on 18O and 2H necessary for comparison with the global meteoric water line (GMWL). Due to instrument difficulties at the University of Georgia’s Center for Applied Isotope Studies (CAIS) laboratory isotope samples collected during the Summer and Fall were measured at the UC Santa Cruz Stable Isotope Laboratory.  
At CAIS, the stable isotopic oxygen and hydrogen compositions of water were measured using the Cavity Ring-Down Spectroscopy (CRDS) technique. A Quality assurance and quality control (QA/QC) included performing each measurement 7 times and using the last 3 results for further calculation to minimize potential memory effect. The standards used to calibrate the measured data include the IAEA reference waters (VSMOW2, GISP, and SLAP2), and the calibrated δ18O and δ2H values are reported relative to VSMOW. The precision for analyzing water samples with natural abundance are usually ≤ 0.20 ‰ for δ18O values and ≤ 1.0 ‰ for δ2H values based on the internal database at CAIS. 
At the UC Santa Cruz Stable Isotope Laboratory, a Picarro L2130-i isotope analyzer was used for stable isotope analysis. The isotope ratio measurements of samples were corrected to VSMOW against measurements of the international standard reference materials SMOW, GISP, and SLAP. The reproducibility of duplicates was 0.02 ‰ for δ18O and 0.08 ‰ δ2H.
[bookmark: _Toc71548031]3.2.5 Dissolved Organic Carbon (DOC)
DOC samples were collected by filtering (0.45 µm nominal pore size filter) site water into pre-combusted, pre-cleaned 30 ml glass amber sample bottles and stored at 4⁰C until analysis.   DOC analysis was performed using high-temperature combustion with NDIR detection (Shimadzu™ TOC-L) in the Aqueous Geochemistry Laboratory (AGL) at the University of Oklahoma. The AGL uses a non-purgeable organic carbon (NPOC) method for DOC analysis that negates potential interferences caused by inorganic carbon. The NPOC method has an estimated MDL of 20 to 30 µg C/L, which was sufficient for the low DOC concentrations (<1.0 mg C/L) measured in the samples collected in this study. QC checks included the use of blanks and calibration check standards. Blanks consisted of deionized, UV-treated water measured throughout each analytical run. Calibration check standards consisted of aliquots with DOC concentrations of 3 mg C/L and 5 mg C/L as potassium hydrogen phthalate (KHP). 

[bookmark: _Toc71548032]3.2.6 Rare Earth Elements (REE) 
The same metal samples were also analyzed for REEs. The REE analysis was done using the prepFAST IC autosampler attached to a PerkinElmer NexION2000 Inductively Coupled Plasma (ICP)-MS which was tuned using a standard daily tuning solution by TUNE B iCAP THERMO TS with a matrix of 2.5% v/v nitric acid / 0.5% v/v hydrochloric acid. Calibration used the following elements: cerium (Ce), dysprosium (Dy), erbium (Er), europium (Eu), gadolinium (Gd), holmium (Ho), lanthanum (La), lutetium (Lu), neodymium (Nd), praseodymium (Pr), Samarium (Sm), Terbium (Tb), Thorium (Th), Thulium (Tm), uranium (U), ytterbium (Yb), and yttrium (Y) at concentrations of 0.1, 0.5, 1, 5, and 10 ppb in 2% nitric acid. Prior to analysis all groundwater samples were diluted 10-fold into 2% ACS reagent grade to obtain a final volume of 5mL to keep the measured concentrations within the dynamic range of the calibration curve. An internal standard consisting of 5ppb of Iridium (Ir) was used throughout the entire analysis. 
[bookmark: _Toc71548033]4. RESULTS
[bookmark: _Toc71548034]4.1. Water chemistry
[bookmark: _Toc71548035]4.1.1 In-situ water chemistry
Table 2 shows select in-situ water chemistry results, and Appendix 1 lists comprehensive in-situ results. These in-situ parameters were selected because they showed the most variation among sites, possibly related to different hydrologic processes.  Generally, the West Creek (surface water) sites (UNA-18-2, UNA-18-7 and UNA-18-10) exhibit slightly higher pH values than all other sites, whereas the Precambrian bedrock spring samples (UNA-18-11 and UNA-18-12-1) exhibit higher temperature and conductivity values (Table 2, Fig. 10). Alkalinity (Figure 10C) is greater in the seeps, West Creek, and the domestic wells relative to the Precambrian bedrock spring samples. The pH (Figure 10E) for the surface water ranges from 7.5 to 8.56, the seeps 6.78 to 8.18, the domestic wells 6.84 to 7.29 and the Precambrian bedrock spring 6.99 to 7.74.  The largest variation in the in-situ water chemistry data were the conductivity values (Table 2) measured in the Precambrian bedrock spring samples relative to other sites. The conductivity and TDS values generally ranged from 317 to 436 μS/cm for the West Creek, seeps, and domestic well samples for all the seasons. However, for the Precambrian bedrock spring samples, the conductivity and TDS values were approximately one order-of-magnitude greater than the other sites with values that ranged from 2422 to 2788 μS/cm, likely reflecting greater residence time along groundwater flowpaths.
Table 2. In-situ results for the sampling sites included in this study. Sample dates are included to show results for spring (6/6/20), summer (8/17/20), and fall (9/14/18 and 10/6/20) seasons. Complete tabulated in-situ water chemistry results are found in Appendix 1. 
	Sites
	Sample Date
	pH
	Temp.
	ORP
	Alkalinity
	Conductivity

	
	
	S.U.
	°C
	mV
	mg/L as CaCO3
	µS/cm

	
	
	
	
	
	
	
	

	UNA-18-1
	9/14/18
	7.46
	11.9
	196
	182
	319
	

	UNA-18-1
	6/6/20
	7.65
	11.9
	193
	240
	389
	

	UNA-18-1
	8/17/20
	7.50
	12.1
	197
	197
	428
	

	UNA-18-1
	10/6/20
	7.36
	11.6
	192
	225
	433
	

	UNA-18-2
	9/14/18
	7.98
	13.2
	194
	42
	293
	

	UNA-18-2
	6/6/20
	8.14
	19.6
	183
	202
	402
	

	UNA-18-2
	8/17/20
	7.98
	19.6
	187
	233
	386
	

	UNA-18-2
	10/6/20
	7.50
	11.6
	196
	231
	416
	

	UNA-18-4
	9/15/18
	8.18
	12.9
	195
	38
	362
	

	UNA-18-4
	6/6/20
	7.99
	16.7
	185
	163
	377
	

	UNA-18-4
	10/6/20
	7.99
	15.6
	188
	210
	368
	

	UNA-18-7
	9/14/18
	8.53
	16.3
	194
	68
	331
	

	UNA-18-7
	6/6/20
	8.60
	16.6
	183
	175
	375
	

	UNA-18-7
	8/17/20
	8.51
	17.5
	188
	184
	345
	

	UNA-18-7
	10/6/20
	8.28
	8.7
	195
	232
	376
	

	UNA-18-10
	9/14/18
	8.56
	18.7
	187
	53
	277
	

	UNA-18-10
	6/6/20
	8.47
	16.9
	182
	118
	317
	

	UNA-18-10
	8/17/20
	8.43
	15.8
	196
	167
	360
	

	UNA-18-10
	10/6/20
	8.28
	9.7
	191
	204
	368
	

	UNA-18-11
	9/14/18
	7.66
	20.2
	199
	33
	2506
	

	UNA-18-11
	6/7/20
	7.02
	15.2
	197
	31
	2788
	

	UNA-18-11
	8/17/20
	7.02
	21.0
	195
	69
	2512
	

	UNA-18-11
	10/6/20
	6.99
	14.5
	196
	41
	2422
	

	UNA-18-12-1
	9/14/18
	7.74
	20.5
	189
	57
	1353
	

	UNA-18-12-1
	6/7/20
	7.67
	19.6
	177
	115
	1563
	

	UNA-18-12-1
	8/17/20
	7.63
	21.6
	185
	50
	1579
	

	UNA-18-12-1
	10/6/20
	7.44
	20.2
	185
	57
	1573
	

	UNA-18-14
	9/15/18
	7.29
	12.9
	194
	71
	339
	

	UNA-18-14
	6/6/20
	6.98
	11.3
	189
	266
	426
	

	UNA-18-14
	8/17/20
	7.06
	11.6
	198
	234
	408
	

	UNA-18-14
	10/6/20
	6.78
	13.9
	188
	266
	217
	

	UNA 19
	6/6/20
	7.29
	11.1
	192
	210
	324
	

	UNA 19
	8/17/20
	7.19
	17.1
	191
	202
	339
	

	UNA 19
	10/6/20
	6.95
	13.1
	194
	205
	346
	

	UNA 20
	6/6/20
	7.01
	12.4
	190
	199
	425
	

	UNA 20
	8/17/20
	7.00
	12.6
	195
	181
	410
	

	UNA 20
	10/6/20
	6.84
	12
	194
	230
	410
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Figure 10. Box plots for temperature (A), conductivity (B), alkalinity (C), ORP (D), and pH (E) by site type. The boxes encompass the 25% to 75% percentile among the data along with the median and mean values. Whiskers indicate the maximum and minimum values. Individual data points are shown to the right of each box to show any variance among data. 


[bookmark: _Toc71548036]4.1.2 Metal and Anion data
	Metal and anion results from all samples collected in 2018 and 2020 are shown in Figures 11A – 11D and Figures 12A – 12B.  Appendix A shows comprehensive metal and anion results. The results selected show the largest differences among all sites and thus reflect various hydrologic processes. Figures 11 & 12 show that metal and anion concentrations in the Precambrian bedrock spring samples (UNA-18-11 and UNA-18-12-1) are generally larger than in the other sites. The U (Figure 11A) concentration is considerably greater in the streams and shallow groundwater than the Precambrian basement sites. Among the two Precambrian bedrock samples, Precambrian bedrock spring 1 (UNA-18-11) exhibits larger metal and anion concentrations than Precambrian bedrock spring 2 (UNA-18-12-1), possibly indicating different groundwater sources or flow pathways. 
	Piper plots (Figure 13) were created to evaluate hydrogeochemical diversity using major ion data (Mg2+, Ca2+, Na+, K+, SO2-4, Cl- and CO2-3+HCO-3) from all sites sampled in 2018 and 2020. Appendix 4 shows Piper plots with individual sampling events by year and season. The Piper plot suggest three distinct water types amongst all the samples (Fig. 13). The seeps, West Creek and domestic wells all cluster together around the Mg–HCO-3 water type while the Precambrian spring samples are of mixed and Ca-Cl water types. However, some of the West Creek and seep samples trend towards the Mixed type possibly due to mixing it interacting with the Mixed-type water. Seasonality induced by snowmelt and rain recharge is not very pronounced, likely attributable to persistent drought conditions in 2018 and 2020. 
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Figure 11. Box plots of metal results by site type. Individual data points to the right of each box show the variance. The boxes encompass the 25% to 75% percentile among the data along with the median and mean values. Whiskers indicate the maximum and minimum values. All plots used a log scale for the concentration values due to the orders of magnitude differences in concentration that exist among the sample sites. The Precambrian bedrock spring 1 represents UNA-18-11 while Precambrian bedrock spring 2 represents UNA-18-12-1. 
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Figure 12. Box plots of anion results by site type. Individual data points to the right of each box show the variance.  The boxes encompass the 25% to 75% percentile among the data along with the median and mean values. Whiskers indicate the maximum and minimum values. All plots used a log scale for the concentration values due to the orders of magnitude differences in concentration that exist among the sample sites. The Precambrian bedrock spring 1 represents UNA-18-11 while Precambrian bedrock spring 2 represents UNA-18-12-1.
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Figure 13. Piper plots representing major ion chemistry of all surface water and groundwater sampled in Unaweep Canyon in 2018 and 2020. Water type regions shown are from Piper (1944).
[bookmark: _Toc71548037]4.1.3 Rare Earth Elements (REE) 
Appendix A shows comprehensive REE concentrations (in ug/L). Figures 14A – 14B show subsets of REE data to specifically illustrate differences between LREEs and HREEs in order to discern possible REE enrichment/depletion patterns. These REEs were selected because they showed the most distinct variation in concentrations and also studies (Johannesson et al., 1997, Duvert et al., 2015) indicate their usefulness in differentiating bedrock groundwater from other water sources. Non-detect values were assigned a value of 0.001ug/L to ensure complete representation of all sites.   
REE concentrations vary considerably between West Creek and groundwater where the concentrations of LREEs (89Y, 139La, 140Ce and 142Nd) are generally greater than what is found in groundwater (both shallow and deep), likely owing to fractionation with organic matter and possibly complexation with bicarbonate ions. Little variation occurs in REE concentrations in groundwater from the Precambrian bedrock springs and the shallow groundwater seeps. Possible seasonality was observed only for West Creek (surface water) where elevated concentrations of LREEs represent samples collected in the spring.  
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Figure 14. Box plots of REE concentrations of the different water samples as well as for the different sampling events, including September 2018. The boxes encompass the 25% to 75% percentile among the data along with the median and mean values. Whiskers indicate the maximum and minimum values.
[bookmark: _Toc71548038]4.2. 18O and 2H isotope composition
	The isotopic data are reported in standard delta notation in parts per thousand relative to Vienna Standard Mean Ocean Water (VSMOW; (Coplen, 1994)). The isotopic data are plotted against the GMWL (Global Meteoric Water Line), δ2H = 8δ18O + 10, developed by Craig (1961). The GMWL is an average of various local meteoric water lines (LMWLs) controlled by local climatic factors, such as the origin of the vapor mass, as well as re-evaporation that occurs during rainfall and the seasonality of precipitation (Clark and Fritz, 1997). The isotopic composition of the seeps, West Creek, domestic well and Precambrian bedrock samples (Table 3) range from -14.06 to -15.16‰ δ18O and -103.5 to -109.46‰ δ2H, -12.89‰ to -14.7‰ δ18O and -99.3 to -106.68‰ δ2H, -13.64 to -14.77‰ δ18O and -102.4 to -105.94‰ δ2H, -14.27 to -15.39‰ δ18O and -108.7 to -112.78‰ δ2H respectively. 
Table 3. δ18O and δ2H results from 2020. 
	Sample ID
	Sample Date
	δ18O
	δ2H

	
	
	‰
	‰

	UNA-18-1
	6/6/20
	-14.3
	-104.5

	UNA-18-1
	10/6/20
	-14.8
	-106.1

	UNA-18-4
	6/6/20
	-14.6
	-107.7

	UNA-18-4
	10/6/20
	-15.2
	-109.5

	UNA-18-14
	6/6/20
	-14.1
	-103.5

	UNA-18-14
	8/17/20
	-14.5
	-103.8

	UNA-18-14
	10/6/20
	-14.5
	-103.4

	UNA-18-2
	6/6/20
	-12.9
	-99.3

	UNA-18-2
	8/17/20
	-14.1
	-103.2

	UNA-18-2
	10/6/20
	-14.4
	-105.0

	UNA-18-7
	6/6/20
	-13.5
	-101.4

	UNA-18-7
	8/17/20
	-14.4
	-105.0

	UNA-18-7
	10/6/20
	-14.6
	-106.1

	UNA-18-10
	6/6/20
	-13.6
	-100.5

	UNA-18-10
	8/17/20
	-14.4
	-105.1

	UNA-18-10
	10/6/20
	-14.7
	-106.7

	UNA-18-11
	6/7/20
	-14.6
	-111.3

	UNA-18-11
	8/17/20
	-15.4
	-112.6

	UNA-18-11
	10/6/20
	-15.4
	-112.8

	UNA-18-12-1
	6/7/20
	-14.3
	-108.7

	UNA-18-12-1
	8/17/20
	-14.6
	-108.9

	UNA-18-12-1
	10/6/20
	-14.8
	-109.8

	UNA 19
	6/6/20
	-14.4
	-104.9

	UNA 19
	8/17/20
	-14.7
	-105.5

	UNA 19
	10/6/20
	-14.8
	-105.9

	UNA 20
	6/6/20
	-13.6
	-102.4

	UNA 20
	8/17/20
	-14.0
	-102.8

	UNA 20
	10/6/20
	-14.0
	-102.9
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Figure 15. Relationship between δ18O and δ2H against the GMWL for samples collected in 2020. Results shown are grouped by site type and season to show seasonality effects on the isotopic composition of groundwater and surface water. 
	In general, the Precambrian bedrock spring samples, seeps and domestic well were observed to be generally more depleted with respect to δ18O and δ2H whereas West Creek samples were more enriched in the heavier isotopes during the spring, summer, and fall. This fractionation effect is most likely as a result of snowmelt and/or evaporation in the spring. However, the expected snowmelt isotopic signature was likely attenuated due to drought conditions.
[bookmark: _Toc71548039]4.3. Statistical Analysis
	PCA plots were created using δ18O, δ2H, the sum of major cations (SCa, Mg, K, Na), DOC, alkalinity and uranium for all the sites (Appendix 9) which were chosen because they best represent variability attributable to seasonality and groundwater source as noted previously. From Figure 11, U and the major cations are observed to vary between groundwater and West Creek whereas isotopes will show variability due to seasonality. Alkalinity (Fig. 10c) and DOC (Appendix A) is significantly different in the West Creek samples, seeps, domestic wells and Precambrian bedrock samples. PCA is a widely applied multivariate data analysis method that provides insight into the structure and relationships between the variables of a set of data (Jolliffe, 1986). The two principal components accounted for 81.52% of the total variance in the hydrochemical data (Fig. 16).
	The first component (PC1) explains 58.51% of the total variance while PC2 explains 23.11% of the total variance. Primarily, the Precambrian bedrock spring samples are influenced mostly by the water chemistry such as the sum of the major cations. Whereas seasonal differences represented by δ18O, δ2H, and DOC factor into the distribution of West Creek and shallow groundwater. For example, in the spring, the isotopic composition and DOC concentration caused a shift of the surface water spring samples to the right side of the plot, related to snowmelt. The fall and summer stream samples cluster with the domestic well and seeps that is a result of baseflow condition.  
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Figure 16. Principle Component Analysis plot showing select loading compoenents of DOC, alkalinity, uranium, stable istopes (d18O and d2H), and the sum of major cation (SMajor Cations) and PCA results for sites sampled in this study.  
	Spearman’s correlations were calculated using the same data set for PCA (Appendix B). The Spearman’s rank correlation (r) provides insight into the interrelationship distribution between two distinct variables. For this study, an r value greater than 0.5 indicates a strong correlation, r value between ± 0.30 and ± 0.49 indicates a moderate correlation and <0.29 indicates a weak correlation. Spearman’s correlation results are shown in Table 4 as a matrix relating paired parameters to season and sample type. Strong correlations that include stable isotopes and DOC is likely related to seasonality whereas groundwater source is defined by correlations that include cations and to a certain degree stable isotope, DOC and U. For example, the correlation between δ18O – DOC is high in the spring (0.80) but decreases in the summer (-0.23) and fall (0.04), most likely due to snowmelt in the spring and baseflow conditions in the summer and fall. Whereas δ18O - Sum of Major Cations, DOC - Sum of Major Cations and δ2H – Alkalinity have much r values in the Precambrian bedrock spring samples when compared to the r values of the other sites combined together. 
Table 4. Spearman ́s rank correlation matrix, illustrating the relationship between the 6 variables used to create the PCA plot. Blue signifies strongcorrelation (r value greater than 0.5), green signifies a moderate correlation (r value between ± 0.30 and ± 0.49) and grey signifies weak correlation (r value <0.29).
	 
	Spearman’s Correlation

	 
	Spring
	Summer
	Fall
	Precambrian bedrock 
	Surface water+
 Domestic well+ Seeps

	δ18O - δ2H
	0.88
	0.91
	0.90
	0.88
	0.92

	δ18O - Alkalinity
	0.24
	0.60
	0.72
	0.39
	-0.29

	δ18O - DOC
	0.80
	-0.23
	0.04
	-0.77
	0.65

	δ18O - Uranium
	0.01
	0.65
	0.24
	0.84
	-0.33

	δ18O - Sum of Major Cations
	-0.45
	-0.82
	-0.74
	-0.67
	-0.12

	δ2H - Alkalinity 
	0.55
	0.87
	0.93
	0.48
	-0.16

	δ2H - DOC
	0.64
	-0.33
	0.24
	-0.81
	0.60

	δ2H - Uranium
	0.28
	0.72
	0.41
	0.97
	-0.50

	δ2H - Sum of Major Cations
	-0.77
	-0.95
	-0.89
	-0.93
	0.02

	Alkalinity - Sum of Major Cations
	-0.79
	-0.84
	-0.92
	-0.48
	0.72

	Alkalinity - Uranium
	0.38
	0.68
	0.60
	0.29
	-0.25

	Alkalinity - DOC
	-0.04
	-0.29
	0.39
	-0.46
	-0.33

	DOC - Sum of Major Cations
	-0.24
	0.27
	-0.08
	-0.92
	-0.13

	DOC - Uranium
	0.12
	0.18
	-0.07
	0.84
	-0.09

	Uranium - Sum of Major Cations
	-0.60
	-0.80
	-0.68
	-0.83
	-0.09



[bookmark: _Toc71548040]5. DISCUSSION
[bookmark: _Toc71548041]5.1 Water Chemistry of Streams and Groundwater in Unaweep Canyon
In-situ water chemistry (pH, temperature, conductivity, ORP, and alkalinity) in Unaweep Canyon generally does not show (Figure 10) any distinct water chemistry differences among the water samples. However, conductivity values do vary as the Precambrian bedrock spring samples exhibit nearly order-of-magnitude larger values (mean = 2037 μS/cm) than the West Creek and shallow groundwater readings (West Creek mean = 416 μS/cm; Well mean = 425 μS/cm; and seep mean = 433 μS/cm). The high conductivity values as well as cation concentrations are related to water-rock interaction processes, such as mineral weathering and cation exchange (Valett et al., 1996, Soulsby et al., 1999, Chapman et al., 2003, Modibo et al., 2019, Zhang et al., 2020). These cation concentrations are typically reflections of the water's residence time as it flows through the aquifer medium (Wen et al., 2007). The Precambrian bedrock spring samples generally have higher ionic concentration related to the dissolution of minerals owing to prolonged water-rock reactions along the groundwater flow path. The higher conductivity (Fig. 10) in the Precambrian bedrock spring sites signifies a higher concentration of ions when compared to West Creek (mean = 354 μS/cm) and the shallow groundwater (mean = 376 μS/cm) sites. The ion-rich Precambrian bedrock spring samples also have a greater mean temperature (16.6oC) when compared to West Creek (15.4 oC) and the shallow groundwater (a median value of 13.05 oC) sites. The reason for the high temperatures of the Precambrian bedrock spring samples may be due to the groundwater originating from a greater depth that in effect, increases the dissolution rate of minerals releasing more ions into groundwater and increasing conductivity (USGS, 2021). The relationship between water chemistry and groundwater-mineral interactions are further supported by PCA plots (Fig. 16). It appears that the Precambrian bedrock spring results group towards the major cations whereas the isotopes and DOC do not factor in the variability of the Precambrian samples since there is not much change in its isotopic compositions and DOC concentrations in the different seasons. The strong influence of major cations is also supported by Spearman correlation where the sum of major cations when paired with any other parameter exhibits very strong correlation and is significant (p-values < 0.005) when compared to the combination of all the other sites (Table 3; Appendix B). For example, δ2H - Sum of Major Cations had an r value of -0.93 and p value of 0.00747 for the Precambrian bedrock spring samples, while the combination of all the other sites has an r value of 0.02 and p value of 0.9376. 
 Similar water chemistry between the seeps and domestic wells suggest that shallow groundwater is likely discharging at the seep sites. Seeps are generally groundwater that makes its way to the earth's surface (O’Driscoll et al., 2019); therefore, the seeps and domestic wells likely originate from the same water source (Fig. 10), ion chemistry (Fig. 11&12) and similarity in water type based on the Piper plot (Fig. 13). For example, the seeps have a mean temperature of 16.7 oC while the domestic wells have a mean temperature of 17.1 oC, the seeps have a mean K+ concentration of 2.3 mg/L while the domestic well have a mean concentration of 1.9 mg/L Although the water table in Unaweep Canyon has not been fully investigated, personal communications with local residents suggest that the groundwater table is likely shallow at a depth of a couple of feet especially near the seeps and western West Creek. The water table depth was obtained via correspondence with Fred Bolton, a local in the area from whose well we sampled (UNA 20). 
West Creek (surface water), domestic wells and seeps generally have lower ion concentrations compared to Precambrian bedrock spring samples as shown by the piper plot, and conductivity values (Figure10, 13; Table 2). This signifies a shorter residence time and potentially less mineral dissolution (Winnick et al., 2017, Carroll et al., 2018), as shown by the Piper plot, and conductivity values (Figure10, 13; Table 2). Therefore, the likely source of major ions may be from the dissolution of the mass wasting deposits in the canyon and streams. Other possible sources of major ions include anthropogenic activities, mainly from agricultural activities such as the use of manure and fertilizers for crop production (Ogrinc et al., 2019, Torres-Martínez et al., 2021), but there were no considerable concentrations of phosphate (PO43-) and nitrate (NO3-) concentration in West Creek, seeps and domestic wells to support this suggestion. Nonetheless, the similarity in ion concentrations as evidenced in the piper plots between the domestic wells and West Creek demonstrates possible surface water- groundwater interaction as seen in the box plots in Figure 13. Dano (2010), in a study within a similar watershed in Nevada, also showed a link between surface water and groundwater due to the similarities in their ionic concentrations as evidenced by piper plots (Fig. 13) and a surface water-groundwater interaction was suggested, which is similar to this study area.
The Piper plots (Fig. 13) also indicate that the Precambrian bedrock spring sample with a mixed water type reflects multiple processes in its evolution (Vasu et al., 2017), while the other Ca-Cl water type for the Precambrian is most likely due to the alteration of calcium-containing minerals such as aluminosilicates (Modibo et al., 2019). In contrast, West Creek, seeps and domestic well samples have Mg-HCO3 water type with their neutral pH (Table 2) confirming that these waters are bicarbonate-dominated water sources. The Mg2+ likely reflects hydrolysis of ferromagnesian minerals (Modibo et al., 2019), and is confirmed from the presence of ferromagnesian minerals such as olivines, biotite and pyroxenes in the Precambrian rock samples from Unaweep Canyon (Case, 1991). Unpublished works have suggested the presence of a ton of biotite in the sediments found at the canyon. There are calcisols in the watershed (Marra, 2008); however more investigation would need to be done to confirm if they are a significant source of carbonate. Rather, bicarbonate in water likely relates to the weathering of plagioclase feldspar (Modibo et al., 2019) which occurs in the Precambrian bedrock which should produce a higher bicarbonate concentration, but the Precambrian bedrock spring’s low alkalinity means that it may be forming complexes with other ions such as oxides (Liu et al., 2019). The presence of oxides in an unpublished whole-rock analysis of the Precambrian rocks in the canyon does support the possibility of bicarbonate ions forming complexes with these oxide ions.  
	Precambrian bedrock spring samples are isotopically lighter than the other samples, and groundwater originating from a deep source has been found by other studies to have more negative values of d 2H and d 18O, indicating a colder climatic signal during recharge (Chen, 2001, Han et al., 2009). It is also possible that the Precambrian spring samples may have been recharged from another source outside of the study area (Abd El-Samei, 1995, Abd El Samei and Sadek, 2001). Meanwhile, to confirm the former, more research would be needed as other processes that affect isotopes in rainfall, such as the altitude effect, would have to be considered, and a local meteoric water line would have to be generated for the canyon and surrounding areas. Although, based on results reported in other studies (Han et al., 2009, Yin et al., 2011), the suggestion that the Precambrian bedrock spring samples are originating from a deeper aquifer is more realistic owing to its much lighter isotopic signature (Sippel et al., 2020). However, to confirm this relationship, age dating of the water would be required. The seeps, West Creek and domestic wells are similar in isotopic compositions (Appendix A), indicating that they are recharged from the same source, and that source may be snowmelt, but the lack of the isotopic composition of snowpack and snowmelt data precludes a definite conclusion. The similarity in isotopic composition (West Creek and the domestic wells having mean δ18O and δ2H values of -14.7‰ and -106.68‰, -14.77‰ and 105.94‰ respectively) also suggests groundwater discharge is evident in baseflow. 
Enrichment of both LREEs and MREEs in the surface water samples is typical among most streams (Dia et al., 2000, Hagedorn et al., 2011, Duvert et al., 2015). Lawrence et al. (2006), in their study on the REE variability in Southeast Queensland rivers, noticed an enrichment in MREEs and suggested that it was due to preferential weathering of phosphatic minerals from a source of phosphate which corresponded with the results of another study by Hannigan and Sholkovitz (2001). However, since there is no confirmed presence of a substantial phosphate source (Case, 1991) in the mass wasted deposits in and around West Creek, this is unlikely. Positive Ce anomaly and preferential removal of MREE from solution by co-precipitation on Fe-Mn oxides resulting in the LREE enrichment has also been noticed in surface waters (Pokrovsky and Schott, 2002, Leybourne and Johannesson, 2008, Mimba et al., 2020). But this is typical of waters in reducing environments which is not the case for West Creek. Davranche et al. (2004), (2011) also highlighted that MREE enrichment could be due to complexation reactions with humic substances in organic-rich waters. Since electronegativity of ligands decreases as pH increases, fixed REEs bonded to organic matter release into solution as dissolved REEs (Pourret et al., 2007, Tang and Johannesson, 2010, Chen et al., 2017). This could be responsible for the spike in LREE concentrations in that one West Creek spring site (UNA-18-10) because of its substantial (4.2mg/L) spring DOC concentration. However, more studies investigating LREE behavior at DOC concentrations between 1-10mg/L; most studies have used much higher DOC concentrations. Another explanation could be the preferential fractionation of LREE to colloids as compared with HREEs (Sholkovitz et al., 1992, Lawrence et al., 2006). However, colloidal organic carbon was not collected at West Creek and no data are available. Nonetheless, Yan et al. (2018) demonstrated that colloidal organic carbon is ubiquitously present in surface waters at concentrations (13.6 TgC year−1). Furthermore, snowmelt typically introduces a lot of organic matter into streams as evidenced by the strong correlation of d 18O and DOC in the spring season (Table 6), suggesting DOC causes the spring spike in LREEs.  Lawrence et al. (2006) has observed that in circumneutral river waters, LREE and HREE form stable complexes with bicarbonate ions, resulting in a relatively conservative REE behavior. This is noticed in every other West Creek samples except from UNA-18-10 in the spring. 
The domestic wells and seeps have a slight increase in MREEs compared to LREEs (Fig. 14). Studies have suggested this behavior resultants from effect of string complexation of REE with carbonate, especially as a dicarbonato complex (REE(CO3)2−) which occurs as pH becomes more basic (Wood, 1990, Millero, 1992, Johannesson et al., 1995). This is due to REE forming a progressively stronger bond as the atomic number increases (Choi et al., 2009) and thus greater complexation/solubility of the MREEs. Although a relationship between West Creek and groundwater has been established earlier on, the interaction might have been masked by the much higher DOC and pH content of surface water which then causes more pronounced fractionation between the REEs.
 	Furthermore, the Precambrian bedrock spring samples exhibit little to no fractionation, and their REE concentrations and ratios are much lower than that of the West Creek samples (Fig. 14). The absence of Ce anomalies in the Precambrian bedrock spring samples supports the findings of other authors who also reported the same for groundwater originating from bedrock aquifers (Göb et al., 2013, Yan et al., 2013) Unpublished whole-rock analysis however does not support the REE pattern observed as there appears to be higher concentrations of whole rock LREE when compared to HREE which should lead to more dissolved LREEs than HREEs. The fractionation in the whole-rock analysis has been identified to be as a result of the presence of zircon or garnet in igneous rocks which tends to incorporate HREE into its crystal structure (Rollison, 1994), and the whole-rock analysis does show a considerable amount of zircon present in the Precambrian bedrock rock samples. Additionally, preferential dissolution of LREE containing minerals over HREE containing minerals has been shown to influence their groundwater abundances (Harlavan and Erel, 2002). And although this means that the Precambrian bedrock spring samples should have much higher LREE concentrations, studies have shown that with increasing pH, LREE depletion occurs due to adsorption of LREE onto oxide surfaces, which could explain why the concentration of LREE is much lower and similar to that of the HREE (Elderfield et al., 1990, Smedley, 1991, Dupré et al., 1996, Leybourne et al., 2000). And the unpublished whole-rock analyses mentioned above does show the presence of substantial oxide minerals to support this suggestion. 
[bookmark: _Toc71548042]5.2 Seasonality 
Changes in pH may also be a result of seasonal variations particularly in watersheds with acute sources including seasonal snowmelt. Seasonal variation in pH often factors into the weathering pattern and concentration of dissolved solutes in surface water (Anshumali and Ramanathan, 2007). During snowmelt or when water is moving through a watershed, solute concentration tends to become more dilute when compared to solute concentrations during baseflow conditions, which mainly related to the large volume of meltwater moving through the streams and groundwater and including longer residence times. Deka et al. (2015) reported very little to no seasonal variation in surface water ion chemistry for pre-monsoon and post-monsoon seasons, due to surface water chemistry in high altitude regions largely depending on snowmelt quality and the terrain in which the meltwater traveled. However, ion chemistry in Unaweep canyon did show seasonal variation where the spring samples were lower in concentration (~ 10-20% difference) than the summer and fall samples which is most likely due to the influence of snowmelt in the spring and baseflow conditions in the summer and fall (Appendix A). Spearman’s correlation results support this observation where in the spring, the sum of major cations when paired with any other parameter had a much lower correlation when compared with the correlation values in the summer and fall (Table 3). For example, δ18O - Sum of Major Cations had an r value of -0.45 in the spring, -0.82 in the summer and -0.74 in the fall. Studies in snow-dominated watersheds have also reported such variation in the ion concentration of streams to be significantly lower during snowmelt conditions and higher during baseflow (Winnick et al., 2017, Carroll et al., 2018). Thomas et al. (2014) also observed a depletion in ion concentration during monsoons due to enhanced dilution with much higher concentrations post and pre-monsoon in India's Muthirapuzha River Basin. For example, in Thomas et al. (2014), the H4SiO4/(Na++K+) ratio that was suggested by the study to signify silicate weathering had a 23% and 92% difference between the monsoon and pre-monsoon season respectively. Although this study showed a higher percent differences in the ion chemistry concentration between spring and baseflow conditions when compared to this study, precipitation (as snow) was significantly higher (an order of 1 magnitude) in the Muthirapuzha River basin than in Unaweep Canyon. Therefore, sampling would need to be carried out in an average precipitation year to get a better grasp of the relationship between snowmelt and solute concentration in the canyon.
In terms of seasonality, the isotopic composition due to fractionation seemed to affect all the water samples collected at the study site; however, a shift was only pronounced in the springtime (Fig. 15). All the samples collected in the spring are seen to deviate from the GMWL, and this may be due to the melt-out effect or sublimation of snow (Ala-Aho et al., 2017); the latter is unlikely as snowpack was much lower in 2020 which caused snowmelt to occur much earlier in the year as seen in the hydrograph (Fig. 5). Early meltwater is generally isotopically lighter but as the melt progresses, both the residual snowpack and generated meltwater become isotopically heavier (Taylor et al., 2001, Dietermann and Weiler, 2013). This phenomenon is most likely true as the spring samples were sampled not long after snowmelt (Fig. 5) and the strong Spearman's correlation (r = 0.80) between d 18O and DOC in the Spring suggests that snowmelt is mobilizing DOC along the pathway from soils to surface water. Such a relationship between the two parameters is also observed in the PCA plots where the spring surface water samples shift and cluster towards the d18O and DOC components (Fig 16).
Typically, stream samples representing the summer season are usually enriched with respect to the heavier isotopes, but this was not the case for the summer samples in this study as they plotted close to the GMWL (Fig. 15). Studies have shown that evaporation of surface water in arid climates would cause shift of water samples from the GMWL (Dansgaard, 1964, Clark, 1987), which was not the case in summer samples in the study site, as their isotopic signatures were very similar (~ a 2% difference) to that of the fall samples (Fig. 15). The general similarity in the isotopic composition of the seeps, domestic wells and surface water in summer and fall samples suggest the recharging of surface water by groundwater which further supports the surface water-groundwater mixing mentioned in the section above. West Creek, the seeps and the domestic wells having average isotopic values of -14.07‰ δ18O and -103.59‰ δ2H, 14.45‰ δ18O and -105.42‰ δ2H, -14.25‰ δ18O and 104.01‰ δ2H respectively. From the hydrograph in figure 5, baseflow conditions began around July 2020 and the summer sampling did not take place until August, as well as the drought conditions of 2020 could be the reason for the similarity in the isotopic signatures. Liu et al. (2005) also noticed a mixing between surface water and groundwater due to similar isotopic signatures and ion chemistry following prolong dry seasons in the Huaishahe basin in Beijing, China. 
[bookmark: _Toc71548043]5.3 Sources of Groundwater in Unaweep Canyon
	The similarity in the chemistry and isotopic signatures of the seeps, and domestic well samples suggest the same water source, with groundwater discharge the likely source of water in West Creek during baseflow. The piper plot, isotope plot, ion chemistry and REE plots (Figures 10-15) also generally show mixing between these three water types with similar solute concentration and isotope values. The largest difference is fractionation of isotopes and REE that occurs in the surface water sites possibly due to its much lower alkalinity and greater DOC concentrations (Table 2) when compared to the seeps and domestic wells. In contrast, samples from the Precambrian bedrock springs may represent more than one source of deeper groundwater. The possibility of multiple groundwater sources flowing through the Precambrian basement is evinced by variations in the piper plot, ion chemistry, isotope data and PCA plot of the different Precambrian bedrock samples (UNA-18-11 and UNA-18-12-1). Behm et al. (2019) through a P-wave velocity model for Unaweep Canyon the presence of water-saturated sediments in the overdeepened section of the valley floor. However, the slopes of the topography (NW-SE) of the canyon and the dip (East) of this interpreted saturated zone oppose each other, so the possible aquifer would have to either be confined or leaking through the fractured basement. The former was later confirmed when Vp/Vs ratios that were significantly higher where the lithology changes from the fanglomerate to the lacustrine sand. The indicated saturation in the lacustrine sand, confined by fine clayey sand has been confirmed by the generalized lithology of Massey core in the canyon (Fig. 3).
	One possible explanation for the source of water originating from the Precambrian bedrock springs is that the springs are being fed by water from the lacustrine sand making its way through fractured Precambrian bedrock and reaching the surface as springs. However, the extent of the fractures and the groundwater flow directions are unknown. Alternatively, the Precambrian bedrock spring samples are being fed from a regional bedrock aquifer system related to groundwater fracture flow through the Precambrian basement rock (Colorado Geological Survey, 2017). 
[bookmark: _Toc71548044]6. CONCLUSION
Water chemistry, REE and isotopic results indicate that Unaweep Canyon hosts multiple sources of groundwater that are not hydro-geochemically linked. The seeps in the Unaweep Canyon colluvium fill are connected to the shallow aquifer based on its similar chemistry to the domestic wells. The Precambrian bedrock spring sites have geochemical attributes of high ionic composition, flat REE patterns and generally much lighter isotopic signatures that hint at the existence of groundwater from a deeper, bedrock aquifer. Based on a combination of core lithology from the Massey Core and recent shallow geophysical findings, a deeper, confined aquifer in Unaweep Canyon is hypothesized to exist below the colluvium deposits.  However, testing whether this sand layer is the source of the water from the Precambrian bedrock springs and the mechanism behind its flow path requires more samples collected in an average precipitation year. This study uses non-invasive techniques to establish baseline data on aquifer systems that enables identification of multiple groundwater sources in Unaweep Canyon, although the component of seasonality in water chemistry and isotope data requires further work. This study demonstrated that this hydrogeochemical approach not only delineated multiple sources of groundwater but also provides insight into potential biogeochemical process that also influence water chemistry. 
[bookmark: _Toc71548045]6.1 Recommendations for Future Research
Although this study successfully identified the existence of multiple sources of groundwater, the following recommendations should result in more effective data to resolve a lack of clear seasonal variations and provide more insight into the possible groundwater discharge from the confined aquifer. 
· 2020 was a drought year, so seasonal effects on water chemistry and isotopes were attenuated and therefore, future studies should obtain data in an average precipitation year and for multiple years. 
· Dating the water samples from the Precambrian bedrock spring samples and the lacustrine sand would confirm the presence of multiple sources of aquifers. Pore water directly from the lacustrine sand can be obtained if Unaweep canyon valley floor is being drilled and then dated. 
· Additional sampling sites such as wells, seeps, springs and surface water sites would provide a more holistic representation.
· Sampling at snowmelt and baseflow conditions would better represent these conditions that greatly influence water chemistry and isotopes. 
· Collecting water samples directly from the identified saturated lacustrine sand aquifer and comparing hydrogeochemical data with Precambrian bedrock spring samples to confirm if they are of the same source. This would involve drilling wells into the lacustrine sand and obtaining water samples directly from it. 
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Table A1. In-situ water chemistry measurements for sampling in 2018 and 2020. 
	Sample ID
	Sample Date
	pH
	Temp.
	Alkalinity
	Conductivity
	DO
	ORP
	TDS

	
	
	S.U.
	°C
	mg/L as CaCO3
	µS/cm
	 mg/L
	mV
	mg/L

	UNA-18-1
	9/14/18
	7.46
	11.8
	181.96
	319
	5.9
	182
	213

	UNA-18-1
	6/6/20
	7.65
	11.9
	240
	389
	6.0
	240
	195

	UNA-18-1
	8/17/20
	7.50
	12.1
	197
	428
	6.2
	197
	215

	UNA-18-1
	10/6/20
	7.36
	11.6
	225
	433
	6.3
	225
	217

	UNA-18-4
	9/15/18
	8.18
	13.0
	38.41
	362
	7.5
	38
	181

	UNA-18-4
	6/6/20
	7.99
	16.7
	163
	377
	5.7
	163
	189

	UNA-18-4
	10/6/20
	7.99
	15.6
	210
	368
	7.7
	210
	184

	UNA-18-14
	9/15/18
	7.29
	12.9
	70.76
	339
	4.7
	71
	170

	UNA-18-14
	6/6/20
	6.98
	11.3
	266
	426
	1.2
	266
	213

	UNA-18-14
	8/17/20
	7.06
	11.6
	234
	408
	3.8
	234
	205

	UNA-18-14
	10/6/20
	6.78
	13.9
	266
	2170
	1.5
	266
	1087

	UNA-18-2
	9/14/18
	7.98
	13.2
	42.46
	293
	6.6
	194
	189

	UNA-18-2
	6/6/20
	8.14
	19.6
	202
	402
	7.3
	183
	201

	UNA-18-2
	8/17/20
	7.98
	19.6
	233
	386
	7.6
	187
	193

	UNA-18-2
	10/6/20
	7.50
	11.6
	231
	416
	6.2
	196
	208

	UNA-18-7
	9/14/18
	8.53
	16.3
	67.77
	331
	5.6
	194
	166

	UNA-18-7
	6/6/20
	8.60
	16.6
	175
	375
	6.8
	183
	188

	UNA-18-7
	8/17/20
	8.51
	17.5
	184
	345
	8.0
	188
	173

	UNA-18-7
	10/6/20
	8.28
	8.7
	232
	376
	9.8
	195
	188

	UNA-18-10
	9/14/18
	8.56
	18.7
	52.57
	277
	5.6
	187
	157

	UNA-18-10
	6/6/20
	8.47
	16.9
	118
	317
	6.4
	182
	158

	UNA-18-10
	8/17/20
	8.43
	15.8
	167
	360
	7.1
	196
	180

	UNA-18-10
	10/6/20
	8.28
	9.7
	204
	368
	9.7
	191
	184

	UNA-18-11
	9/14/18
	7.66
	20.2
	33.36
	2506
	3.1
	199
	1219

	UNA-18-11
	6/7/20
	7.02
	15.2
	31
	2788
	3.3
	197
	1392

	UNA-18-11
	8/17/20
	7.02
	21.0
	69
	2512
	2.8
	195
	1251

	UNA-18-11
	10/6/20
	6.99
	14.5
	41
	2422
	4.5
	196
	1210

	UNA-18-12-1
	9/14/18
	7.74
	20.5
	56.61
	1353
	0.0
	189
	742

	UNA-18-12-1
	6/7/20
	7.67
	19.6
	115
	1563
	0.6
	177
	782

	UNA-18-12-1
	8/17/20
	7.63
	21.6
	50
	1579
	0.0
	185
	789

	UNA-18-12-1
	10/6/20
	7.44
	20.2
	56.7
	1573
	0.6
	185
	790

	UNA 19
	6/6/20
	7.29
	11.1
	210
	324
	6.1
	192
	171

	UNA 19
	8/17/20
	7.19
	17.1
	202
	339
	5.9
	191
	169

	UNA 19
	10/6/20
	6.95
	13.1
	205
	346
	6.0
	194
	173

	UNA 20
	6/6/20
	7.01
	12.4
	199
	425
	0.0
	190
	212

	UNA 20
	8/17/20
	7.00
	12.6
	181
	410
	0.0
	195
	205

	UNA 20
	10/6/20
	6.84
	12.0
	230
	410
	0.0
	194
	205



Table A2. Metal and DOC results (in mg/L) for samples collected in 2018 and 2020. BDL = Below Detection Limit. Dashes indicate no analysis.
	Sample ID
	Sample Date
	DOC  
(mg C/L)

	Al
	As
	B
	Ba
	Ca
	Cd
	Cu
	Cr
	Fe
	K
	Li
	Mg

	UNA-18-1
	9/14/18
	-
	BDL
	BDL
	0.03
	-
	55.8
	-
	BDL
	BDL
	BDL
	1.6
	BDL
	8.8

	UNA-18-1
	6/6/20
	0.6
	<4
	<8
	0.02
	0.1
	58.8
	<0.2
	<4
	<1.1
	0
	1.1
	0.01
	10.2

	UNA-18-1
	8/17/20
	0.7
	BDL
	0.02
	0.02
	0.1
	61.4
	0.0003
	BDL
	BDL
	0
	1.6
	BDL
	9.9

	UNA-18-1
	10/6/20
	0.7
	BDL
	0.03
	0.02
	0.1
	64.9
	0.0005
	0.02
	BDL
	0.01
	1.6
	0
	10.2

	UNA-18-4
	 9/15/2018
	-
	2.32
	BDL
	0.02
	-
	52.3
	-
	BDL
	BDL
	BDL
	1.1
	0.01
	5.3

	UNA-18-4
	6/6/20
	1
	<4
	<8
	0.02
	0.1
	55.2
	0.0000
	<4
	<1.1
	0.03
	1.1
	0.01
	5.9

	UNA-18-4
	10/6/20
	0.7
	BDL
	0.02
	BDL
	0.1
	63.7
	BDL
	BDL
	BDL
	0.01
	1.2
	0.01
	6.3

	UNA-18-14
	9/15/18
	-
	0.21
	BDL
	0.03
	-
	49.1
	-
	BDL
	BDL
	27.25
	1.3
	0.01
	5.4

	UNA-18-14
	6/6/20
	0.5
	<4
	0.02
	0.05
	0.2
	61.6
	<0.2
	<4
	<1.1
	0.24
	1.3
	0.01
	7.1

	UNA-18-14
	8/17/20
	0.6
	BDL
	0.02
	0.02
	0.2
	62.8
	BDL
	BDL
	BDL
	0
	1.9
	0.01
	7

	UNA-18-14
	10/6/20
	1.9
	BDL
	0.04
	0.02
	0.2
	76.8
	0.0004
	BDL
	BDL
	0.59
	2.3
	0.01
	8.2

	UNA-18-2
	9/14/18
	-
	BDL
	BDL
	0.02
	-
	49.1
	-
	BDL
	BDL
	0.02
	1.6
	0.01
	8

	UNA-18-2
	6/6/20
	4.2
	<4
	<8
	0.02
	0.2
	56.3
	<0.2
	<4
	<1.1
	0.06
	2.4
	0.02
	8.8

	UNA-18-2
	8/17/20
	1.1
	BDL
	0.02
	0.01
	0.1
	55.3
	0.0004
	BDL
	BDL
	0.04
	1.4
	0.01
	9.1

	UNA-18-2
	10/6/20
	1.4
	BDL
	0.02
	0.01
	0.1
	60.1
	0.0004
	0.01
	BDL
	0.03
	1.8
	0.01
	9.2

	UNA-18-7
	9/14/18
	-
	0.61
	BDL
	0.02
	-
	45.3
	-
	BDL
	BDL
	0.06
	2.1
	0.02
	7.3

	UNA-18-7
	6/6/20
	2.5
	<4
	<8
	0.02
	0.1
	51.4
	<0.2
	<4
	<1.1
	0.03
	2.1
	0.01
	8.8

	UNA-18-7
	8/17/20
	1
	BDL
	0.02
	0.01
	0.1
	47.9
	BDL
	BDL
	BDL
	0.01
	1.5
	0.01
	8.2

	UNA-18-7
	10/6/20
	0.9
	BDL
	0.02
	0
	0.1
	56.3
	0.0005
	BDL
	BDL
	0.01
	1.6
	0.01
	8.5

	UNA-18-10
	9/14/18
	-
	BDL
	BDL
	0.03
	-
	38.4
	-
	BDL
	BDL
	0.01
	1.8
	0.01
	6.8

	UNA-18-10
	6/6/20
	2.3
	<4
	<8
	0.02
	0.1
	44.4
	<0.2
	<4
	<1.1
	0.02
	1.6
	0.01
	6.9

	UNA-18-10
	8/17/20
	2.1
	BDL
	0.02
	0.01
	0.1
	49.9
	BDL
	BDL
	BDL
	0
	1.6
	0.01
	8

	UNA-18-10
	10/6/20
	0.9
	BDL
	0.02
	0.01
	0.1
	54.3
	0.0003
	BDL
	BDL
	0
	1.7
	0.01
	7.8

	UNA-18-11
	9/14/18
	-
	0.02
	0.01
	0.61
	-
	225.1
	-
	BDL
	BDL
	0.01
	4.7
	0.31
	0.4

	UNA-18-11
	6/7/20
	0.9
	0.08
	0.04
	0.93
	0
	250.6
	0.0010
	<4
	<1.1
	0.44
	4.4
	0.42
	0.7

	UNA-18-11
	8/17/20
	1.6
	BDL
	0.06
	0.9
	0
	264.9
	0.0007
	BDL
	BDL
	0.2
	5.4
	0.44
	0.6

	UNA-18-11
	10/6/20
	1.1
	BDL
	0.06
	0.82
	0
	269.2
	0.0005
	BDL
	BDL
	0.01
	4.2
	0.45
	0.5

	UNA-18-12-1
	9/14/18
	-
	BDL
	0
	0.62
	-
	118.2
	-
	BD
	BDL
	0.01
	3.1
	0.13
	6

	UNA-18-12-1
	6/7/20
	0.1
	<4
	0.03
	0.82
	0
	129.8
	0.0000
	<4
	<1.1
	0.05
	2.2
	0.19
	6.6

	UNA-18-12-1
	8/17/20
	0.8
	BDL
	0.03
	0.8
	0
	135.8
	0.0005
	0.01
	BDL
	0.04
	2.9
	0.18
	7

	UNA-18-12-1
	10/6/20
	0.2
	BDL
	0.04
	0.8
	0
	139.2
	0.0004
	BDL
	BDL
	0.06
	3.2
	0.21
	7.3

	UNA 19
	6/6/20
	0.1
	<4
	0.01
	0.03
	0.1
	46.7
	<0.2
	<4
	<1.1
	0
	1.4
	0.01
	6.6

	UNA 19
	8/17/20
	0.5
	BDL
	0.02
	0.02
	0.1
	51.7
	0.0003
	0.01
	BDL
	BDL
	1.3
	0
	6.9

	UNA 19
	10/6/20
	0.4
	BDL
	0.03
	0.01
	0.2
	53.3
	0.0006
	0.01
	BDL
	0.13
	1.7
	0.01
	6.8

	UNA 20
	6/6/20
	0.4
	<4
	0.02
	0.02
	0.3
	58.4
	<0.2
	<4
	<1.1
	0.01
	1.9
	0.01
	8.2

	UNA 20
	8/17/20
	0.6
	BDL
	0.02
	0.01
	0.2
	62.2
	BDL
	BDL
	BDL
	0
	1.7
	BDL
	8.3

	UNA 20
	10/6/20
	0.5
	BDL
	0.02
	0.01
	0.2
	63.6
	0.0009
	BDL
	BDL
	0.01
	1.9
	0.01
	8.4



	Sample ID
	Sample Date
	Mn
	Mo
	Na
	Ni
	P
	Pb
	S
	Se
	Si
	Sr
	Ti
	Tl
	V
	Zn

	UNA-18-1
	9/14/18
	BDL
	BD
	9
	BDL
	0.01
	BDL
	2.3
	BDL
	-
	0.2
	BDL
	BDL
	BDL
	BD

	UNA-18-1
	6/6/20
	<0.1
	0
	7.5
	<1.4
	0.02
	<6
	3.3
	<8
	9.2
	0.3
	<0.6
	0.01
	<3
	0.05

	UNA-18-1
	8/17/20
	0
	0
	8.2
	BDL
	BDL
	BDL
	4.3
	0.02
	9.3
	0.3
	BDL
	BDL
	BDL
	0

	UNA-18-1
	10/6/20
	0
	0
	8.2
	0.01
	0.01
	BDL
	3.9
	0.03
	9
	0.3
	BDL
	0.02
	BDL
	BDL

	UNA-18-4
	 9/15/2018
	BDL
	BD
	6.3
	BDL
	BD
	BDL
	2.2
	BDL
	-
	0.2
	BDL
	BDL
	BDL
	BD

	UNA-18-4
	6/6/20
	0.01
	0
	5.4
	<1.4
	<2
	<6
	4.1
	0.01
	8.5
	0.2
	<0.6
	<8
	<3
	<0.3

	UNA-18-4
	10/6/20
	0.01
	0
	6.4
	0.01
	BDL
	BDL
	3.8
	0.02
	8.1
	0.2
	BDL
	0.02
	BDL
	BDL

	UNA-18-14
	9/15/18
	BDL
	BD
	5.7
	BDL
	0.05
	BDL
	2.1
	BDL
	-
	0.2
	BDL
	BDL
	BDL
	BDL

	UNA-18-14
	6/6/20
	0.06
	0.01
	5.8
	<1.4
	<2
	<6
	4.6
	0.02
	7.2
	0.2
	<0.6
	<8
	<3
	<0.3

	UNA-18-14
	8/17/20
	0
	0
	5.5
	BDL
	0.02
	BDL
	4.9
	0.01
	7.4
	0.2
	BDL
	0.01
	BDL
	0

	UNA-18-14
	10/6/20
	0.19
	0
	7.3
	0.01
	BDL
	BDL
	6.9
	0.02
	6.9
	0.3
	BDL
	0.02
	BDL
	BDL

	UNA-18-2
	9/14/18
	BDL
	BD
	7.4
	BDL
	0.01
	BDL
	1.6
	BDL
	-
	0.2
	BDL
	BDL
	BDL
	BD

	UNA-18-2
	6/6/20
	0.02
	0
	4.8
	<1.4
	0.02
	<6
	2.6
	<8
	7
	0.2
	<0.6
	<8
	<3
	0

	UNA-18-2
	8/17/20
	0.01
	0
	7.3
	BDL
	0.06
	BDL
	3.5
	0.02
	7.8
	0.3
	BDL
	BDL
	BDL
	0

	UNA-18-2
	10/6/20
	0.02
	0
	7
	0.01
	0.01
	BDL
	3.4
	0.03
	7.8
	0.3
	BDL
	0.02
	BDL
	0.01

	UNA-18-7
	9/14/18
	0.01
	BD
	10.4
	BDL
	0.17
	BDL
	2.7
	BDL
	-
	0.2
	0.01
	BDL
	BDL
	0.01

	UNA-18-7
	6/6/20
	0.01
	0
	6.1
	<1.4
	<2
	<6
	2.8
	<8
	7.8
	0.2
	<0.6
	<8
	<3
	<0.3

	UNA-18-7
	8/17/20
	0
	0
	7.6
	BDL
	BDL
	BDL
	3.6
	0.01
	7.7
	0.2
	BDL
	BDL
	BDL
	0.01

	UNA-18-7
	10/6/20
	0
	0
	7.4
	0.01
	BDL
	BDL
	3.3
	0.03
	7.7
	0.2
	BDL
	0.02
	BDL
	0

	UNA-18-10
	9/14/18
	BDL
	BDL
	9.1
	BDL
	BDL
	BDL
	3.4
	BDL
	-
	0.2
	BDL
	BDL
	BDL
	BD

	UNA-18-10
	6/6/20
	0
	0
	4.8
	<1.4
	0.02
	<6
	2.6
	<8
	6.3
	0.2
	<0.6
	<8
	<3
	0.03

	UNA-18-10
	8/17/20
	0
	0
	7.8
	BDL
	BDL
	BDL
	4.3
	BDL
	7.5
	0.3
	BDL
	0.01
	BDL
	0

	UNA-18-10
	10/6/20
	0
	0
	7.4
	0.01
	BDL
	BDL
	4
	0.01
	7.4
	0.2
	BDL
	0.02
	BDL
	BDL

	UNA-18-11
	9/14/18
	0.01
	0.02
	216
	BDL
	0.01
	BDL
	193.3
	BDL
	-
	3.4
	BDL
	BDL
	BDL
	BD

	UNA-18-11
	6/7/20
	0.13
	0.02
	264.5
	<1.4
	<2
	<6
	294.4
	0.02
	14.5
	5
	0
	0.03
	<3
	0.01

	UNA-18-11
	8/17/20
	0.06
	0.03
	236.6
	0
	BDL
	BDL
	278.9
	0.02
	14.9
	5.8
	BDL
	0.03
	BDL
	0.01

	UNA-18-11
	10/6/20
	0
	0.02
	226.4
	0.01
	BDL
	BDL
	244.7
	0.04
	13.6
	5.9
	BDL
	0.03
	BDL
	BDL

	UNA-18-12-1
	9/14/18
	0.02
	0.01
	133.8
	BDL
	BD
	BDL
	118.5
	BD
	-
	2.4
	BDL
	BDL
	BDL
	BD

	UNA-18-12-1
	6/7/20
	0.03
	0.02
	151.1
	<1.4
	<2
	<6
	164.7
	0.02
	9.8
	3.3
	<0.6
	0.02
	<3
	0.02

	UNA-18-12-1
	8/17/20
	0.03
	0.02
	140.5
	BDL
	BDL
	BDL
	164.4
	0.02
	9.6
	3.7
	BDL
	0.02
	BDL
	0.01

	UNA-18-12-1
	10/6/20
	0.03
	0.02
	139.9
	0.01
	BDL
	BDL
	148.6
	0.03
	9.7
	3.7
	BDL
	0.03
	BDL
	BDL

	UNA 19
	6/6/20
	<0.1
	0
	5
	<1.4
	0.01
	<6
	3.8
	0.02
	7.5
	0.2
	<0.6
	<8
	<3
	0.03

	UNA 19
	8/17/20
	BDL
	BDL
	4.9
	0
	0.02
	BDL
	3.7
	0.01
	7.9
	0.2
	BDL
	BDL
	BDL
	0.04

	UNA 19
	10/6/20
	BDL
	0
	4.8
	0.01
	0.03
	BDL
	3.2
	0.02
	7.8
	0.2
	BDL
	0.02
	BDL
	0.03

	UNA 20
	6/6/20
	0.57
	0
	6.4
	<1.4
	0.01
	<6
	4.2
	<8
	6.2
	0.3
	<0.6
	<8
	<3
	0.05

	UNA 20
	8/17/20
	0.88
	0
	5.7
	BDL
	0.01
	BDL
	4.2
	0.01
	6.9
	0.3
	BDL
	BDL
	BDL
	0.04

	UNA 20
	10/6/20
	0.74
	0
	5.5
	0.01
	BDL
	BDL
	3.5
	0.04
	6.4
	0.2
	BDL
	0.02
	BDL
	0.02



Table A3. Anion results (mg/L) for samples collected in 2018 and 2020. Values with a “<” in front of them represent concentrations below detection limits.
	Sample ID
	Sample Date
	F-
	Cl-
	NO2-
	Br-
	NO3-
	PO43-
	SO42-
	CO3-+
HCO3-

	UNA-18-1
	9/14/18
	0.14
	0.9
	0.2
	<0.10
	0.94
	<0.5
	7.16
	3.63

	UNA-18-1
	6/6/20
	0.5
	2.0
	<0.10
	<0.10
	0.8
	<0.5
	7.0
	4.72

	UNA-18-1
	8/17/20
	0.5
	2.2
	<0.10
	<0.10
	1.0
	<0.50
	6.0
	4.10

	UNA-18-1
	10/6/20
	0.6
	2.4
	<0.1
	<0.1
	1.5
	<0.5
	7.0
	8.50

	UNA-18-4
	9/15/18
	0.74
	1.18
	0.21
	<0.10
	0.4
	<0.5
	6.69
	0.76

	UNA-18-4
	6/6/20
	0.5
	3.5
	<0.10
	<0.10
	0.4
	<0.5
	6.0
	3.38

	UNA-18-4
	10/6/20
	1.0
	2.7
	<0.1
	<0.1
	0.5
	<0.5
	7.0
	7.90

	UNA-18-14
	9/15/18
	0.45
	1.36
	0.24
	<0.10
	0.36
	<0.5
	5.6
	1.42

	UNA-18-14
	6/6/20
	0.5
	3.5
	<0.10
	<0.10
	0.4
	<0.5
	6.0
	4.53

	UNA-18-14
	8/17/20
	0.7
	2.8
	<0.10
	<0.10
	3.0
	<0.50
	9.0
	4.87

	UNA-18-14
	10/6/20
	0.7
	6.5
	<0.1
	<0.1
	0.4
	<0.5
	13.3
	10.06

	UNA-18-2
	9/14/18
	0.2
	2.48
	0.19
	<0.10
	<0.1
	<0.5
	5.19
	0.85

	UNA-18-2
	6/6/20
	0.2
	4.0
	<0.10
	<0.10
	<0.10
	<0.5
	5.0
	3.43

	UNA-18-2
	8/17/20
	0.3
	3.5
	<0.10
	<0.10
	<0.10
	<0.50
	5.0
	4.62

	UNA-18-2
	10/6/20
	0.3
	4.0
	<0.1
	<0.1
	0.2
	<0.5
	5.8
	8.72

	UNA-18-7
	9/14/18
	0.27
	2.34
	0.18
	<0.10
	<0.1
	<0.5
	5.32
	1.33

	UNA-18-7
	6/6/20
	0.3
	3.6
	<0.10
	<0.10
	<0.10
	<0.5
	6.0
	3.59

	UNA-18-7
	8/17/20
	0.3
	3.7
	<0.10
	<0.10
	<0.10
	<0.50
	6.0
	3.78

	UNA-18-7
	10/6/20
	0.5
	3.6
	<0.1
	<0.1
	<0.1
	<0.5
	6.1
	8.69

	UNA-18-10
	9/14/18
	0.52
	5.27
	<0.1
	<0.10
	<0.1
	<0.5
	12.54
	1.03

	UNA-18-10
	6/6/20
	0.4
	3.3
	<0.10
	<0.10
	<0.10
	<0.5
	6.0
	2.30

	UNA-18-10
	8/17/20
	0.6
	4.0
	<0.10
	<0.10
	<0.10
	<0.50
	7.0
	3.45

	UNA-18-10
	10/6/20
	0.6
	4.2
	<0.1
	<0.1
	<0.1
	<0.5
	8.1
	7.64

	UNA-18-11
	9/14/18
	3.13
	382.5
	0.63
	0.39
	<0.1
	<0.5
	673.5
	0.67

	UNA-18-11
	6/7/20
	2.4
	286.4
	<0.10
	1.3
	<0.10
	<0.5
	469
	0.61

	UNA-18-11
	8/17/20
	2.7
	428
	<0.10
	1.2
	<0.10
	<0.50
	697
	1.44

	UNA-18-11
	10/6/20
	2.4
	269.5
	<0.1
	1.1
	<0.1
	<0.5
	455
	1.54

	UNA-18-12-1
	9/14/18
	2.99
	178.4
	0.41
	0.78
	<0.1
	<0.5
	404.8
	1.13

	UNA-18-12-1
	6/7/20
	3.1
	158.4
	<0.10
	0.8
	<0.10
	<0.5
	325
	2.39

	UNA-18-12-1
	8/17/20
	2.9
	189
	<0.10
	0.7
	<0.10
	<0.50
	409
	1.04

	UNA-18-12-1
	10/6/20
	3.0
	158.1
	<0.1
	0.6
	<0.1
	<0.5
	319
	2.14

	UNA 19
	6/6/20
	0.5
	1.6
	<0.10
	<0.10
	1.0
	<0.5
	6.0
	4.37

	UNA 19
	8/17/20
	0.5
	1.1
	<0.10
	<0.10
	1.0
	<0.50
	6.0
	4.20

	UNA 19
	10/6/20
	0.6
	1.1
	<0.1
	<0.1
	1.1
	<0.5
	6.0
	7.75

	UNA 20
	6/6/20
	0.1
	4.3
	<0.10
	<0.10
	0.6
	<0.5
	6.0
	4.14

	UNA 20
	8/17/20
	0.1
	3.5
	<0.10
	<0.10
	2.2
	<0.50
	6.0
	3.77

	UNA 20
	10/6/20
	0.2
	2.7
	<0.1
	<0.1
	2.6
	<0.5
	5.8
	8.70
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Figure A1. Piper plots of samples collected in 2018 and 2020 representing each sampling season. 




Table A4. REE concentrations (ug/L) for samples collected in 2018 and 2020. 
	Sample ID
	Sample Date
	Y89
	La139
	Ce140
	Pr141
	Nd142
	Sm152
	Eu153
	Gd158
	Tb159
	Dy164
	Ho165
	Er166
	Tm169
	Yb174
	Lu175
	Th232
	U238

	UNA-18-1
	9/14/18
	0.0362
	0.0658
	0.0572
	0.0532
	0.0433
	0.0821
	0.0972
	0.0761
	0.0537
	0.0480
	0.0570
	0.0609
	0.0588
	0.0590
	0.0606
	0.0466
	7.0700

	UNA-18-1
	6/6/20
	0.0169
	0.0051
	0.0047
	0.0001
	0.0001
	0.0316
	0.0227
	0.0001
	0.0001
	0.0001
	0.0001
	0.0007
	0.0000
	0.0006
	0.0001
	0.0192
	5.6200

	UNA-18-1
	8/17/20
	0.0175
	0.0023
	0.0028
	0.0001
	0.0001
	0.0304
	0.0239
	0.0001
	0.0001
	0.0007
	0.0022
	0.0023
	0.0016
	0.0009
	0.0001
	0.0001
	6.0100

	UNA-18-1
	10/6/20
	0.0308
	0.0074
	0.0001
	0.0001
	0.0045
	0.0362
	0.0231
	0.0001
	0.0001
	0.0011
	0.0001
	0.0021
	0.0001
	0.0036
	0.0001
	0.0001
	6.2900

	UNA-18-4
	9/15/18
	0.0001
	0.0451
	0.0177
	0.0103
	0.0195
	0.0001
	0.0426
	0.0093
	0.0057
	0.0148
	0.0064
	0.0105
	0.0083
	0.0075
	0.0065
	0.0136
	3.8400

	UNA-18-4
	6/6/20
	0.0363
	0.0223
	0.0305
	0.0028
	0.0175
	0.0480
	0.0339
	0.0044
	0.0001
	0.0042
	0.0001
	0.0024
	0.0000
	0.0033
	0.0001
	0.0001
	2.6300

	UNA-18-4
	10/6/20
	0.0208
	0.0019
	0.0001
	0.0001
	0.0001
	0.0383
	0.0269
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0004
	0.0001
	0.0001
	4.0300

	UNA-18-14
	9/15/18
	0.0616
	0.0001
	0.0564
	0.0419
	0.0001
	0.0112
	0.0666
	0.0264
	0.0081
	0.0260
	0.0138
	0.0206
	0.0105
	0.0088
	0.0108
	0.0114
	1.2400

	UNA-18-14
	6/6/20
	0.0180
	0.0001
	0.0014
	0.0001
	0.0001
	0.0267
	0.0173
	0.0001
	0.0001
	0.0006
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	5.0000

	UNA-18-14
	8/17/20
	0.0145
	0.0046
	0.0001
	0.0001
	0.0002
	0.0396
	0.0267
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	3.8100

	UNA-18-14
	10/6/20
	0.0345
	0.0130
	0.0057
	0.0001
	0.0015
	0.0270
	0.0185
	0.0001
	0.0001
	0.0001
	0.0001
	0.0007
	0.0001
	0.0022
	0.0001
	0.0001
	3.2500

	UNA-18-2
	9/14/18
	0.0064
	0.0741
	0.0653
	0.0446
	0.0627
	0.0563
	0.0866
	0.0417
	0.0452
	0.0513
	0.0494
	0.0656
	0.0526
	0.0473
	0.0519
	0.0378
	4.6800

	UNA-18-2
	6/6/20
	0.0189
	0.0111
	0.0181
	0.0001
	0.0062
	0.0436
	0.0262
	0.0021
	0.0001
	0.0012
	0.0001
	0.0001
	0.0001
	0.0008
	0.0001
	0.0001
	3.1700

	UNA-18-2
	8/17/20
	0.0039
	0.0001
	0.0001
	0.0001
	0.0001
	0.0302
	0.0205
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	3.9400

	UNA-18-2
	10/6/20
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0310
	0.0237
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	4.3700

	UNA-18-7
	9/14/18
	0.2420
	0.1840
	0.1880
	0.2420
	0.0001
	0.0454
	0.0590
	0.0943
	0.0183
	0.1030
	0.0169
	0.0402
	0.0127
	0.0308
	0.0099
	0.0108
	4.4500

	UNA-18-7
	6/6/20
	0.0155
	0.0078
	0.0121
	0.0001
	0.0037
	0.0355
	0.0232
	0.0001
	0.0001
	0.0014
	0.0001
	0.0006
	0.0001
	0.0013
	0.0001
	0.0001
	2.9200

	UNA-18-7
	8/17/20
	0.0040
	0.0001
	0.0001
	0.0001
	0.0001
	0.0391
	0.0251
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	4.1100

	UNA-18-7
	10/6/20
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0346
	0.0266
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	4.3700

	UNA-18-10
	9/14/18
	0.0001
	0.0217
	0.0185
	0.0067
	0.0203
	0.0117
	0.0405
	0.0092
	0.0040
	0.0071
	0.0056
	0.0056
	0.0060
	0.0031
	0.0030
	0.0076
	4.5700

	UNA-18-10
	6/6/20
	0.1570
	0.2750
	0.5690
	0.0642
	0.2250
	0.0465
	0.0164
	0.0552
	0.0026
	0.0279
	0.0058
	0.0151
	0.0012
	0.0106
	0.0001
	0.0001
	0.4290

	UNA-18-10
	8/17/20
	0.1130
	0.1590
	0.2800
	0.0342
	0.1390
	0.0286
	0.0122
	0.0325
	0.0001
	0.0170
	0.0028
	0.0096
	0.0001
	0.0077
	0.0001
	0.0001
	0.3690

	UNA-18-10
	10/6/20
	0.0517
	0.0229
	0.0001
	0.0001
	0.0001
	0.0057
	0.0037
	0.0001
	0.0001
	0.0021
	0.0001
	0.0001
	0.0001
	0.0009
	0.0001
	0.0001
	0.3790

	UNA-18-11
	9/14/18
	0.0062
	0.0440
	0.0632
	0.0126
	0.0330
	0.0145
	0.0136
	0.0064
	0.0066
	0.0180
	0.0076
	0.0053
	0.0055
	0.0025
	0.0050
	0.0160
	0.8610

	UNA-18-11
	6/7/20
	0.0322
	0.0016
	0.0006
	0.0001
	0.0001
	0.0049
	0.0044
	0.0001
	0.0001
	0.0007
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.4810

	UNA-18-11
	8/17/20
	0.0267
	0.0001
	0.0001
	0.0001
	0.0001
	0.0033
	0.0029
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.4940

	UNA-18-11
	10/6/20
	0.0337
	0.0022
	0.0001
	0.0001
	0.0001
	0.0074
	0.0042
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.4850

	UNA-18-12-1
	9/14/18
	0.0001
	0.0165
	0.0305
	0.0162
	0.0174
	0.0072
	0.0155
	0.0194
	0.0132
	0.0172
	0.0146
	0.0168
	0.0146
	0.0140
	0.0139
	0.0122
	0.4580

	UNA-18-12-1
	6/7/20
	0.0611
	0.0151
	0.0113
	0.0011
	0.0134
	0.0707
	0.0468
	0.0037
	0.0001
	0.0051
	0.0008
	0.0014
	0.0001
	0.0025
	0.0001
	0.0001
	1.5600

	UNA-18-12-1
	8/17/20
	0.0840
	0.0239
	0.0001
	0.0032
	0.0165
	0.0635
	0.0428
	0.0003
	0.0001
	0.0014
	0.0001
	0.0029
	0.0001
	0.0027
	0.0001
	0.0001
	1.5200

	UNA-18-12-1
	10/6/20
	0.0067
	0.0059
	0.0001
	0.0001
	0.0001
	0.0586
	0.0441
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.9660

	UNA 19
	6/6/20
	0.0576
	0.0065
	0.0001
	0.0001
	0.0034
	0.0474
	0.0259
	0.0001
	0.0001
	0.0033
	0.0001
	0.0019
	0.0001
	0.0029
	0.0001
	0.0001
	2.9700

	UNA 19
	8/17/20
	0.0462
	0.0016
	0.0001
	0.0001
	0.0001
	0.0470
	0.0317
	0.0001
	0.0001
	0.0023
	0.0001
	0.0006
	0.0001
	0.0003
	0.0001
	0.0001
	3.0300

	UNA 19
	10/6/20
	0.0593
	0.0078
	0.0080
	0.0005
	0.0025
	0.0404
	0.0314
	0.0038
	0.0001
	0.0021
	0.0001
	0.0035
	0.0001
	0.0014
	0.0001
	0.0001
	3.1800

	UNA 20
	6/6/20
	0.0197
	0.0045
	0.0001
	0.0001
	0.0001
	0.0899
	0.0560
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	2.9200

	UNA 20
	8/17/20
	0.0193
	0.0035
	0.0001
	0.0001
	0.0001
	0.0757
	0.0512
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	0.0001
	2.7500

	UNA 20
	10/6/20
	0.0323
	0.0057
	0.0115
	0.0001
	0.0034
	0.0729
	0.0493
	0.0001
	0.0001
	0.0018
	0.0001
	0.0006
	0.0001
	0.0012
	0.0001
	0.0001
	2.6400
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Table B1. Data for from PCA and development of the PCA plot. 
	Sample ID
	Sample
	PC 1
(58.41%)
	PC 2
(23.11%)

	
	Date
	
	

	UNA-18-1
	6/6/20
	1.29
	-1.33

	UNA-18-1
	10/6/20
	0.75
	-1.78

	UNA-18-4
	6/6/20
	0.14
	-0.91

	UNA-18-4
	10/6/20
	0.80
	0.49

	UNA-18-14
	6/6/20
	0.77
	-0.06

	UNA-18-14
	8/17/20
	0.43
	-0.46

	UNA-18-14
	10/6/20
	0.91
	-0.48

	UNA-18-2
	6/6/20
	3.05
	3.64

	UNA-18-2
	8/17/20
	1.28
	-0.25

	UNA-18-2
	10/6/20
	0.61
	-1.13

	UNA-18-7
	6/6/20
	1.86
	1.73

	UNA-18-7
	8/17/20
	0.59
	-0.53

	UNA-18-7
	10/6/20
	0.30
	-1.07

	UNA-18-10
	6/6/20
	1.59
	1.97

	UNA-18-10
	8/17/20
	0.78
	0.39

	UNA-18-10
	10/6/20
	-4.23
	0.49

	UNA-18-11
	6/7/20
	-3.60
	1.16

	UNA-18-11
	8/17/20
	-4.08
	0.75

	UNA-18-11
	10/6/20
	-2.76
	0.05

	UNA-18-12-1
	6/7/20
	-1.87
	0.22

	UNA-18-12-1
	8/17/20
	-2.42
	0.75

	UNA-18-12-1
	10/6/20
	0.04
	-1.22

	UNA 19
	6/6/20
	0.44
	-1.01

	UNA 19
	8/17/20
	0.12
	-1.06

	UNA 19
	10/6/20
	1.08
	-0.33

	UNA 20
	6/6/20
	1.27
	-0.01

	UNA 20
	8/17/20
	0.86
	-0.01



Table B2. Loading values for each loading component for the PCA plots 
	
	PC 1
(58.41%)
	PC 2
(23.11%)

	D18O
	0.39875
	0.45865

	D2H
	0.506
	0.1795

	Alkalinity
	0.43575
	-0.33453

	DOC
	0.18682
	0.65657

	Uranium
	0.33682
	-0.40002

	Major Cations
	-0.49672
	0.23326



Table B3. Complete Spearman’s correlation table with both r and p values. 
	 
	Spearman's Correlation

	
	Spring
	Summer
	Fall
	Precambrian bedrock
	Surface water+ Domestic well+ Seeps

	δ18O - δ2H
	0.88091
	0.90676
	0.90014
	0.87537
	0.92392

	p-value
	7.60E-04
	0.00189
	9.38E-04
	0.02233
	2.29E-09

	δ18O - Alkalinity
	0.24479
	0.59856
	0.71776
	0.39446
	-0.29338

	p-value
	0.49548
	0.11695
	0.02945
	0.43899
	0.19679

	δ18O - DOC
	0.80254
	-0.23037
	0.04309
	-0.76536
	0.64641

	p-value
	0.0052
	0.5831
	0.91234
	0.07612
	0.00154

	δ18O - Uranium
	0.0126
	0.64725
	0.23865
	0.84099
	-0.3315

	p-value
	0.97244
	0.08275
	0.53631
	0.03592
	0.14211

	δ18O - Major Cations
	-0.44732
	-0.82349
	-0.73666
	-0.66601
	-0.11647

	p-value
	0.1949
	0.01199
	0.02358
	0.14869
	0.61513

	δ2H - Alkalinity 
	0.5522
	0.87034
	0.9303
	0.48263
	-0.16114

	p-value
	0.0979
	0.00493
	2.75E-04
	0.33226
	0.4853

	δ2H - DOC
	0.63825
	-0.32635
	0.24139
	-0.81103
	0.59696

	p-value
	0.04705
	0.43016
	0.53151
	0.05019
	0.00428

	δ2H - Uranium
	0.28196
	0.71734
	0.40917
	0.97044
	-0.5038

	p-value
	0.42996
	0.04517
	0.27416
	0.0013
	0.01989

	δ2H - Major Cations
	-0.77395
	-0.94751
	-0.89348
	-0.92857
	0.0182

	p-value
	0.00861
	3.47E-04
	0.00117
	0.00747
	0.9376

	Alkalinity - DOC
	-0.03737
	-0.28517
	0.39273
	-0.46292
	-0.32917

	p-value
	0.91837
	0.49359
	0.29577
	0.35522
	0.1451

	Alkalinity - Uranium
	0.37618
	0.68443
	0.60161
	0.29082
	-0.25255

	p-value
	0.28401
	0.06114
	0.08655
	0.57607
	0.26938

	Alkalinity - Major Cations
	-0.79104
	-0.84354
	-0.91632
	-0.47777
	0.716

	p-value
	0.00643
	0.00849
	5.14E-04
	0.33787
	2.62E-04

	Uranium - Major Cations
	-0.60379
	-0.79989
	-0.67679
	-0.83247
	-0.09184

	p-value
	0.06454
	0.01715
	0.04526
	0.03975
	0.69217

	DOC - Uranium
	0.11987
	0.18153
	-0.073
	0.83607
	-0.08613

	p-value
	0.74153
	0.66703
	0.85194
	0.03811
	0.71047

	DOC - Major Cations
	-0.23753
	0.26797
	-0.07858
	-0.92461
	-0.13147

	p-value
	0.50875
	0.52109
	0.84074
	0.00831
	0.57001










Appendix C. Pictures 
[image: A picture containing rock, outdoor, rocky, stone

Description automatically generated] 
Figure 1. Precambrian bedrock spring
[image: A picture containing outdoor, tree, grass, rock

Description automatically generated]
Figure 2. West Creek 
[image: A picture containing tree, outdoor, grass, red

Description automatically generated]
Figure 3. Domestic Well.
[image: A picture containing outdoor, grass, person, blue

Description automatically generated]
Figure 4. Unaweep seep.
[image: A picture containing grass, outdoor, person

Description automatically generated]
Figure 5. Another Seep in the canyon.
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