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Abstract: This study integrates geochemical modeling, spatial analysis and several statistical methods including 
principal component analysis, multivariate regression and cluster analysis to investigate hydrogeologic controls 
of arsenic and uranium contamination within groundwater of the Arikaree aquifer on the Pine Ridge Reservation 
(PRR). Located in southwestern South Dakota, the PRR is largely rural and many people rely on domestic supply 
wells completed in the Arikaree aquifer as their primary drinking water source. Locally, the White River Group, 
which unconformably underlies the Arikaree Group, is enriched in arsenic and uranium related to volcanic ash 
deposits and acts as a geogenic metal source. Geochemical data from over 250 groundwater samples were ob
tained through collaboration with the Oglala Sioux Tribe. Cluster spatial statistics analyses delineated four re
gions of statistically significant variations in groundwater chemistry that represent upgradient, intermediate, and 
downgradient portions of the Arikaree aquifer. Groundwater evolves as it flows through the Arikaree aquifer 
with increasing alkalinity, sodium, and pH along flow paths. These chemical changes are likely due to dissolution 
of carbonate minerals and volcanic ash. Thermodynamic calculations suggest increasing supersaturation of the 
groundwater with respect to calcite; thus, volcanic ash dissolution may be an important secondary source of 
alkalinity. Elevated alkalinity and pH levels were found to be the driving factors of arsenic and uranium mobility, 
and downgradient sections of the aquifer in the northern portions of the PRR are most likely to be impacted by 
metal(loid) contamination, with 73% of the wells in this grouping failing a USEPA maximum contaminant level 
for arsenic, uranium, and/or gross alpha.   

Abstract 

1. Introduction 

Native American tribal populations are known to face greater health 
concerns compared to other population groups in the U.S. (Jones, 2006). 
Part of this disparity is access to water; community water systems often 
underserve tribal populations, as many reservations are located in rural 
parts of the country with a dispersed population base. 8.9% of tribal 
homes lack access to safe drinking water, compared to 0.6% of 
non-Native American homes (IHS, 2008). Additionally, contamination is 
an issue; most tribal lands are located in the western United States, 
which coincides with the majority of U.S. heavy-metal mineral deposits; 
up to 75% of uranium mines in the U.S. are within 50 miles of a Native 
American Reservation (Shacklette and Boerngen, 1984; Blake et al., 

2017; Lewis et al., 2017). 
Heavy metal mineralization is often dispersed over tens to hundreds 

of kilometers resulting in non-point sources capable of affecting regional 
water quality (e.g., Colman, 2011; Focazio et al., 1999). Heavy-metal 
contamination in groundwater is typically attributed to anthropogenic 
activities such as mining operations and the subsequent industrial use of 
metals. However, groundwater contamination can also occur by natural 
mineral dissolution, leaching, and transport in areas with localized high 
concentrations of arsenic (As) or uranium (U) in bedrock and/or soils 
(Braithwaite et al., 2008). The U.S. Environmental Protection Agency 
(USEPA) maximum contaminant levels (MCLs) for As and U are 10 μg/L 
and 30 μg/L, respectively (USEPA, 2000; USEPA, 2001), as these metals 
can have adverse health effects on the liver, heart, and kidneys, and are 
carcinogenic (Milvy and Cothern, 1990; Smith et al., 1992). Quantifying 
controls of contaminant mobilization as well as transport pathways are 
crucial to assessing risk and developing planning and remediation 
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strategies in tribal communities affected by heavy metal exposure. 
Here, we explore controls on the mobilization of As and U in 

groundwater on the Pine Ridge Reservation (PRR) in southwestern 
South Dakota. The PRR encompasses nearly 9000 km2 roughly 75 km 
southeast of the Black Hills, the state’s most prominent geological 
feature (Fig. 1). The PRR is the seventh largest reservation by area in the 
U.S. and is home to the Oglala Sioux Tribe, which has approximately 
19,000 people according to census data from 2010 (U.S. Census Bureau, 
2010). The climate of the PRR is semi-arid, and the landscape is marked 
by rolling fields of prairie grasslands, broken by sandstone buttes in the 
south and undulating badlands in the north. Most land on the PRR is not 
suited for farming due to low rainfall and associated droughts, but many 
of the prairie grasslands are ideal for cattle ranching. Previous studies of 
water quality on the PRR have found elevated concentrations of As and 
U up to 77 ppb and 60 ppb, respectively, in groundwater (Heakin, 2000; 
LaGarry and Yellow Thunder, 2012), and residents of the PRR have a 
40% higher cancer mortality rate than the rest of the U.S. population 
(Rogers and Petereit, 2005). Public health research suggests that tribal 
residents from the PRR are more likely to be exposed to As, U, and 
tungsten (W) than any other demographic group in the U.S. (Pang et al., 
2016). Here, we focus on underlying hydrogeochemical controls of 
heavy metal dissolution and mobility on the PRR for which little to no 
published research exists. We apply several geostatistical methods to 
existing geochemical data, and complete geospatial mapping of those 
data to assess whether any regions or geologic units are particularly 
susceptible to contamination impacts from As and U dissolution. These 

analyses are then synthesized to develop a conceptual model for As and 
U dissolution on the PRR based on local hydrogeology and 
geochemistry. 

2. Background 

2.1. Pine Ridge Reservation geology 

The source of As and U in groundwater on the PRR is mineralization 
from volcanic ash emplaced into the White River Group and Arikaree 
Group, which span parts of the PRR and the surrounding area (Fig. 2; 
Table 1) (Carter et al., 1997; Heakin, 2000; Kipp et al., 2009). The 
Arikaree Group serves as the primary aquifer for domestic wells, and 
groundwater generally flows from south to north (Fig. 2) (Carter and 
Heakin, 2007). The potentiometric surface of the Arikaree aquifer is 
controlled by surface topography and major rivers, as the Arikaree 
Group dips less than 1� (Rahn and Paul, 1975). 

The basal portion of the Arikaree Group is known as the Rockyford 
Ash Zone and has significant levels of volcanic ash, which are not suf
ficiently concentrated in U to be considered economic grade but could 
impact water quality (McConnell and Dibenedetto, 2012). However, the 
White River group is primarily composed of bentonite (weathered vol
canic ash) and does contains ore-grade U mineralization. A major de
posit (14 million kg U3O8 with a grade in excess of 0.25% U by weight) 
was discovered in the White River Group near Crawford, Nebraska and 
this deposit is currently mined via in-situ leaching (Gjelsteen and 

Fig. 1. Map showing the extent of the Pine Ridge Reservation (PRR) in SW South Dakota. Groundwater well locations, surface elevation and town centers are also 
detailed on the map. 
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Fig. 2. Map detailing geologic units of the PRR at a 1:500,000 scale (Martin et al., 2004) overlain by generalized groundwater flow lines for the PRR based on 
potentiometric contours (contour intervals of 15 m) of the Arikaree aquifer (Carter and Heakin, 2007). 

Table 1 
Stratigraphic column modified from Heakin (2000) detailing geologic formations present on the PRR. Thickness and lithology of the units and subunits (when present) 
are also noted.  

Period Epoch Unit Subunit Thickness 
(m) 

Lithology 

Quaternary Holocene & 
Pleistocene 

Alluvial, Eolian & Terrace 
Deposits  

0–60 Sand, silty clay & gravel 

Tertiary Pliocene Ogallala Formation  0–60 Tan, fine to medium grain sandstone 
Miocene Batesland Formation  0–15 Cross-bedded sand interbedded w/silts, clays & marls 

Arikaree Group Unit E (Rosebud Form.) 0–72 Tan, calcareous sand, silt & clay 
Unit D (Harrison Form.) 0–38 Fine, gray sand w/marl, several pipey and spherical 

concretions 
Unit C (Monroe Creek 
Form.) 

0–28 Fine grained sandstone & siltstone 

Unit B (unnamed) 0–115 Pinkish tan, consolidated silt and sand w/limestone lenses and 
channel sands 

Unit A (Sharps Form.) 0–15 White, tan, & reddish brown volcanic ash interbedded w/silt 
Oligocene White River Group Brule Form. 0–140 Yellow to brown, poorly consolidated siltstone & claystone 

Chadron Form. 0–34 Greenish-gray bentonite clay w/alternating layers of siltstone 
Cretaceous Upper  

Cretaceous 
Pierre Shale  0–365 Dark gray marine shale w/bentonite 
Niobrara Formation  0–100 Gray to tan, calcareous shale  
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Collings, 1988; Hansley et al., 1989). On the PRR, U mineralization is 
particularly favorable in paleochannels in the White River Group, such 
as the remnants of the Red River Valley near Red Shirt (Raymond et al., 
1976; Dickinson, 1993). 

2.2. Arsenic and uranium geochemistry 

Arsenic (As) can occur in the environment in several oxidation states, 
but the most prevalent forms are arsenite (As(III)) and arsenate (As(V)). 
As(V) is generally more soluble than the more toxic As(III), but also has 
higher sorption affinity. Both arsenate and arsenite typically exist as 
oxyanions and are stable over pH ranges typically found in groundwater 
in both oxidizing and reducing environments (Nordstrom et al., 2014). 
As mobility in groundwater is often controlled by sorption/desorption 
reactions with iron (Fe) and manganese (Mn) oxides, which are common 
components of sands, silts and clays (Bowell, 1994). As(III) and As(V) 
can occur together in groundwater due to redox disequilibrium (Bowell 
et al., 2014). As(III) can form complexes with carbonate in anaerobic 
conditions, and competition between As and carbonate species for 
sorption sites also occurs, which enhances As mobility (e.g., Holm, 2002; 
Lee and Nriagu, 2002). As mobility is difficult to generalize in subsurface 
environments given that it can be mobile over both oxidizing and 
reducing conditions. However, As(III) and As(V) mobility is generally 
controlled by sorption processes which can limit mobility of these spe
cies, particularly at lower pH levels (e.g. Stollenwerk, 2005). 

Uranium (U) has two oxidation states that are stable in natural en
vironments: U(IV) and U(VI). The U(IV) phase exists under reducing 
conditions, and is generally considered to be immobile, as it forms 
insoluble minerals such as uraninite (UO2) (Adler, 1963). U(VI) domi
nates in oxic conditions, and strongly sorbs to Fe (oxy)hydroxides in the 
pH range typically found groundwater limiting U(VI) mobility (e.g., 
Waite et al., 1994). However, U(VI) readily forms several stable aqueous 
complexes with carbonate, limiting U(VI) sorption affinity and keeping 
it mobile in groundwater systems (e.g., Cumberland et al., 2016; Singh, 
2010). Additionally, nitrate (NO3

� ) can mobilize U by oxidizing U(IV) to 
U(VI), particularly in shallow wells where infiltration rates exceed mi
crobial reduction rates (Nolan and Weber, 2015). Reactions with NO3

�

are especially prevalent in agricultural areas due to farming and 
ranching runoff. Together, redox chemistry, alkalinity, adsorption, 
complexation and NO3

� levels typically co-control the fate and transport 
of U in subsurface environments (eg. Beaucaire and Toulhoat, 1987; van 
Berk and Fu, 2017; Zachara et al., 2013). 

3. Methods 

Geochemical data and wells logs were compiled from a sampling 
campaign conducted by the Indian Health Service (IHS) on the PRR. Part 
of IHS’s mission is to provide clean and safe water and sanitation 
infrastructure to tribal lands, which involves constructing domestic 
drinking water wells in remote locations. IHS installed 253 domestic 
wells on the PRR between 1990 and 2016. Once well construction was 
completed, IHS then sampled wells for water quality including mea
surements of gross alpha, As, U, pH, and major inorganic parameters 
such alkalinity, nitrate (NO3

� ), sulfate (SO4
þ2), sodium (Naþ), potassium 

(Kþ), magnesium (Mgþ2), iron (Fe), chloride (Cl� ), fluoride (F� ), man
ganese (Mn2þ), and barium (Baþ2). Geological strata, well screen depth, 
and total borehole depth were collected from well logs where available 
(~75% of wells). Water testing was completed at professional facilities 
using established USEPA protocol, either the State Public Health Lab in 
Pierre, SD or at Energy Laboratories in Rapid City, SD. IHS then 
compared sampling results to USEPA MCL standards, even though MCL 
standards are not enforceable in private wells (U.S. EPA, 1991a). A 
point-of-use filter was applied to any well water that did not meet MCL 
standards for As, U, or gross alpha. 

These water quality reports, well logs (when available), and well GPS 
locations were obtained through collaboration with the Oglala Sioux 

Tribe and the Martin field office of the IHS and compiled into a database. 
Direct measurements of aqueous U concentration were only completed 
in ~40% of the total wells (107 wells); instead, gross alpha, which 
measures total radioactive decay by alpha emission, was used as a proxy 
for radionuclide concentration in water. A common assumption is that 
2/3 of gross alpha emission (pCi/L) is the result of U concentration in 
water (μg/L) (USEPA, 2015). To estimate U concentrations in ground
water when only gross alpha levels were measured, a 2/3 scaling 
approach and a linear correlation between U and gross alpha were 
compared against one another. We found simple 2/3 scaling and a linear 
correlation between gross alpha and U were nearly identical in terms of 
fit (both had a Pearson’s r2 ~ 0.6). However, scaling gross alpha by 2/3 
predicted lower U concentrations and was the more conservative 
approach. Thus, when U concentration was not measured by IHS, we 
estimated U levels by scaling gross alpha concentrations by 2/3. If any 
geochemical parameters were below analytical detection limits, the 
concentration was assumed to be one half of the detection limit for 
statistical analyses (U.S. EPA, 1991b). 

Once data compilation was complete, the data were analyzed for 
potentially distinct geochemical environments, groundwater prove
nance, and to assess how differences in groundwater chemistry affect 
subsurface mobility of As and U. All parameters were log transformed 
prior to statistical analyses to minimize influences from extreme values. 
Geochemical measurements are often skewed right, but commonly 
display log-normal distributions (Helsel and Hirsch, 2002). MATLAB 
was used for statistical analysis and several approaches were employed 
to explore relationships between geochemical variables. Agglomerative 
clustering was first used to identify potential geochemical environ
ments, and multivariate regression and principal component analysis 
were then used to parse geochemical parameters that influence As and U 
mobility on the PRR. Spatial analysis was also completed in ArcGIS to 
assess whether trends in As and U concentration are related to bedrock 
geology. Finally, geochemical equilibrium modeling was used to quan
tify mineral precipitation and dissolution rates in each of the distinct 
geochemical environments, which can affect mobility of As and U. 

3.1. Statistical methods 

3.1.1. Agglomerative clustering 
Agglomerative clustering was used to group the borehole geochem

ical data according to their similarity. Clustering can either be 
completed to identify natural sample groupings (Q-mode), or variable 
groupings (R-mode); for example, in water quality studies, Q-mode 
clustering shows groups that may represent similar geochemical envi
ronments, and R-mode clustering shows geochemical parameters that 
may be interrelated (Meng and Maynard, 2001). Here, Q-mode clus
tering was used to identify possible geochemical environments using the 
cosine theta similarity coefficient between different well samples. This 
method is commonly employed in Q-mode clustering, and it operates by 
converting samples into vectors, and measures the cosine of the angle 
between vectors as shown below: 

similarity¼ cosðθÞ ¼
A⋅B
jjAjjjjBjj

¼

Pn
i¼1AiBi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1A2

i

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1B2

i

q : (1) 

Thus, the cosine theta similarity coefficient is particularly useful in 
water quality studies as it is only sensitive to proportions between var
iables rather than absolute magnitudes of the geochemical parameters. 
This allows water-quality measurements on different scales (i.e. loga
rithmic pH scale, major ions in mg/L, and trace metals in μg/L) to be 
analyzed together without biasing results from differences in 
magnitude. 

3.1.2. Multivariate regression 
Multivariate regression can be a powerful tool in water-quality 

studies because it considers all possible interactions between 
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geochemical parameter combinations to develop a conceptual model for 
a given response variable (e.g., Davis, 2002). In this case, a suite of 
geochemical measurements including pH, alkalinity, major ions, and 
metals were used as indicator variables to predict concentrations (re
sponses) of As and U in each of the distinct geochemical environments. 
Multivariate regression was completed on log-normalized data to limit 
the effects of skewness within the water quality data on data analysis (e. 
g., Hirsch et al., 1991). Log-normalized data also allowed for more 
uniform weighting of the multivariate regression to indicate which 
geochemical parameters have the greatest impact on As and U levels. 
Multivariate regression models have different methods for handling the 
intercept of the regression. Single intercept models employ only one 
intercept, similar to bivariate regression, while models with a dynamic 
intercept have several intercepts for various parameter and interaction 
groupings. For simplicity, this study used a single-intercept model, 
which is a more conservative approach to multivariate regression as the 
intercept remains quasi-linear rather than changing in high-order di
mensions. To avoid overfitting, the Akaike Information Criterion (AIC) 
was calculated to select the “best” model that employed the fewest pa
rameters (e.g., Bozdogan, 1987). Separate models were developed for As 
and U, as these two metals have different controls on speciation, solu
bility, and mobility. 

3.1.3. Principal component analysis (PCA) 
Principal Component Analysis (PCA) is a data compression technique 

that reduces high-dimension data sets (such as water quality reports) 
into key components via singular value decomposition (SVD) (e.g., Wold 
et al., 1987). PCA rotates the original data into a set of new orthogonal 
variables known as principal components, which are a set of uncorre
lated factors ordered so that the first few components describe most of 
the variation present in the data set (Jolliffe, 2002). PCA analysis can 
identify any underlying structure of variance within a dataset (e.g., Abdi 
and Williams, 2010), which is particularly useful to identify key pa
rameters in water-quality studies because many variables, such as pH 
and alkalinity, are often interrelated. Groundwater samples were not 
split into groups for this assessment, and U concentrations were omitted 
from PCA analysis to avoid autocorrelation with gross alpha measure
ments. Gross alpha was chosen to represent radionuclide concentrations 
because it was measured in all wellbore samples in the dataset. 

3.2. Spatial methods 

Geospatial analysis was completed in ArcGIS 10.5. South Dakota 
bedrock geology was obtained from the South Dakota Geological Sur
vey, and the 10 m Digital Elevation Model data product from the U.S. 
Geological Survey (USGS) (Archuleta et al., 2017). These maps were 
produced to show general topography and groundwater flow of the PRR 
(Fig. 2). Additionally, distinct well groups found via agglomerative 
clustering were plotted against bedrock geology of the PRR to determine 
if any of the groupings related to changes in subsurface geological strata. 

3.3. Geochemical modeling 

Samples from distinct geochemical environments, indicated by 
agglomerative clustering, were averaged together. These aggregate 
samples were used for equilibrium modeling in Geochemist’s Work
bench (GWB) following methodology from Meng and Maynard (2001). 
Mineral saturation indices were calculated at 25 �C using the thermo. 
tdat thermodynamic database distributed with GWB to evaluate the 
potential impact of mineral precipitation and dissolution on As and U 
mobility. 

4. Results 

Clustering, multivariate regression, PCA, and geochemical modeling 
were used to assess factors that influence subsurface mobility of As and 

U on the PRR. Results for each method are detailed below. 

4.1. Cluster & spatial analysis 

Agglomerative clustering identified distinct groupings that may 
represent geochemical environments on the PRR (Fig. 3). There were 
four major clusters, and a fifth grouping of outliers with only six wells 
that was not considered further in any statistical or geochemical 
methods because of the low number of wellbore samples (Table 2). 
Samples from each of the four significant groupings were plotted in a 
Piper Diagram (Fig. 4) to delineate major differences in wellbore 
geochemistry within the dataset. The four geochemical groupings 
identified by agglomerative clustering parsed into different sectors of 
the Piper plot, indicating that the clusters represent distinct geochemical 
environments on the PRR. 

Region A wells are generally clustered in the southern, upgradient 
portions of the aquifer proximal to contacts with overlying formations 
and had the lowest TDS levels Fig. 5. Region B had the highest levels of 

Fig. 3. Dendrogram of Q-mode analysis of PRR water chemistry. There are five 
distinct clusters that can be seen in this analysis. Each of the four significant 
groupings was assigned a color, from left to right: red, blue, green, and yellow. 
This color scheme was used for further analysis that indicated these groupings 
are clustered both by major ion geochemistry (Fig. 4) and spatially (Fig. 6). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Table 2 
Mean values representing composite geochemistry for each of the four major 
geochemical clusters and the fifth outlier group.  

Cluster Group Region 
A 

Region 
B 

Region 
C 

Region 
D 

Outlier 
Group 

Well Depth (m) 64.6 63.4 66.4 54.7 23.1 
# of Wells 46 80 67 54 6 
U (ppb) 5.0 8.5 9.6 13.0 3.3 
As (ppb) 6.1 6.9 11.9 11.6 23.0 
Gross Alpha 

(pCi/L) 
6.5 10.6 12.7 15.8 4.9 

pH 7.8 7.8 8.0 8.1 7.5 
Alk (mg/L as 

CaCO3) 
172 202 208 252 215 

TDS (mg/L) 270 397 359 374 289.7 
NO3
� (ppm) 1.4 1.2 0.9 0.9 1.5 

SO4
� 2 (mg/L) 20.9 78.1 41.9 34.1 39.4 

F� (mg/L) 0.4 0.4 0.5 0.5 0.6 
Cl� (mg/L) 19.6 9.6 9.0 8.6 5.6 
Caþ2 (mg/L) 51.9 56.3 36.2 23.5 57.7 
Mgþ2 (mg/L) 7.6 8.8 4.9 2.0 9.1 
Kþ (mg/L) 8.6 11.6 10.0 10.3 10.0 
Naþ (mg/L) 18.8 51.8 70.4 101 41.4 
Fe (ppb) 36.8 50.2 1660 56.3 30.3 
Mn (ppb) 24.4 36.6 60.0 13.3 2090 
Baþ2 (ppb) 206 93.6 136 46.2 1140  
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Fig. 4. Piper diagram showing the relative proportions of major ions in PRR groundwater for the four geochemical regions. Waters are generally rich in Naþ or Ca2þ

compared to Mg2þ and have low relative proportions of Cl -, with most waters dominated by carbonate species. 

Fig. 5. Spatial plots of Regions A-D showing their relative position within the Arikaree aquifer.  

K. Swift Bird et al.                                                                                                                                                                                                                              



Applied Geochemistry 114 (2020) 104522

7

SO4
� 2, and is clustered primarily in the south-central portions of the 

aquifer. Region C had significantly higher Fe levels than any of the other 
groupings and is located in the central portion of the Arikaree aquifer. 
Region D is primarily located in the northern, downgradient sections of 
the Arikaree aquifer and was enriched in Naþ, pH and alkalinity. 

4.2. Multivariate regression 

Multivariate regression was used to parse geochemical parameters 
capable of influencing As and U mobility on the PRR in the four major 
geochemical regions (Table 3). To find the optimal fit, stepwise 
regression was used to combine geochemical parameters (i.e. pH, alka
linity, major ions, and trace metals) until the “best” model that 
employed the fewest parameters was found according to the Akaike 
Information Criterion (AIC). In Region A, As mobility is enhanced pri
marily by increasing pH, while U mobility positively relates to alkalinity 
levels. F� is the strongest multivariate predictor of As levels in Regions 
B, C, and D and could indicate proximity to volcanic ash deposits, which 

commonly acts as a geogenic source of both ions (Armienta et al., 2011; 
Masuda, 2018). 

The results of the multivariate regression may show a sensitivity to 
redox processes. U is more mobile in oxic zones, and was positively 
correlated with NO3

� and SO4
� 2, which are prevalent in oxic conditions, 

seen in Regions B and C. As concentrations were negatively correlated 
with NO3

� and SO4
� 2 in Regions B and D, which could indicate its 

speciation is primarily arsenite As(III), which is the dominant As species 
in reducing conditions. As was negatively correlated with Fe in regions 
A, B, and C. Similarly, U was negatively correlated with Fe in regions A 
and B. While not tested further here, this negative correlation is 
consistent with general behavior of metal mobility where As and U 
concentrations in groundwater can be controlled by sorption onto Fe 
(hydr)oxides where present (e.g. Nagorski and Moore, 1999). However, 
this negative correlation between U and Fe did not hold in Region C, 
which had significantly higher Fe levels than any of the other groups 
(Fig. 6); dissolution of Fe (hydr)oxides in a more reducing environment 
could release adsorbed As in this region, while multivariate results 
suggest that uranium levels may be influenced by Mn sorption. 

4.3. Principal component analysis 

PCA was then completed on the log normalized dataset. This 
dimension-reduction technique identified four key principal compo
nents representing 25%, 21%, 14.8%, and 11.8% of the total variance 
within the dataset, which cumulatively explain 73% of the variation in 
groundwater geochemistry. These principal components were then 
plotted against one another to further delineate geochemical differences 
between the various regions of the Arikaree aquifer (Fig. 7). The first 
principal component splits PRR groundwater geochemistry into upgra
dient portions of the Arikaree aquifer, which are characterized by high 
Ca2þ, Mg2þ and to a lesser extent NO3

� concentrations, and down
gradient portions of the aquifer which are enriched in Naþ and Fe2þ. The 
third and fourth principal components are controlled by NO3

� , SO4
2� , and 

Fe2þ, which may be indicative of redox processes within the Arikaree 

Table 3 
Log transformed multivariate regression models for arsenic and uranium con
centration in each of the four geochemical groupings.  

Grouping: Arsenic (As) (ppb) Uranium (U) (ppb) 

Region A As ¼ -7.16 þ 9.69*(pH) � 0.251* 
(NO3

� ) – 0.199*(Cl� ) þ 0.487*(Kþ) 
� 0.574*(Fe) þ 0.785*(F� ) 

U ¼ � 1.04 þ 0.960*(Alk) – 
0.134*(Fe) 

Region B As ¼ 1.75–0.113*(SO4
� 2) - 0.442* 

(Caþ2) þ 0.371*(F� ) 
U ¼ � 1.92 þ 1.18*(Alk) þ
0.166*(SO4

� 2) � 0.145*(Fe) 
� 0.230*(F� ) 

Region C As ¼ 1.53–0.492*(Caþ2) – 0.313* 
(Fe) þ 0.253*(Mn) þ 0.450* 
(Baþ2) þ 0.843*(F� ) 

U ¼ � 0.502 þ 0.195*(NO3
� ) þ

0.483*(Caþ2) – 0.568*(Kþ) þ
0.663*(Naþ) þ 0.218*(Fe) – 
0.249*(Mn) 

Region D As ¼ 4.62–4.16*(pH) - 0.128* 
(NO3

� ) - 0.292*(SO4
� 2) – 0.330* 

(Naþ) þ 0.213*(Mn) þ 1.21*(F� ) 

U ¼ � 9.03 þ 7.31*(pH) þ
0.576*(Caþ2) � 0.623*(Kþ) þ
0.330*(Naþ) – 0.382*(F� )  

Fig. 6. Boxplots showing distributions of the various hydrogeochemical parameters for the 4 geochemical regions A-D. MCLs are highlighted for As and U using a 
dashed orange line. The dashed black line indicates the presence outliers greater than the scale shown in the y-axis. Note separate y-axis scales in the iron boxplot: 
Regions A, B, and D are plotted on the left (blue) scale and Region C is plotted on the right (red) scale. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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aquifer. 

4.4. Geochemical equilibrium modeling 

Equilibrium modeling was used to assess how mineral precipitation 
and dissolution in the four major geochemical environments may alter 
metal mobility within the Arikaree aquifer. Mineral saturation index (SI) 

was calculated in GWB using composite geochemistry for each major 
group/region (Table 4). 

Calcite saturation increases along the Arikaree aquifer flowpaths 
from Region A to Region D, indicating that calcite precipitation likely 
occurs. Fe concentrations are higher in Regions C and D, leading to 
higher calculated SIs for iron containing phases. Without measurements 
of redox conditions, which were not collected for this collated dataset, it 

Fig. 7. Biplots of the four principal components, showing separation of geochemical regions and relative importance of geochemical parameters on delineating 
geochemical regions (the magnitude of the vector indicates its relative importance on each of the principal components). PCA-transformed data for each wellbore 
sample are plotted as dots and vectors for each of the geochemical parameters are plotted as dashed lines. 
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is difficult to quantitively interpret how reactions involving iron phases 
(e.g. Fe(OH)3) might be controlling As and U behavior. However, the 
presence of higher Fe concentrations in Regions C and D and calculated 
SIs suggest that formation of iron precipitates may occur in down
gradient sections of the Arikaree aquifer, which may in turn act as 
sorption surfaces for As and U. 

Geochemical modeling may be useful to parse potential trans
formation pathways. Fe (hydr)oxides are minimally soluble, but may act 
as a sorption surface for As and U, limiting their subsurface mobility. In 
downgradient portions of the Arikaree aquifer, such as Regions C and D, 
groundwater has higher alkalinity and pH, which may decrease sorption 
affinity of As and U while simultaneously making complexation with 
ligands more favorable, enhancing As and U mobility via formation of 
stable aqueous complexes. Complexation reactions and sorption/ 
desorption kinetics may be an important factor for As and U mobility in 
downgradient portions of the Arikaree aquifer. 

5. Discussion 

The statistical, spatial and geochemical analyses indicate that there 
are four hydrogeochemical environments within the Arikaree aquifer, 
which reflect evolution of groundwater geochemistry. Differences be
tween these four geochemical regions are detailed here. 

5.1. Region A (n of wells ¼ 46) 

Region A had the lowest pH, mineral SIs, alkalinity, and Naþ levels 
and was spatially clustered in the upgradient, southern portion of the 
Arikaree aquifer, or proximal to contacts between the upper extent of 
the Arikaree and overlying sediments. Wells in this region had an 
average depth of 64.6 m. PCA and Piper diagram analysis show 
groundwater samples from Region A are enriched in Ca2þ and Mg2þ

(Fig. 7). This upgradient, recharge-dominated portion of the Arikaree 
aquifer had the lowest levels of As and U, suggesting that recharge 
processes may limit As and U mobility in this portion of the aquifer due 
to input of low pH, low alkalinity water, as well as limited water-rock 
contact time. 

5.2. Region B (n of wells ¼ 80) 

Wells in Region B are generally drilled to a similar depth as in Region 
A (mean depth ¼ 63.4 m), and were located in the southern or central 
portions of the Arikaree aquifer. Groundwaters sampled from these wells 
are characterized by low pH and moderate alkalinity. Mineral saturation 
is typically higher compared to Region A, and dolomite saturation in
creases to near equilibrium levels in Region B, indicating that precipi
tation of a mixed Mg2þ - Ca2þ carbonate phase may begin to appear in 
this intermediate portion of the Arikaree aquifer. PCA shows that Region 
B is similar to Region A but has slightly higher Naþ and Fe2þ levels. As 
and U levels remain relatively low in Region B, and this region likely 
represents a transition from the upgradient portion of the aquifer where 
influences from recharge decrease and mineral dissolution becomes a 
stronger influence on solute concentrations as water-rock contact time 

increases. 

5.3. Region C (n of wells ¼ 67) 

Wells in Region C are generally slightly deeper than Regions A and B 
(mean depth ¼ 66.4 m) and drilled into the central to northern portions 
of the Arikaree aquifer. Naþ and pH levels rise in this region of the 
aquifer, while alkalinity remains moderate. Fe levels in Region C are 
over an order of magnitude greater than any of the other geochemical 
regions (Fig. 6), and siderite (FeCO3) saturation indices are positive, 
indicating possible precipitation of an FeCO3 phase. Calcite and dolo
mite saturation increase compared to Region B suggesting that carbon
ate precipitation becomes more favorable, which could act as a sink for 
aqueous carbonate species. PCA suggests that Fe and Mn are the dis
tinguishing factors for Region C, as well as Naþ and As to a lesser extent. 
Both As and U concentrations increase in this region of the Arikaree 
aquifer, and average As concentrations are above the MCL (~12 μg/L). 
Dissolution of Fe (hydr)oxides and release of adsorbed metals may 
enhance As and U mobility in this region. 

This region has the greatest mean well depth, and may screen wells 
in the basal portion on the Arikaree aquifer which is enriched in Fe hydr 
(oxides) and volcanic ash. The spatial extent of subfacies within the 
Arikaree aquifer such as the Sharps Formation and Rockyford Ash Zone 
(Table 1) are poorly characterized on the PRR, but could explain the 
major discrepancy in Fe concentrations in this region. 

5.4. Region D (n of wells ¼ 54) 

Wellbores in Region D have the highest pH, alkalinity, and Naþ levels 
as well as the highest As and U concentrations. Wellbores in this region 
likely represent a downgradient endmember within the Arikaree 
aquifer, where mature groundwater has become enriched in carbonate 
alkalinity and Naþ due to mineral dissolution, ion exchange, and/or 
leaching of volcanic ash along flowpaths of the aquifer which drives up 
pH. This region is generally clustered in the northern, farthest down
gradient section of the Arikaree aquifer and had the shallowest mean 
well depth (54.7 m) of all the hydrogeochemical groupings. PCA anal
ysis shows that Naþ has the strongest loading on Region D (Fig. 7). 
Carbonate SI’s remain supersaturated in this region, suggesting that 
precipitation of carbonate minerals may influence groundwater chem
istry, acting as a carbonate sink and reducing carbonate alkalinity. 
However, this downgradient portion of the Arikaree aquifer is proximal 
to volcanic ash deposits in the basal Arikaree and White River Group 
(Sibray, 2011), which are a known geogenic metal source in south
western South Dakota, and volcanic ash in this basal portion of the 
aquifer may act as a secondary source of alkalinity. Groundwater quality 
on the PRR may be heavily influenced by ash deposits, given that ash 
may act as a source for both metals and metal mobilizing alkalinity. As 
groundwater flows downgradient in the Arikaree aquifer, pH and alka
linity increase, with Naþ replacing Caþ2 as the dominant cation, which 
limits sorption affinity and enhances As and U mobility on the PRR. 
Similar controls of As and U mobility have been noted in other studies (e. 
g. Ayotte et al., 2011; Riedel and Kübeck, 2018; Scanlon et al., 2009), 
indicating that groundwater residence time and formation water 
maturity in the Arikaree aquifer may be key controls of As and U 
mobility on the PRR. 

6. Conclusions 

Here, we explored underlying controls to As and U mobility in 253 
groundwater chemistry samples from the PRR using various statistical 
and geochemical methods. Our conceptual model indicates that water 
quality degrades along the flow direction of the Arikaree aquifer. The 
southern, upgradient sections of the Arikaree aquifer are influenced by 
recharge of meteoric water that keeps groundwater pH and alkalinity 
relatively low, which limits As and U mobility. As groundwater flows 

Table 4 
Saturation indices (SI) of minerals across the four geochemical regions of the 
PRR. If SI is > 0 minerals will tend to precipitate, if SI < 0 minerals will dissolve 
if present in the rocks, and dashed lines (–) indicates that the SI was sufficiently 
small to not be considered (in this case, SI < � 3.0).  

Mineral Region A Region B Region C Region D 

Calcite 0.51 0.59 0.65 0.61 
Siderite � 0.86 � 0.68 1.1 � 0.24 
Dolomite � 0.21 � 0.025 0.034 � 0.25 
Barite 0.10 0.24 0.38 � 0.33 
Gypsum � 2.5 � 1.9 � 2.4 � 2.6 
Fe(OH)3 – – � 1.5 � 2.9  
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through the Arikaree aquifer, pH and alkalinity rise due to mineral 
dissolution and, potentially, leaching of volcanic ash from the basal 
portion of the Arikaree aquifer, which increases As and U mobility. 
Human health impacts from high As and U levels are more likely in the 
downgradient sections of the Arikaree aquifer, such as the northern 
extent of the PRR. The dataset obtained from IHS indicated that 32% of 
wells exceeded the MCL for arsenic, 8% exceeded the uranium MCL, and 
23% exceeded the MCL for gross alpha, highlighting the critical need for 
continued investigation as thousands of people on the PRR rely on the 
Arikaree aquifer as their drinking water source. 
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