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Abstract
A multiparameter geochemical-isotopic fingerprinting approach was used to differentiate anthropogenic and natural signatures 
of uranium contamination near the Homestake uranium mill site (Site), near Milan, New Mexico, USA. The Site consists 
of two tailings piles from milling operations and groundwater contamination from these tailings has been noted. The Site 
lies within the lower San Mateo Creek Basin and has multiple regional sources of uranium contamination from mining and 
mill operations. The Site is underlain by a heterogeneous alluvial aquifer, which is in turn underlain by basement rock of 
the Chinle Group aquifer and the underlying San Andres-Glorieta Formation aquifer. To help decipher signatures, several 
statistical approaches were used including principal component analysis, non-metric multidimensional scaling, and cluster 
analysis. Piper diagrams indicate two end-member water types at the Site, sulfate–Na–K generally in the Chinle Group aquifer 
and sulfate–Ca generally in the alluvial aquifer. There are wells from both aquifers that plot between the two end members. 
Uranium concentrations from the Site fall into three broad categories: less than the drinking water standard of 30 µg/L (n = 3), 
from 30 to 100 µg/L (n = 9), and greater than 100 µg/L (n = 8). Component loadings in a principal component analysis are 
highest for uranium isotopes, uranium, molybdenum, chloride, sodium, 228radium, and gross alpha–beta, which affect the 
similarities or differences among wells sampled. Results suggest that several alluvial wells north of the Site have ground-
water with anthropogenic fingerprints from regional sources related to upgradient mining. Well water with higher uranium 
concentrations has uranium activity ratios close to 1, which is indicative of mining or milling signatures. These same wells 
have elevated radon activities. This information can be used to inform Site managers regarding the source of water related 
to uranium at the Site and provide an approach for geochemical fingerprinting.

Keywords  Geochemical fingerprint · Uranium milling · Grants Mineral Belt · 234U/238U · Multivariate statistics

Introduction

Elevated concentrations of uranium (U) and co-occurring 
constituents, such as selenium (Se) and molybdenum (Mo), 
in groundwater at and surrounding the Homestake U mill 
site (Site) near Milan, New Mexico, USA, may originate 
from undisturbed ore deposits, mining activities, or mill-
ing activities from regional (within the San Mateo Creek 
Basin) or local (Site) sources (U.S. Environmental Protec-
tion Agency (EPA) 2011) (Fig. 1a, b). Dewatering of ura-
nium mines in the San Mateo Creek mining district and 
the Ambrosia Lake mining district, both located in the 
San Mateo Creek Basin (Fig. 1a), led to contamination of 
downgradient sediment, alluvial aquifers, and deeper Chinle 
Group aquifers. Recharge to the deeper aquifers occurs via 
faults and subcropping of the Chinle Group strata beneath 
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the alluvium in the area (Gallaher and Goad 1981; Schoepp-
ner 2008). The Chinle Group aquifers are near the surface in 
areas to the south and west of the Site and dip close to verti-
cal beneath the alluvium. The alluvial aquifer was recharged 
as the mine water was discharged into natural waterways 
without treatment (Langman et al. 2012). In addition, there 
are two tailings piles, large and small (Fig. 1b), located on 
the Site, where infiltration or runoff may affect the water 
quality in underlying/adjacent aquifers. Uranium and Mo are 
considered the most mobile constituents of concern from U 
mill sites and Se is often associated with U ore (Morrison 
and Spangler 1992). Gallaher and Cary (1986) suggest that 
impacts of mine dewatering are evident by Mo concentra-
tions in alluvial groundwater greater than 30 µg/L, U con-
centrations greater than 100 µg/L, changes in total dissolved 
solids (TDS), and changes in major water chemistry. Signa-
tures of contaminants are evidenced by elevated concentra-
tions in Mo, U, or Se at the near surface that decreases with 
depth. Selenium concentrations in sediments related to the 
Poison Canyon area are generally high (Gallaher and Cary 
1986). The range of Se concentration in U ore in the Grants 
Mineral Belt, which includes the San Mateo Creek Basin, is 
200–700 mg/kg (Brookins 1977).

Site cleanup standards are based on a local assessment 
of background concentrations of contaminants. The drink-
ing water standard established by the EPA for U is 30 µg/L 
(EPA 2017). Groundwater samples categorized as back-
ground samples for this Site had levels of U exceeding this 
drinking water standard (Homestake Mining Company and 
Hydro-Engineering, LLC 2014). Uranium concentrations 
in the background samples were likely affected by perva-
sive mining activities in the basins upgradient of the mill 
site, and there is potential for regional contamination to 
impact local water quality (Homestake Mining Company 
and Hydro-Engineering, LLC 2014). Regional U concentra-
tions in groundwater from the San Mateo Creek Basin were 
measured from < 10 to 500 µg/L (New Mexico Environment 
Department, NMED 2012). Based on the background data, 
the EPA, NMED, and the Nuclear Regulatory Commission 
set the cleanup standard of U at 160 µg/L in the alluvial 
aquifer (Agency for Toxic Substances and Disease Regis-
try, ATSDR 2009; Homestake Mining Company and Hydro-
Engineering, LLC 2014). Because groundwater recharges 
from the alluvium to the underlying Chinle Group aquifer 
through subcropping strata, a similar standard is being 
applied to parts of the Chinle Group (Homestake Mining 

Company and Hydro-Engineering, LLC 2004). The areas 
of the Chinle Group aquifer in which the chemical composi-
tion of water has been altered by inflow of alluvial water are 
designated as the mixing zone, and have a cleanup standard 
of 160 µg/L U; parts of the formation in which the chemical 
composition of water has not been altered by inflow of allu-
vial water are designated as the non-mixing zone and have 
a different cleanup standard (Homestake Mining Company 
and Hydro-Engineering, LLC 2004).

The main objective of this paper is to differentiate the 
water type and source of U in groundwater in wells at and 
near the Site as either (1) sourced regionally from upgradient 
mining, (2) sourced locally by the mill Site, (3) sourced from 
deeper groundwater from the Chinle Group aquifer, and (4) 
sourced through other mechanisms such as upwelling from 
faults or mobility from surficial sediments. Water type and U 
source were determined using a geochemical fingerprinting 
approach of well-to-well variability and end-member vari-
ability. Multiple lines of evidence, including general chem-
istry, stable isotopes, radiogenic isotopes, borehole geophys-
ics, groundwater age dating, and multivariate statistics were 
used to differentiate sources of water and specifically sources 
of U in the groundwater.

Geological setting and site description

The geology, hydrogeology, and hydrogeochemistry in the 
area are complex (Langman et al. 2012; Gallaher and Goad 
1981). Numerous faults near the Site may affect the ground-
water hydrogeology and geochemical interactions. In addi-
tion, the Chinle Group hydrogeologic units subcrop south 
of the Site (Fig. 2). Passive sampling of select wells in the 
area combined with spectral gamma-ray results indicate that 
alluvial aquifer stratigraphy and long screens in the monitor-
ing wells play a role in degree of mixing in each well (Harte 
et al. 2019). The complexities of the site require rigorous 
analysis afforded by statistical techniques and multiple lines 
of evidence.

The Grants Mineral Belt is a southeast-trending zone of 
U deposits along the southern margin of the San Juan Basin 
in New Mexico (Brookins 1977). There are several mine and 
mill locations within the San Mateo Creek Basin, where the 
Site is located (Fig. 1a). The Site, north of Milan, New Mex-
ico in the lower San Mateo Creek Basin, opened in 1958 and 
closed in 1990 (ATSDR 2009). The mill operations used an 
alkaline leach–caustic precipitation process to concentrate 
U from the ores (ATSDR 2009), using sodium carbonate 
and sodium bicarbonate (Nuclear Regulatory Commission 
1981). Currently (2019), there are large and small tailings 
piles from mill processing and several evaporation ponds at 
the Site (Fig. 1b). As previously mentioned, these tailings 
sit atop an alluvial aquifer, which is underlain by the Upper, 
Middle, and Lower Chinle Group aquifers. Well names used 

Fig. 1   Map of the Site within New Mexico and the San Mateo Creek 
Basin. a Geology from NMBGMR (2003). b Aerial image of the Site 
with well spatial locations and formation type. c Aerial image of the 
San Mateo Creek Basin with NURE sediment concentration data. d 
Aerial image of the two main drainages into the Site, the San Mateo 
Creek and Lobo Canyon. Well names used in this study are those 
defined by the Site managers
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in this study are those defined by the Site managers. Alluvial 
aquifer wells have the simplest alphabetic names and Chinle 
Group aquifer wells start with CW or CE (Fig. 1b).

The arroyo and ephemeral stream channels in the area 
are Quaternary (Holocene) alluvium with sand, gravel, and 
silt/clay in and adjacent to modern arroyo channels. The 
alluvium is generally 0–10 m thick and at or near the grade 
of modern channels (Cather 2011). Adjacent eolian and allu-
vial deposits from the Upper Pleistocene–Holocene, which 
are older than the arroyo and ephemeral stream deposits, 
have surface expression near the Site, likely because of uplift 
and erosion over geologic time. These older deposits of 
eolian sand and loessic silt are 0–10 m thick and have been 
locally reworked by alluvial processes (Cather 2011). The 
San Mateo Creek sediments are younger than the underly-
ing eolian and alluvial deposits and may affect groundwater 
flow and geochemical processes based on the sediment sort-
ing, grain size, mineralogy and chemical composition. For 
example, where sediments are coarse, groundwater flow is 
enhanced, and groundwater tends to be oxic (Turner-Peter-
son and Fishman 1986; Brookins 1977). In contrast, in finer 
grained sediment, groundwater flow rates are slow and water 
may be chemically reducing, which can affect mobility of 
redox-sensitive chemical elements such as U and Se (Turner-
Peterson and Fishman 1986; Brookins 1977).

Sources of uranium at the site

Surface sediments collected in the 1970s through a program 
called the National Uranium Resource Evaluation (NURE) 
(U.S. Geological Survey, USGS 2004) show the distribution 
of U in soil samples and stream sediments in the San Mateo 
Creek Basin (Fig. 1c). Based on the NURE data, the ranges 
of soil and sediment U concentrations in four groupings are 
(1) the lowest concentration reported to the crustal average 
of 2.78 mg/kg (EPA 2008); (2) > 2.78 mg/kg to 5.00 mg/kg; 
(3) > 5.00 mg/kg to 20.0 mg/kg; and (4) > 20.0 mg/kg and 
125 mg/kg. The highest concentrations of U in sediment are 
found near the San Mateo Creek, Ambrosia Lake, and Poi-
son Canyon mines (Fig. 1a, c). Concentrations of U in sedi-
ments in Lobo Creek are generally lower than concentrations 
in San Mateo Creek and Arroyo del Puerto (Fig. 1a, c, d). 
These channels, Lobo Creek, San Mateo Creek, and Arroyo 
del Puerto, flow towards the Site and may affect the chem-
istry of sediments and water near the Site. The confluence 
of San Mateo Creek and Arroyo del Puerto, both ephemeral 

creeks, lies in the upper San Mateo Creek Basin north of the 
Site (Langman et al. 2012). From the confluence, San Mateo 
Creek traverses southwest directly towards the Site (Fig. 1a, 
d). Over 30 years ago, the San Mateo Creek channel course 
was changed by Homestake Mining Company to flow to the 
west of the Site (Roca Honda Resources, LLC 2011); how-
ever, there is still a surface expression of the original channel 
in sediments from northeast to southwest to the north of the 
Site (Fig. 1d).

During active mining, mine discharge from Ambrosia 
Lake and San Mateo mines was directed into San Mateo 
Creek and Arroyo del Puerto; these ephemeral streams 
became perennial while mine discharge continued (Kauf-
man et al. 1976). There is evidence that groundwater in the 
area rose as much as 15 m (50 feet) from 1950 to 1980, 
then declined when mine discharge to the channels stopped 
(Weston Solutions, Inc. 2016). USGS streamgaging stations 
recorded discharge in the San Mateo Creek (1977–1982) 
and Arroyo del Puerto channels (1979–1982) above their 
confluence (USGS 2018) (Figure S1). Water from these 
channels may have infiltrated into shallow alluvial aquifers 
or evaporated, leaving behind constituents of concern such 
as U, Se, and radionuclides adsorbed or precipitated on 
alluvial sediments. Constituents in water that recharged the 
alluvial aquifer could be mobile under geochemical condi-
tions appropriate for each constituent (NMED 2008). On 
the land surface, streambed sediments containing sorbed or 
precipitated constituents could be scoured and mobilized 
during larger storm events. Storm runoff could transport 
sediments containing mine water constituents downstream 
where they could be redeposited as stormflow recedes (Gal-
laher and Cary 1986). This process can readily occur dur-
ing sporadic high-intensity rain events that occur during the 
summer monsoon season characteristic to this geographic 
area (Blake et al. 2017a).

Under current conditions, the San Mateo Creek and 
Arroyo del Puerto are ephemeral and further downstream, 
the Rio San Jose near Grants, NM, is perennial (Figure S1) 
(Roca Honda Resources, LLC 2011). The San Mateo Creek 
channel widens below the confluence with the Arroyo del 
Puerto, the slope of the channel decreases, and flow rarely 
reaches as far as a few miles past the confluence with Arroyo 
del Puerto (Roca Honda Resources, LLC 2011).

Water moves through the alluvium and Upper Chinle 
Group from northeast to southwest in the study area (Bald-
win and Anderholm 1992). The general direction of flow in 
the Middle and Lower Chinle Group aquifers is from south-
west to east and northeast and flow is downdip (Langman 
et al. 2012) (Fig. 2). The dip of the Chinle Group aquifer is 
approximately to the north.

The Chinle Group is typically a confining unit in the area, 
with hydraulic conductivity values of the shale layers in the 
Chinle Group ranging from 10−1 to 10−8 ft/day (Baldwin 

Fig. 2   Aerial image of the Site with well spatial locations, formation 
of completion, and cross-sectional locations. Cross sections A–A′ 
and B–B′ are shown below the aerial image. Arrows show the gen-
eral direction of groundwater flow. The subcrops of the Chinle Group 
are shown in cross section A–A′. All figures are conceptual and based 
upon information presented in Hydro-Engineering LLC (2001) and 
Homestake Mining Company and Hydro-Engineering, LLC (2004)

◂
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and Anderholm 1992; Baldwin and Rankin 1995). How-
ever, in between the shale layers are three layers of more 
coarse-grained deposits. In general, recharge to the Chinle 
Group aquifer is from downward leakage of water in the 
formation and can occur at subcrop locations (Fig. 2) (Bald-
win and Anderholm 1992). There are two subsurface faults 
that cross the study area (Cather 2011) (Figs. 1b, d, 2). The 
Chinle Group aquifers are intersected by these faults that 
bound the overlying area of the large tailings pile. Along 
fault traces, permeability may be higher than in other areas 
(Fetter 2001), depending upon the material in the fault zone 
(Langman et al. 2012), resulting in a conduit for mixing 
between the alluvial and Chinle Group aquifers (ATSDR 
2009). Groundwater mounding below the large tailings pile 
because of treated water injection has been reported (Home-
stake Mining Company of California 2012); however, the 
present study did not focus on groundwater levels, but rather 
geochemical signatures of the groundwater.

Controls on uranium mobility

Uranium mobility is affected by redox, pH, and aqueous 
complexes. The insoluble form U(IV) is predominant in U 
ore (Brookins 1977; Hall et al. 2017) and can be oxidized 
in the presence of molecular oxygen or nitrate, among other 
constituents (Borch et al. 2010; Van Berk and Fu 2017). 
Once U(IV) solids are exposed to oxygen and oxidized dur-
ing mining or milling, the oxidation state becomes U(VI) 
(Basu et al. 2015), which is mobile in water. In addition, 
abiotic and biotic nitrate reduction (denitrification) reac-
tions may produce intermediates such as nitrite and nitrous 
oxide that will abiotically oxidize U(IV) to U(VI) (Nolan 
and Weber 2015; Senko et al. 2002). Microbial denitrifica-
tion can be identified with stable isotopes of nitrogen and 
oxygen, where δ18O-nitrate vs δ15N-nitrate has a linear rela-
tion and high positive slope (Basu et al. 2015; Bottcher et al. 
1990).

The dominant form of U adsorbed to sediments under 
oxidizing conditions is the uranyl ion, (UO2)2+ (Alam and 
Cheng 2014). In the presence of high carbonate concentra-
tions in water and at pH of 6 and higher (Dong and Brooks 
2006), uranyl ion–calcium–carbonate aqueous complexes are 
formed, which mobilizes U(VI) from sediments into water 
(Leavitt et al. 2011; Briganti et al. 2017). These reactions 
governing U mobility are potential transport and distribution 
pathways of U as a contaminant of concern.

Geochemical fingerprints

Geochemical constituents in groundwater that has recharged 
from the surface evolve due to interaction with rocks and 
sediments along the groundwater flow path. Geochemical 

fingerprints expressed as major ion composition, U isotope 
ratios (234U/238U), radium isotopes (226Ra and 228Ra), radon 
concentrations (Rn), sulfur isotopes (δ34S), and stable iso-
topes of water [oxygen (δ18O) and hydrogen (δD)] can help 
to understand the type of water and source of U in ground-
water (Basu et al. 2015; Yabusaki et al. 2007; Christensen 
et al. 2004; Zielinski et al. 1997).

The U activity ratio (UAR) of 234U/238U can indicate the 
origin of groundwater (Kamp and Morrison 2014). The 234U 
isotope is a daughter of the 238U isotope and when the UAR 
is equal to 1, the isotopes have reached secular equilibrium, 
and the activities are equal. U isotopes reach secular equi-
librium in approximately 1 million years. Because the ore 
deposits in the area are older than 1 million years, the ore 
bodies are likely in secular equilibrium, and water with U 
derived from contact with mine tailings or mill sites should 
have a UAR equal to 1 (Corcho et al. 2015). The UAR of 
two discharge effluent samples collected in 1990 from the 
San Mateo Mine are reported as 1.06 and 1.07 (Van Metre 
et al. 1997). Additionally, the milling process completely 
dissolves the U ore minerals, which results in a theoretical 
UAR value of around 1–1.3 in the groundwater affected by 
the milling (Kamp and Morrison 2014). A UAR greater than 
1 may indicate water unaffected by mine or mill tailings. 
For example, the UAR from samples in bedrock wells of the 
Dakota and Morrison Formations, thought to be unaffected 
by mining in the area, ranged from 2.0 to 6.7 (Van Metre 
et al. 1997).

Radium (Ra) isotopes and radon (Rn) concentrations in 
groundwater can indicate interaction with material from 
mines or mills. For instance, 226Ra (a daughter product of 
radioactive decay of 238U) concentrations tend to increase 
near ore bodies (Kaufman et al. 1976). Natural background 
concentrations of 226Ra in the area are generally around 3 
picocurie per liter (pCi/L), whereas the effluent from operat-
ing mines in the Grants Mineral Belt had 226Ra concentra-
tions of 100 pCi/L or more (Kaufman et al. 1976). Seepage 
from the large tailings pile had a 226Ra concentration of 52 
pCi/L (Kaufman et al. 1976). The range of Rn concentra-
tions from groundwater percolating through U ore bodies 
can range from 2300 pCi/L to 109,000 pCi/L depending on 
the source of the water (Sahu et al. 2016). The Rn concentra-
tion in water can be diluted with increasing distance from 
the ore body (Sahu et al. 2016); however, because Rn has a 
half-life of 3.8 days, it does not persist far from its source 
and the dilution effect may be negligible.

Sulfate is a major constituent related to mine waste and 
mill tailings (Abdelouas 2006; Ries 1982). To differentiate 
between natural sulfate concentrations and concentrations 
related to mining or milling, stable sulfur isotopes of sulfate 
can be analyzed to identify the source of the sulfate (Kamp 
and Morrison 2014; Ries 1982). For example, δ34S of sulfate 
values in groundwater surrounding the mill site located in 
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the Ambrosia Lake mining district range from − 28.5 per 
mil (‰) to + 10.4‰ (Ries 1982). Pyrite in sandstone-type 
U deposits in the Grants Mineral Belt has a δ34S range of 
− 27‰ to − 1.8‰ (Jensen 1963). For the Faith Mine ore, 
located in Poison Canyon, δ34S is equal to − 27.2‰ and 
the δ34S range identified from water in tailings ponds and 
groundwater near U mill sites in the Grants Mineral Belt and 
Navajo Nation is − 5‰ to 5‰ (Kamp and Morrison 2014).

As relatively conservative isotopes, isotopic ratios of 
oxygen (δ18O) and hydrogen (δD) are not altered on contact 
with organic or geologic materials (Kendall and Caldwell 
1998), which make them good chemical tracers of recharged 
water. However, the isotopes are affected by mass-dependent 
fractionation, which manifests as differences in physical and 
chemical properties based on the mass differences (Kendall 
and Caldwell 1998). These differences are related to temper-
ature changes during precipitation and evaporation of water 
(Ingraham 1998) and occur during atmospheric exposure. 
Once precipitation enters the ground beyond the zone of 
evaporation, the isotopic signature is fixed. Stable isotopes 
δD and δ18O can be indicative of recharge temperatures, 
evaporation, or upwelling from deep aquifers (Ingraham 
1998; Robertson et al. 2016).

Conceptualization of U sources

Identifying the source of U at a site can be complex, espe-
cially in a location with multiple potential anthropogenic 
and natural sources. At this Site, there are four water sources 
defined: (1) regionally sourced from mining to the north of 
the Site; (2) locally sourced by the mill Site; (3) sourced 
from a deeper aquifer; and (4) other. Within each source, 
there is the potential for regional and local differences 
including contaminated and uncontaminated wells, natural 
heterogeneity, and differences in aquifers. The variability 
among the individual wells may be associated with the 
lithology, hydrogeology, or spatial location, which may be 
seen in Figs. 1 and 2. The specific geochemical signatures 
of each well were used to understand the general source 
water. Statistical analyses were used to narrow down the 
most appropriate geochemical signatures for this Site. 
Table 1 identifies the geochemical signature, description of 
the results that aid in identifying water source and relation to 
mining, and the associated figure in the text. In some cases, 
there may be more than one water source to a well.

Methods

Groundwater samples were collected from twenty wells 
both distal and proximal to the Site for an array of chemi-
cal constituents (Figs. 1b, 2; Blake et al. 2017b; Harte et al. 
2018b) to help delineate chemical signatures associated with 

the water sources in the area. A combination of monitor-
ing wells, existing remedial extraction wells, and residential 
wells was sampled. Wells are screened in alluvium and in 
the Upper, Middle, and Lower Chinle Group aquifers. The 
injectate is water pumped from the tailings pile, treated in 
the reverse osmosis plant at the Site, and mixed with water 
from the San Andres-Glorieta Formation aquifer prior to 
injecting into the subsurface (Homestake Mining Company 
and Hydro-Engineering, LLC 2014) (injectate; Figs. 1b, 2). 
Groundwater-quality sampling followed volumetric purging 
procedures as outlined in the USGS National Field Manual 
(USGS 2006). Details of sampling, collection, preservation 
techniques, and chemical analyses are included in the Sup-
plementary Information (SI).

Three multivariate statistical techniques, principal com-
ponent analysis (PCA), non-metric multidimensional scaling 
(NMDS), and cluster analysis were used to quantitatively 
investigate the similarities and differences in groundwater 
geochemistry in the wells (de Carvalho Filho et al. 2017; 
Jiang et al. 2015). Details of these techniques are included 
in the SI.

For this study, the following constituents were used as 
input for the PCA, NMDS, and cluster analysis: gross alpha, 
gross beta, 226Ra, 228Ra, 234U, 238U, uranium concentrations, 
alkalinity, calcium, iron, magnesium, chloride, sulfate, 
sodium, molybdenum, and vanadium. These constituents 
were chosen based on the component loadings calculated 
from PCA when using all measured constituents. The con-
stituents chosen had at least a 0.8 component loading when 
compared with all measured constituents.

Piper diagrams were created using GWChart (USGS 
2015). Geochemical modeling to determine aqueous com-
plexes and mineral saturation indices was completed in 
PHREEQC version 3.4.0.12927 using the minteqv4 data-
base (Parkhurst and Appelo 1999). Major and trace element 
chemistry data of filtered water from each well were used as 
input for the model and are accessible in the corresponding 
data release (Blake et al. 2017b). Groundwater ages based on 
dating of well samples were used to calculate groundwater 
travel times at the Site. Details are given in the SI.

Results and discussion

Each section of the results and discussion describes the line 
of evidence used to identify the source of U to each well. 
Groups of wells with similar signatures are discussed.

Major water types

Two dominant end members in waters from the wells 
sampled in this study, sulfate–calcium (SO4–Ca) and sul-
fate–sodium plus potassium (SO4–Na + K), are identified in 
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the Piper diagram (Fig. 3). End member 1, SO4–Ca, is simi-
lar to mine water discharge from the Arroyo Puerto Mine 
in the Ambrosia Lake mining district (Gallaher and Cary 
1986). The alluvial aquifer wells DD, DD2, P3, 920, and 
Q plot in this area. These wells are within the San Mateo 
Creek channel and may indicate an influence from a water 
source to the north.

End member 2, SO4–Na + K, is more dominant in 
groundwater from the Middle Chinle Group aquifer than 
from the alluvium at the Site. However, groundwater from 
the large tailings pile (well T11) also plots in end mem-
ber 2. This may confirm that well T11 is drilled into the 
Chinle Group aquifer. Mine waters in the Grants Mineral 
Belt can contain higher concentrations of sodium and 
sulfate compared to natural waters (NMED 2008), which 

may account for the higher values of these constituents 
in well T11. Na–SO4–Cl groundwater is commonly cre-
ated by dissolution of evaporite minerals such as gypsum 
(CaSO4) and halite (NaCl) (Vengosh 2003); evaporite dis-
solution could influence the composition of end member 2 
groundwater samples. The Chinle Group is known to have 
gypsum deposits in some locations (Cather 2011), and the 
aridity of the region may cause evaporite or salt deposits 
in the alluvium. Evaporite crystals have been observed in 
sediments along the Rio San Jose, which flows through 
the Grants Mineral Belt (Popp et al. 1983). Wells that plot 
between the two end members in Fig. 3 vary in aquifer 
type and spatial location, which further demonstrates the 
complexity of groundwater source and composition in 
wells at this site.
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Fig. 3   Piper diagram of groundwater chemistry from wells sampled for this study. Regional groundwater data are included for comparison
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Uranium, selenium, and molybdenum 
concentrations in groundwater

Uranium concentrations in water samples from the Site fall 
into three broad categories: (1) less than the drinking water 
standard of 30 µg/L (n = 3), (2) from 30 to 100 µg/L (n = 9), 
and (3) greater than 100 µg/L (n = 8). Uranium concentra-
tions in groundwater collected from the Site range from 
25.0 to 22,700 µg/L (Fig. 4a, b) as reported in Harte et al. 
(2018a). The three highest dissolved U concentrations were 
measured in wells within and directly south of the large tail-
ings pile [Chinle Group aquifer: CE7 (22,700 µg/L), Allu-
vial aquifer: T11 (10,029 µg/L), and ST (2709 µg/L)] and 
the three lowest U concentrations were measured in ND 
(25.0 µg/L), P3 (26.0 µg/L), and CW18 (28.0 µg/L), which 
are not spatially adjacent to each other. The higher U con-
centrations in CE7, T11, and ST were expected based on 
historical data and proximity to the U milling operations. 
Alluvial wells 920, DD2, DD, T11, MV, ST, and Chinle 
Group wells CE7 and CW45 have U concentrations greater 
than 100 µg/L, which could indicate a source from mining 
or milling. Given the proximity of alluvial wells 920, DD2, 
DD, and MV to the San Mateo Creek channel (Fig. 1a, b), 
these U concentrations may indicate an effect from mine 
dewatering. The dewatered mine water recharged the allu-
vium north of the Site from the upper San Mateo basin. 
Sediments transported in the San Mateo Creek channel from 
north to south contained potentially higher U source concen-
trations. If the dewatered mine water encountered subsurface 
reducing conditions, U would precipitate out of solution, and 
could serve as a source of U if exposed to oxic conditions. 
Wells T11, ST, and CE7 are adjacent to the tailings pile and 
water in these wells may be affected by activities at the Site. 
Water from well CW45 may reflect mixing with the alluvial 
aquifer due to its proximity to the subcrop area (Fig. 2).

Well DD (U = 103 µg/L), which is spatially adjacent to 
well DD2, has a U concentration less than half of the con-
centration of DD2 (U = 250 µg/L). The western fault at the 
Site is closer to DD2 than to DD (Figs. 1b, 2), and upwelled 
water from the fault may contribute to water in DD2. Well 
DD2 is drilled approximately 3 m (10 ft) into the upper 
Chinle Group Shale and is partially screened in the Chinle 
Group Shale. Wells DD and DD2 are adjacent to the western 
evaporation ponds, which may have an effect on the U con-
centrations in these wells, although leakage was not consid-
ered because the evaporation pond was reported to be lined 
(Homestake Mining Company and Hydro-Engineering, LLC 
2014). Further evaluation of leakage from the evaporation 
pond may be beneficial.

The concentration of Se and Mo vary among the wells. 
The EPA drinking water standard for selenium is 50 µg/L 
and the highest concentration of Se was in well CE7 
(900 µg/L; Fig. 4a, c). Wells Q, P3, and 920 (Fig. 4a, c) 

also had elevated Se concentrations (470, 300, and 290 µg/L, 
respectively). Selenium concentrations in sediments related 
to the Poison Canyon area are generally high (Gallaher and 
Cary 1986), and these sediments could be the source of ele-
vated Se in the wells upgradient from the Site. The average 
Se concentration in discharge to the San Mateo Creek drain-
age from the Ambrosia Lake Mining District was 240 μg/L 
(Gallaher and Cary 1986). Well DD has a Se concentration 
33 times higher than that found in well DD2. This result may 
be explained by proximity to Poison Canyon, mixing from 
the middle Chinle Group aquifer waters, and/or mixing with 
groundwater from the nearby fault.

Wells CE7, T11 and ST have the highest concentrations 
of Mo, at 28,000, 22,000, and 3500 µg/L, respectively, which 
follows the same pattern as the elevated U concentrations 
(Fig. 4b, c) and may be explained by the fact that U and Mo 
are often the most mobile elements associated with U mills 
(Morrison and Spangler 1992). Well CW18 may have a dif-
ferent source of the elevated Mo due to the higher concentra-
tion compared to nearby wells.

In addition to U or Mo concentrations, total dissolved 
solids (TDS) may be indicative of U source water or mixed 
water. For instance, the average TDS concentration in allu-
vial groundwater upgradient of the San Mateo Creek mine 
was 400 mg/L (Brod and Stone 1981) and the average TDS 
in alluvial groundwater north of Arroyo del Puerto, in the 
Ambrosia Lake mining area, was 5900 mg/L (Brod and 
Stone 1981). Additionally, the average TDS concentration 
in alluvial groundwater below the confluence of Arroyo del 
Puerto and San Mateo Creek was 2000 mg/L (Kaufman et al. 
1976) (Figure S2). The TDS concentrations from the alluvial 
wells sampled for this study range from 2000 mg/L (ND) to 
7500 mg/L (T11). Wells MV, P3, 920, DD2, and Q have con-
centrations between 2000 and 3000 mg/L and wells DD and 
ST both have TDS concentrations of 3700 mg/L (Figure S2). 
These results suggest that wells north of the Site may have 
mine discharge water associated with them. The similarity of 
TDS in groundwater from well DD and ST may suggest that 
well DD has water from the upgradient evaporation pond 
seeping into the groundwater or water from the large tailings 
pile being transported in groundwater to the well.

Uranium mobility

Geochemical modeling

Geochemical modeling results show that the dominant spe-
cies of U in the groundwater of the sampled wells is U(VI), 
which is typical of the species related to surface mining 
and milling activities. The dominant aqueous complex is 
a uranyl carbonate, which suggests that U in groundwater 
is mobile. However, the presence of hydrous ferric oxides 
(HFO) in sediments can increase the sorption of U to 
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sediments (Johnson et al. 2016). Harte et al. (2019) reports 
U spectral gamma spikes in some red clays at the Site, which 
are likely associated with HFOs. Water in all the samples 

were supersaturated with respect to the HFOs ferrihydrite 
((Fe3+)2O3·0.5H2O), goethite (FeO(OH)), and lepidocrocite 
(γ-FeO(OH)).

Fig. 4   Aerial photos of Site with a well names, b uranium concentrations, c selenium concentrations, and d molybdenum concentrations meas-
ured in each well at the time of sampling



Environmental Earth Sciences          (2019) 78:384 	

1 3

Page 13 of 20    384 

Nitrogen isotopes and redox

The comparison of δ18O-nitrate vs. δ15N-nitrate for the 
alluvial groundwater and Chinle Group groundwater shows 
that the alluvial groundwater has the signature of isotope 
fractionation related to denitrification, a relation of 1:~ 2 
(Bottcher et al. 1990) (Fig. 5). The alluvial groundwater 
relation is 1:2.3 (Fig. 5) and the Chinle Group wells do not 
have the 1:2.3 relation suggesting that denitrification does 
not affect the Chinle Group wells. Denitrification reactions 
can produce intermediates such as nitrite and nitrous oxide 
that will abiotically oxidize U(IV) to U(VI), which could 
be the case in the alluvial aquifer (Nolan and Weber 2015; 
Senko et al. 2002). In addition, based on data presented in 
Bottcher et al. (1990), the alluvial and Chinle Group wells 
with lower δ18O-nitrate and δ15N-nitrate values (P3, ND, and 
CW37) may be affected by nitrogen fertilizers.

Multivariate statistics

PCA, NMDS, and cluster analysis were used to identify 
important geochemical fingerprints for further evaluation. 
Principal component 1 (PC1) accounts for 65.45% of the 
variance in this dataset and principal component 2 (PC2) 
accounts for 19.56% of the variance (Fig. 6a, b). Constitu-
ents with the highest loadings for PC1, which suggests that 
these constituents account for the major differences among 
the geochemistry of the wells, based on the PCA include 
SO4

2−, Gross beta, 228Ra, U, 238U, 234U, 235U, gross alpha, 
Mo, Cl, and Na (Fig. 6a). Constituents with the highest load-
ings for PC2 include Fe, Ca, and Mg, which suggests that 
these constituents have a secondary effect on the variance 
in geochemistry among the wells. The distribution of the 
wells in the plot describes the variability in each well and 

how each well is associated with other wells (Fig. 6b). For 
instance, DD, Q, 920, and DD2 plot near each other while 
CE7 and T11 plot far from all other wells and outside of the 
95% prediction ellipse.

The NMDS plot shows a slightly different distribution of 
the wells compared to the PCA results (Fig. 6c). The clear-
est differences are the separation of Q from the cluster with 
920, DD, and DD2, and the closer distribution of CE7, ST, 
and T11. The NMDS solution converged after 20 iterations 
and the stress value was 0.0959442, which is indicative of 
a robust solution (Buttigieg and Ramette 2014). The cluster 
analysis shows similar well clusters to the NMDS analysis 
(Fig. 6d).

When comparing the results from PCA, NMDS, and clus-
ter analysis, the following groups of wells consistently plot 
together: (1) 920, DD, and DD2; (2) CW15, CW18, ACW, 
CW28, CW1, CW2; and (3) injectate and ND. The follow-
ing wells plot near each other in two of the three analyses: 
(1) CE7, ST, T11; (2) CW45, MV; (3) CW37, P3; and (4) 
CW50, injectate. Well Q is the only well that does not con-
sistently plot near the other wells, which shows the chemis-
try is different from nearby wells.

The grouping or clustering is based on statistical compar-
isons, and certain trends are discernible. The most notable 
trend is that the local operations at the Site are identifiable 
at three wells (T11, ST, and CE7) proximal to the site, which 
relates to U mobility and large U concentrations at these 
sites (Fig. 4b), and no other wells are associated with this 
cluster. In contrast, the remaining wells are less distinct from 
each other and clustered into three groups. Wells proximal 
to the large tailings pile such as DD and DD2 tend to be 
associated with regional or local Site impacts.

Radiogenic fingerprints

Uranium isotope ratios

The alluvial well (T11) within the large tailings pile, and the 
alluvial (ST) and upper Chinle Group well (CE7) directly 
south of the large tailings pile at the Site, have 234U/238U 
activity ratios (UAR) of nearly 1 (Fig. 7a). This indicates 
that the groundwater in these wells has the signature of the 
mill tailings pile. Groundwater in wells CW45, CW50, MV, 
Q, P3, and 920 as well as the injectate water have UAR 
values between 1 and 1.3 (Fig. 7a). There is evidence that 
UAR values greater than 1.3 are likely unaffected by mining 
or mill tailings (Zielinski et al. 1997). However, there is also 
evidence that UAR values may be higher in groundwater 
in this area because of prolonged interaction with U-rich 
sediments (Johnson and Wirt 2009; Zielinski et al. 1997). 
Therefore, based on the UAR values, the wells that have 
UAR values between 1 and 1.3 may be affected by mining 
or mill tailings, may have a mix of unaffected and affected 
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water, or may be in contact with U-rich sediments for longer 
periods of time.

Radon

The highest 222Rn activity was found in wells DD2, CE7, 
T11, and CW50 (Fig.  7b). Wells CE7 and CW50 are 
screened in the same aquifer, the Upper Chinle Group, 
where the flow direction is generally from north to south 
under the tailings pile. Well DD2 is located adjacent to a 
sub-surface fault (Fig. 1b), where there is potential for 222Rn 
to seep to the surface. Additionally, well DD2 is near the 
western evaporation ponds, which could be the source of 
the radon. T11 is in direct contact with mine tailings, which 
may explain the elevated 222Rn activity. Radon has a short 
half-life (3.8 days); therefore, the water sampled from these 
wells must be near its source for the radon to present in high 
concentrations. Alternately, the high radon concentrations 

may be attributed to the high concentrations of parent mate-
rial (226Ra) in the water.

226Ra and 228Ra

The distribution of 226Ra and 228Ra among the wells shows 
T11 having the highest concentration of 226Ra (3.82 pCi/L) 
and CE7 having the highest concentration of 228Ra (5.88 
pCi/L) (Fig. 7c). Gallaher and Goad (1981) reported that 
the San Mateo area discharge from treated mine waters 
had 226Ra concentrations of 23 ± 1 (n = 3) pCi/L and the 
Ambrosia Lake discharge waters had 226Ra concentrations 
of 4.6 ± 0.2 (n = 3). Both reported 226Ra concentrations are 
higher than those found in the wells sampled in this study, 
except for T11. Previous studies in Grants Mineral Belt 
streams show that 226Ra generally forms insoluble precipi-
tates or adsorbs to sediments within ten river miles of the 

Fig. 6   Plots of multivariate statistical analyses: a, b PCA, c NMDS, and d cluster analysis
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source (Gallaher and Cary 1986) and, therefore, 226Ra is 
not found in high concentrations in groundwater in the area.

Gross alpha–beta

The gross alpha–beta results from the groundwater wells 
sampled reveal a distribution across the wells (Fig. 7d); 
eighteen of twenty wells have gross alpha values greater 
than the 15 pCi/L EPA MCL (EPA 2017), and CE7, ST, and 
T11 have the highest gross alpha–beta results. The injectate 
has the lowest gross alpha–beta results (Fig. 7d). Gallaher 
and Goad (1981) reported that treated mine effluents that 
discharged to San Mateo Creek and Arroyo del Puerto had 
gross alpha values of 1100 pCi/L (n = 3) from the San Mateo 
Area and 580 ± 70 pCi/L (n = 5) from the Ambrosia Lake 
area (Fig. 7d). These values are higher than the gross alpha 
values reported for the majority of the wells, with the excep-
tion of DD2, 920, CW1, CW45, ST, T11, and CE7. These 
wells with high gross alpha concentrations may have sedi-
ments with radioactive materials in contact with the water.

Stable isotopes

The stable isotopes of water (Figure S3) and sulfur (Figure 
S4) identify general trends of the wells. For instance, the 
majority of the Chinle Group wells have more negative δD 
and δ18O values while the alluvial wells are less negative. 
The three wells most proximal to the large tailings have high 
sulfate and less negative δ34S values. The alluvial wells most 
north of the large tailings pile have intermediate sulfate con-
centrations and more negative δ34S values. Discussion of 
these trends is included in the SI.

Groundwater travel time

Groundwater travel time between wells Q and MV could be 
as fast as 0.30 m/day [1 ft/day (365 ft/year)] (Figure S5) as 
determined by the presence of environmental tracers tritium/
helium and CFCs. This suggests that groundwater could 
travel nearly 10,000 ft (the distance between Q and MV) in 
27 years. If mine water discharge in streams recharged the 
alluvial aquifer a few miles below the confluence of the San 

Fig. 7   Plots of a 234U/238U activity ratio vs. U concentration, b Rn concentration vs. U concentration, c 226Ra vs. 228Ra (pCi/L), and d gross 
alpha vs. gross beta
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Mateo Creek and Arroyo del Puerto, groundwater from this 
process would travel to the Site in approximately 60 years.

Source water comparisons in wells

Surface and subsurface structures near the Site reveal a 
complex interaction of water from mine discharge, Chinle 
Group and alluvial aquifer mixing and upwelling from faults, 
effects from the large tailings pile at the Site, and other uni-
dentified sources. Our procedure to interpret the geochemi-
cal fingerprinting of groundwater, based on multiple lines of 
evidence, is shown in Table 1. Our conclusions on sources 
of water and U in the water are shown in Table 2.

Results suggest that alluvial wells north of the Site have 
fingerprints from regional sources related to upgradient 
mining. Alluvial wells on the western side of the Site have 
regionally upgradient mining water sources, signatures of 
the mill Site, deeper groundwater or water upwelled from 
faults, and potentially other sources such as the nearby evap-
oration ponds. The two alluvial wells closest to the large tail-
ings pile (T11 and ST) and one Upper Chinle Group aquifer 
well (CE7) directly south of the large tailings pile have the 
most consistent fingerprints of the local mill tailings. All the 
deeper Chinle Group wells except two (CW1 and CW2) are 
mixed with alluvial water that may be affected by the Site 
water and deeper alluvial groundwater. Deeper groundwater 
and another unidentified source are the likely source of water 
in the alluvial well on the eastern side of the Site (ND).

The alluvial wells north of the site, 920, Q, and P3, all 
appear to have water sourced from regionally upgradient 
mining based on U concentrations, similar UAR values, and 
locations within the San Mateo Creek Channel, which may 
have legacy mining signatures associated with the sediments. 
Travel time calculated between Wells Q and MV based on 
age dating suggests that alluvial water may have had time to 
move the 3000 m (10,000 ft) between the wells (Figure S5; 
Table S2). Groundwater in wells DD, DD2, and MV not only 
appears to have regional mining water sources, but also show 
signatures of the mill Site (DD2 and MV), deeper ground-
water or water upwelled from faults (DD2), and potentially 

other sources (DD2 and DD) such as the nearby evaporation 
ponds (Fig. 1b). Water in well DD2 may be influenced by 
the deposition of sediments or infiltration of stream water 
from the San Mateo Creek channel, but also influenced by 
the western fault. Wells T11 and ST show the most evidence 
of water sourced from the mill Site on the basis of U and Mo 
concentrations, UAR values, and Rn concentrations. Well 
CE7 also shows evidence of water sourced from the mill 
Site, but is completed in the Upper Chinle Group aquifer, 
so it likely has a mixed source of water. Wells ST, T11, and 
CE7 are directly within or adjacent to the large tailings pile 
and, therefore, the gross alpha signature may be related to 
contact with the mill tailings.

Well ND has some geochemical similarities to alluvial 
wells P3, Q, and the injectate, but may be mixed with deeper 
aquifer water based on the Piper diagram and passive sam-
pling results reported in Harte et al. (2019). In addition, 
well ND is located east of the eastern fault and within the 
Lobo Canyon deposits; therefore, well ND may have another 
source of water that is unidentified. The injectate water is 
known to be a mixture of reverse osmosis water and the San 
Andres-Glorieta Formation aquifer water.

Well CW45 is in the subcrop area at the southern edge 
of the Site and may be affected by alluvial waters or from 
upwelling from the eastern fault. Based on knowledge of the 
subcropped geology in the southern and western portions 
of the Site, it is suggested that wells CW18, CW15, CW45, 
ACW and CW28 are within the mixing zone between the 
alluvial aquifer and the Chinle Group aquifer. In addition, 
the wells located in the mixing zone and between the two 
faults, and south of the large tailings pile (ACW, CW15 and 
CW45) are considered affected by tailings seepage (Hydro-
Engineering 2001). All of the Middle Chinle Group wells 
plot in the End Member 2 area of the Piper Diagram except 
for sampled well water from CW45, which plots in the mixed 
area. In addition, CW45 plots closer to MV in the NMDS 
biplot and the cluster analysis, which may provide further 
evidence of mixed water.

Well CW50 is north of the large tailings pile and in the 
upper Chinle Group aquifer. This well may be a mixture of 

Table 2   Wells sampled in this study with their likely source(s) of water
Water source 920 Q ND DD2 DD P3 T11 ST MV CW50 CE7 CW18 CW1 CW2 ACW CW15 CW45 CW28 CW37 INJECTATE 

1. Regionally sourced 
from upgradient mining X X X X X X

1a. San Mateo Creek 
Channel   X X X X

2. Locally sourced by the 
mill Site X X X X X X X X X X X X

3. Sourced from deeper 
aquifer groundwater X X X X X X X X X X X X

3a. Near fault X X X
3b. Near Subcrop X X X X X
4. Other source X X X X

The alluvial aquifer wells are highlighted in yellow, Upper Chinle Group aquifer in blue, Middle Chinle Group aquifer in green, and Lower 
Chinle Group aquifer in orange. The injectate water is shown in black. Samples within each aquifer are listed from north to south
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alluvial and Chinle Group water, as supported by the Piper 
Diagram, multivariate analysis, and UAR. Additionally, well 
CW50 had the highest Rn concentration of all wells, which 
may indicate radioactive sediments. This well is not close 
to either fault. Well CW37 is the only lower Chinle Group 
well sampled and may have a mixture of alluvial and Chinle 
Group water, as shown in the Piper diagram and multivari-
ate analysis. Wells CW1 and CW2 are slightly north of the 
large tailings pile and are in the Middle Chinle Group aqui-
fer. Both wells plot in End Member 2 on the Piper Diagram 
but have UAR values above 1.3 and low Rn concentrations, 
which may indicate that the water is predominantly from the 
Chinle Group aquifer. The Chinle Group waters with an X 
in the ‘locally sourced by the mill Site’ category in Table 2 
may contain waters affected by the Site, but further study is 
required to identify this source.

Conclusions

The Homestake uranium mill site is a very complex hydro-
geological system because of the geology, naturally occur-
ring elements, and various anthropogenic effects at the Site 
and north of the Site. To understand the sources of U in 
each sampled groundwater well, a geochemical fingerprint-
ing approach was used to define water sources to aid in 
understanding the source of U to the wells. Multiple lines 
of evidence, including general chemistry, stable isotopes, 
radiogenic isotopes, borehole geophysics, groundwater age 
dating, and multivariate statistics were used to differentiate 
sources of U and other associated compounds. This research 
has shown that combining geochemical fingerprinting, mul-
tivariate statistics, subsurface structure, and spectral gamma 
coupled with passive sampling (Harte et al. 2019) is an 
effective approach to understand the source of water and U 
in groundwater to wells nearby the Site. The multivariate 
statistics provided quantitative analyses of the data, which 
clustered wells into groups based on groundwater chemistry. 
The commonalities among the statistical approaches provide 
robust support for similarities among groundwater samples 
from sets of wells obtained by geochemical fingerprints.

In general, the wells proximal to the large tailings pile 
have the highest U concentration, Rn activity, gross alpha 
and beta, and UAR closest to 1. Most of the wells studied 
have U concentrations higher than the MCL of 30 µg/L and 
appear to be affected by regional sources of U. However, 
the injectate water, which has been treated and mixed with 
San Andres-Glorieta Formation aquifer groundwater, has the 
lowest U concentration. Geochemistry of the alluvial wells 
north of the Site may be influenced by San Mateo Creek 
channel sediments, although further analysis is needed to 
understand the mechanisms associated with this finding. 
Wells south of the Site have mixed groundwater sources, 

likely because of the complexity of the hydrogeology and 
flow paths of groundwater in the aquifers.

The approach used in this study provides results that 
can be used by land managers and regulators to determine 
which wells best represent background concentrations for 
sites that have multiple effects from naturally occurring 
contaminants and anthropogenic contaminants. However, 
the data collected in this study are from one point in time. 
Seasonal geochemical variability was not assessed. Samples 
from wells reflect a mixture of water sources, partly from 
the installation of well screens or well openings (in open 
boreholes) that cross multiple types of units and formations 
(Harte et al. 2019). Installation of short-screen monitoring 
wells would help reduce mixing with the goal of collecting 
samples more representative of specific groundwater flow 
paths. Further research could include analyzing the chem-
istry of subsurface sediments, which could further define 
the geochemical interactions between these sediments and 
groundwater. In addition, sampling of more wells in the area, 
including those north of the Site, could provide information 
about the chemistry of the groundwater throughout the area. 
The results provide a new method to fingerprint groundwater 
and differentiate among water sources, which will aid regu-
lators in decisions about background concentrations of U 
in groundwater near the Site and provide scientists with an 
additional geochemical fingerprinting approach.
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Sample collection, methods, and preservation 

Prior to volumetric purging, the depth of the well was sounded and the water level 

measured from an established measurement point. For monitoring wells, three casing volumes 

were purged and field parameters monitored for field stabilization. For the monitoring wells 

without existing pumps, a variable speed submersible pump was used. For existing remedial 

extraction wells, residential wells in use, and select monitoring wells, the existing pumping 

infrastructure was used. For residential wells offline but with existing pump equipment, the well 

was pumped for three volumes similar to monitoring wells. During purging for all wells, 

physiochemical water-quality characteristics were recorded including water temperature, specific 

conductivity, pH, dissolved oxygen, and turbidity. Collection and preservation techniques are 

described in Table S1. 

Constituents for chemical analyses selected to facilitate identification of water type 

include:  alkalinity, major anions (total and dissolved), major cations (total and dissolved), 

selected trace elements (total and dissolved), total dissolved solids, nitrate (dissolved), gross 

alpha/beta, radium isotopes, radon-222, uranium isotopes and stable isotopes of deuterium (δD) 

and oxygen-18 (δ18O), sulfur isotopes of sulfur and oxygen isotopes of sulfate, nitrogen isotopes 

of nitrogen and oxygen isotopes of nitrate, carbon-14, dissolved gases, tritium/helium-3, 

chlorofluorocarbons (CFCs), and helium-4.  Analyses were completed at RTI Laboratories, EPA 

Region 6 Laboratory, PACE Laboratories, USGS Reston Stable Isotope Laboratory, USGS 

Reston Groundwater Dating Laboratory, Woods Hole, and University of Utah.  Analytical 

methods are documented in Table S1. Data were evaluated from each lab for quality control 

(Blake et al. 2017b).  For some wells, U concentrations from RTI Laboratories were adjusted as 

determined by the EPA Region 6 Laboratory after methods described by Harte et al. (2018). 
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Multivariate technique methods 

Principal component analysis (PCA) represents a transformed axis that is a linear 

combination of the original variables (Kimball et al. 2004) and simplifies the information into 

the most important factors that account for data variance.  PCA can be used to systematically 

evaluate the geochemistry of groundwater from the wells in question and distinguishes 

similarities and differences among the wells. The first two principal components (PC1 and PC2) 

generally show enough variance in the data to differentiate groups among the samples (Kimball 

et al. 2004).  Each chemical constituent has an associated component loading that shows the 

correlation between the constituent and the PCA (Kimball et al. 2004).  The component loadings 

measure the degree to which the identified components account for the geochemical composition 

of the data in each well.  The PCA was calculated using SigmaPlot V13.0 (SigmaPlot 2018).  

Within SigmaPlot, the raw data are normalized based upon a correlation matrix where each 

variable is standardized to have unit sample variance.  The PCA is calculated using the 

normalized data.  The PCA produces a biplot of PC1 versus PC2 and the location of the wells 

within this space.  A 95% prediction ellipse is calculated and plotted on the biplot to show 

possible outliers in the distribution of data (SigmaPlot 2018). 

Data variance was further evaluated by using non-metric multidimensional scaling 

(NMDS) and cluster analysis routines in the R packages NADA and VEGAN (Lee 2015; 

Oksanen and others 2016).  NMDS is a non-parametric approach to PCA, that uses rank order 

rather than data values (Buttigieg and Ramette 2014) and produces an ordination based on 

distance matrix.  Both PCA and NMDS produce biplots of the location of wells where samples 

that plot closer to each other are more similar.  Cluster analysis hierarchically clusters data to 
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minimize the sum of squares of any two clusters (Jiang et al. 2015) and can be evaluated 

similarly to PCA or NMDS as the results help to distinguish similarities and differences among 

samples.   

 

 

Table S1: Constituents, method, containers, preservatives, and holding times for analytical 
methods.  Dissolved constituents were filtered with a 0.45-μm filter. 
 

[ml, milliliter; oz, ounce; C, Celsius; CFC, chlorofluorocarbon; ml, milliliter; HNO3, Nitric acid; µm, micrometer] 
Description Method Container Preservation Holding 

Time 
Metals 6020 250-ml plastic HNO3 , 4° C 180 days 

Alkalinity SM2320B 250-ml plastic 4° C 14 days 
Ammonia SM4500 250-ml plastic H2 SO4 , 4° C 28 days 

Br, CL, F, SO4 300 120-ml plastic 4° C 28 days 
Nitrogen SM4500 250-ml plastic H2 SO4 , 4° C 28 days      

Gross alpha/beta 900 250-ml plastic pH<2 HNO3 180 days 
Radium isotopes 903.1/904 250-ml plastic  pH<2 HNO3 180 days 
Uranium isotopes HASL 300 250-ml plastic pH<2 HNO3 180 days 

Carbon-14 Liquid 
scintillation 

500-ml polyethylene 
bottle none 180 days 

Radon-222 Liquid 
scintillation 3-40 ml vials  3 days 

Stable isotopes of 
deuterium (δD) 
and oxygen-18 

(δ18O) 

Révész and 
Coplen (2008) 

2-oz (60 ml) glass 
with polyseal cap 

Store at ambient 
temperature Months 

Sulfur isotopes Révész et al. 
(2012) 

1-Liter polyethylene 
bottle 

Filtered with 0.4-µm 
polycarbonate membrane 

filter 
Months 

Nitrogen isotopes Coplen et al. 
(2012) 

4-oz (125 ml) amber 
polyethylene bottle 

Filtered with 0.4-µm 
polycarbonate membrane 
filter followed by a 0.2-
µm syringe filter, freeze 

sample 

Months 

He-4 
Révész and 

Coplen 
(2000A and B) 

3 septum glass bottles 
(150 ml) 4° C 3 years 

Dissolved gases  copper tubing, 
properly sealed none years 

Tritium/He-3  
2-500 cc (16 oz) 
Nalgene plastic 

bottle) 
none years 
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CFCs  

5-125 ml Boston 
round  clear glass 

bottles with cap with 
an aluminum foil 

linear  

none 30 days 

 

 

Stable Isotopes of Water (δD and δ18O) 

The δD and δ18O values in the groundwater samples generally plot between the Local 

Meteoric Water Line (LMWL) and the Arid Meteoric Line (AML) (Figure S3).   Samples T11, 

ND, CE7, CW37, and the Injectate plot along a reduced slope below the AML, which is 

indicative of fractionation due to evaporation (Langman et al. 2012).  Well ND had the heaviest 

isotopic signature for δD and δ18O δD and δ18O values, which may indicate different source 

water than in other alluvial wells.  In general, the middle Chinle Group wells have lighter stable 

isotope values, which suggests either colder temperatures during recharge or differences in 

source waters compared to most of the alluvial well samples (Langman et al. 2012).  Well water 

plotting with heavier per mil (less negative) are likely experiencing some shallow recharge and 

affected more so by evaporation, whereas well water intercepting deeper recharge is lighter 

(more negative) per mil. It is likely that recharge temperatures were appreciably colder for the 

deeper wells suggesting mixing of some older waters. The main difference is likely the amount 

of shallow recharge mixing in with the wells on the bottom having the least shallow recharge. 

Well DD2, which is located adjacent to the western fault, has heavier stable isotope values 

compared to well DD, and has similar stable isotope values compared to well P3, which is 

located between the two faults.  This pattern may indicate that the recharge to well DD2 is from 

both surface recharge and  upwelling from deeper groundwater through the fault. The 

combination of this result and the radon results in figure 7b showing DD2 with 1,500 pCi/L Rn 
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and P3 showing 950 pCi/L Rn may suggest that groundwater at DD2 is a mixture of surface 

recharge water (potentially affected by the proximity to the western evaporation pond) and 

upwelling of water from the western fault. Well DD2 was positioned within a low-lying surface 

depression that may be susceptible to focused recharge and stream runoff. 

Stable Isotopes of Sulfur (δ34S) 

There is not a clear signature of mining, milling, or background based on the δ34S data.  

Nine (CW45, CW28, CW2, CW1, ACW, CW37, Injectate, MV, and ST) of the nineteen 

groundwater wells analyzed for δ34S had values ranging from -5‰ to 5‰, which is the δ34S 

range identified from water in tailings ponds and groundwater near uranium mill sites in the 

Grants Mineral Belt and Navajo Nation (Kamp and Morrison 2014) (Figure S4).  The middle and 

lower Chinle Group wells that plot within -5‰ to 5‰ do not show corresponding mill 

fingerprints as seen with the UAR, which may indicate that the Chinle Group groundwater is 

mixed with alluvial water or that the δ34S signatures of these wells are indicative of sulfur in the 

surrounding geology (Ries, 1982; Karim and Veizer 2000).   Groundwater from wells Q, DD2, 

DD, P3, CW50, and CW15 have more negative δ34S values than from other wells, that may 

indicate mine discharge or contact with sulfides in the alluvium and Chinle Group (Figure S4).  

Data from the Arroyo del Puerto mine discharge and Ambrosia Lake mill site show a range of 

δ34S from -28.4‰ to +10.4‰ (Ries 1982), which encompasses nearly all of the δ34S results for 

the wells. Sedimentary sulfides, typically the mineral pyrite, have a δ34S range -50‰ to 10‰ but 

most values are negative (Karim and Veizer 2000); pyrite in sandstone-type uranium deposits in 

the Grants Mineral Belt has a δ34S range of -27‰ to -1.8‰ (Jensen 1963).  However, the 

differences in δ34S between ST, T11, CE7 and P3, CW50, DD2, DD, Q is approximately 20 per 

mil, which may indicate different sources of SO4.  For instance, the Ambrosia Lake mill site 
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used sulfuric acid during mill processes (Ries 1982) and the Homestake mill site used alkaline 

leaching (Nuclear Regulatory Commission 1981).  The oxidation of pyrite contained in mill 

tailings may result in the release of sulfuric acid, which could also be a signature of mill sites 

(Landa 1980). 

Well T11 and CE7 have the highest SO4 concentrations, which can be associated with the 

proximity to the uranium tailings piles (Ries 1982).  In addition, there is clear cutoff between the 

dissolution of sulfate minerals compared to the oxidation of sulfate minerals around -8‰, which 

may be a control on U mobility.  Availability of pyrite and sulfur oxidation can impact U 

mobilization by oxidation of U(IV) to U(VI) thereby mobilizing U(VI) (Basu et al. 2015). 

 

Age Dating 

Chemical and isotopic constituents that have been released into the atmosphere at unique 

rates and interact with atmospheric water may be introduced to the groundwater and can be used 

to estimate the apparent age of groundwater (Plummer and Friedman, 1999).  Tritium (3H) is a 

short-lived radioactive isotope of hydrogen, with a half-life of 12.32 years (Lucas and 

Unterweger 2000).  These 3H concentrations from nuclear weapons testing continue to be present 

in some groundwater and may be used to qualitatively constrain the recharge date (Clark and 

Fritz, 1997).  These methods are good for dating groundwater with an age of less than 100 years. 

The refrigerant CFC-12 was the first chlorofluorocarbon produced, and its presence in 

groundwater indicates that recharge occurred after 1940. The presence of CFC-11 indicates that 

recharge occurred after 1945, and the presence of CFC-113 indicates that recharge occurred after 

1965 (Bartolino 1997). The “Montreal Protocol on Substances that Deplete the Ozone Layer” 

was established in 1996 to stop CFC production in industrialized countries (Plummer and 
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Friedman, 1999). Since then, CFC concentrations in the atmosphere have leveled off or slightly 

declined (Plummer and Friedman 1999).  Groundwater age is estimated from CFC data by 

comparing concentrations of CFCs in groundwater to the historical atmospheric concentrations 

of CFCs. As with most chemical tracers, biochemical processes can influence the concentrations 

of CFCs in groundwater. For instance, CFCs, particularly CFC-11, may be lost because of 

microbial degradation, leading to an older estimate of age. Other assumptions and factors that 

can affect the interpreted age include the temperature of the water table during recharge, the 

thickness of the unsaturated zone, the entrapment of excess air, uncertainty of recharge elevation, 

and the mixing of younger and older water in the aquifer (Plummer and Friedman, 1999). 

Introduction of atmospheric air during sampling will produce a younger CFC model date.  

Sampling methods for this study were designed so that there was little to no introduction of 

atmospheric air during sampling.   

Carbon-14 is created in the upper atmosphere when cosmic rays interact with 

atmospheric nitrogen (Robertson et al. 2016).  With a half-life of 5,730 years, carbon-14 can be 

useful to identify the age of water in an age range not covered by the other techniques used in 

this study.    

 

Groundwater Travel Time (3H and CFC) 

Age differences from age dating of groundwater samples (Table S2) can be used to infer 

travel times if flow paths can be delineated. Groundwater in the alluvium valley between well Q 

and MV flows longitudinally (northeast to southwest) along the west part of the valley from well 

Q (upgradient) to MV (downgradient). While groundwater flow is three dimensional, in its 

simplest form it can be approximated as one dimensional.  
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A one-dimensional rate of groundwater velocity was calculated of approximately 1 ft/d 

(feet/day) from age differences in tracer data of 3H between wells Q (upgradient) and MV 

(downgradient) and a linear distance calculated from x and y coordinates of the wells. A 

minimum age difference from 3H of 27 years is likely given that well MV had an age of at least 

60 years from 2016 (sample date) and well Q had an age date of 33 years from 2016. The 

difference in time over the linear distance equals approximately 27 years/9,835 feet or 1 ft/d. 

Graphically the time and distance is represented as a sloping line in Figure S5. Representing time 

distance as a linear line assumes that negligible recharge from the land surface (either 

precipitation and surface runoff) or negligible upwelling occurs from the Chinle between the two 

wells.  

Well DD, which is located between Q and MV, had a 3H date younger than well Q 

(Figure S5).  We hypothesize this to be the result of mixing of dissolved gases from Chinle 

waters such as helium that can affect age calculations for 3H. The average CFC age for CFC-11 

and CFC-113 was 1976 at well DD. The projected line for age at that location is 1973 (difference 

of 3 years).  

To confirm the reasonableness of one-dimensional travel times, a simple substitution into the 

one-dimensional Darcy equation (eq1) can be done to check the horizontal hydraulic 

conductivity (HK) of the alluvium. 

Velocity = travel time = HK*I/ne      (1)  

where ne = equivalent porosity=0.25, 

I = hydraulic gradient (Head difference between well Q and MV) divided by distance = 
0.0048 ft/ft, 

HK = horizontal (longitudinal) hydraulic conductivity, 

Head difference = 6,551.52- 6,504.68, measured in May, 2016.  Q head = 6551.52 ft and 
MV head = 6504.68 ft, 
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Distance = 9,835 FT (USED X,Y CORDINATES) 

Inaccuracies in use of Equation 1 include time-varying hydraulic gradients, one-

dimensional approximation to flow, assumption of a homogeneous and isotropic alluvium, and 

assumption of a uniform porosity. Using current hydraulic-head measurements to calculate 

hydraulic gradients may not be representative of historical gradients.  

Solving (eq 1) for HK yields a bulk value of 52 ft/d. The average HK from solution of the 

steady-state radial flow equation and single well pump analysis using methods described by 

Harte (2017) is 9.5 ft/d for the 6 alluvial wells with hydraulic data from sampling of the wells. 

While a 5-fold difference in HK results, a solution within an order of magnitude is considered 

reasonable given that heterogeneity within the alluvium can cause preferential transport and 

quicker flows. Based on the average HK from the single well test (lower value than the travel 

time estimate), it suggests the potential for some younger waters mixing into the alluvium 

between wells Q and MV; otherwise, the time of travel would be longer based on the lower 

estimate of HK from single-well pump tests.   
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Figure S1. Discharge from USGS streamgaging stations for Rio San Jose near Grants, NM 
(USGS 0834300), San Mateo Creek nr San Mateo, NM (08342600), and Arroyo del Puerto nr 
San Mateo, NM (USGS 08342700). (cfs; cubic feet per second) 
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Figure S2.  Total dissolved solids of water from alluvial and Chinle Group wells.  
Concentrations of total dissolved solids from alluvial groundwater upgradient of the Site are 
shown. (mg/L; milligrams per liter). Yellow circles are alluvial wells, green circles are Middle 
Chinle Group wells, orange circles are Upper Chinle Group wells, and the black circle is the 
Injectate.. 
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Figure S3. Plot of stable isotopes of water (δD and δ18O).  The global meteoric water line, local 
meteoric line, and arid meteoric line are shown (Robertson et al. 2016).  A potential evaporation 
line is plotted with a dashed line. (δD; deuterium; δ18O, oxygen 18; º/ºº, per mil in parts per 
thousand enrichments or depletions relative to a standard of known composition Yellow circles 
are alluvial wells, green circles are Middle Chinle Group wells, orange circles are Upper Chinle 
Group wells, and the black circle is the Injectate. 

 
 



14 
 

 
Figure S4. Plot of δ34S vs. SO4.  Known δ34S ranges are shown. (δ34S, sulfur 34 isotope in per 
mil; mg/L, milligrams per liter). Yellow circles are alluvial wells, green circles are Middle 
Chinle Group wells, orange circles are Upper Chinle Group wells, and the black circle is the 
Injectate.  
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Figure S5.  The time and distance from Well Q shown graphically as a sloping line. (Well Q is 
located at 0 distance)  
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Table S2. Modeled age dating results for tritium (3H) and chloroflourocarbons (CFC). Modeled 
ages calculated as described by Plummer and Friedman (1999). 
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