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Abstract: This study presents a geochemical framework and geographic information system (GIS)
method for assessing the intrinsic potential of surface water and groundwater to mobilize arsenic,
molybdenum, selenium, uranium, and vanadium. The method was created using published ground-
water and surface water geochemical data from the National Uranium Resource Evaluation database
for 2302 groundwater and 915 surface water samples. The method was evaluated using published
groundwater geochemical data from the Texas Water Development Board. Geochemical data were
analyzed in GIS. Samples were categorized by environmental condition, which was determined by
using reduction–oxidation—as indicated by pe—and pH ranges for each sample based on geochemi-
cal mobility frameworks developed by Smith (2007) and Perel’man (1986). Reduction–oxidation and
pH influence the occurrence, persistence, and mobility of arsenic, molybdenum, selenium, uranium,
and vanadium in groundwater and surface water. Reduction–oxidation categories were assigned to
water samples using concentrations of redox-active constituents, including dissolved oxygen, iron,
manganese, and sulfur. The presence of iron substrates and hydrogen sulfides were considered in
relation to mobility mechanisms. Twelve-digit hydrologic unit code (HUC) boundaries were used in
GIS as analysis areas to determine the most commonly occurring environmental condition in each
HUC. The resulting maps identify the environmental conditions in different areas that can be used
to identify where the elements are mobile. This methodology provides a systematic approach to
identify areas where elements in groundwater and surface water may occur and persist and may be
transferable to other locations.

Keywords: in situ uranium; metal mobility; environmental conditions; geochemical mechanisms

1. Introduction

Integrated energy and mineral resource assessments provide a framework for quanti-
fying geologic resources and the related environmental effects of resource extraction, such
as the effects on water quality [1,2]. These types of assessments can provide information to
decision-makers, the private sector, and the general public to support decisions regarding
the resource in question [1]. The U.S. Geological Survey (USGS) is currently developing
an integrated uranium (U) resource and geoenvironmental assessment method within the
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United States [2,3]. Existing data and known deposits in a region can be used to estimate
the number of undiscovered deposits in that region [4]. Delineations of these regions
are called permissive tracts [4]. Uranium and co-occurring elements can be sourced from
granitic rocks that can have elevated concentrations of these elements [5]. Uranium deposits
found in the United States include, but are not limited to, sandstone-hosted type roll-front
deposits, calcrete-type deposits, and U-bearing phosphate deposits [2]. Uranium resources
can be mined in three ways: open pit, underground, and in situ recovery (ISR) [6]. The
ore is physically removed from a deposit during open pit and underground mining and
chemically removed in ISR [6]. Each type of mining has an associated risk for releasing
elevated concentrations of elements from the ore to the environment [7,8].

Analysis and mapping methods are needed in current and future U-mining areas
to assess the potential for element occurrence, persistence, and mobility in groundwater
and surface water. This information, if available, could help to better identify areas at
greatest risk for element mobility from mine sites and areas prone to elevated element
concentrations attributed to naturally occurring but unmined U sources. Reclamation
decisions involving conventional, underground, or open-pit U mines and ISR sites could
potentially be improved if the elements that are predicted to be mobile were identified
and their distribution mapped. Knowledge of the geographic distribution of elements
having potential mobility in groundwater and surface water could help identify areas
of environmental concern due to the potential effects on human health or aquatic life.
The presence of U and co-occurring elements such as arsenic (As), molybdenum (Mo),
selenium (Se), and vanadium (V) in groundwater and surface water could also be indicators
of upgradient mineralization. While stream sediment is often sampled and analyzed
for geochemical constituents to help track upstream sources of mineralization, mapping
the potential mobility and geographic distribution of an element in water could also be
used as a hydrogeochemical fingerprint or pathfinder to potential mineralization. For
example, elements such as U can precipitate along a hydrologic flow path because of a
change in reduction–oxidation (redox) conditions from an oxidizing to a reducing electron
valence state [9,10]. If U-rich water flowed downstream or downgradient in groundwater
towards a host rock with favorable geology and geochemistry, for example, a unit that
is porous and permeable and that has a mechanism to reduce and sequester U has the
potential to precipitate out of the water. This location could be a likely target for uranium
exploration. In addition, Leybourne and Cameron (2007) indicated that the most successful
geochemical indicators of mineralization in hydrogeochemical exploration programs are
those that are associated with the ore deposit and are mobile in solution. Kaback (1986)
used groundwater chemistry coupled with solution–mineral equilibrium calculations to
outline known mineralization and to identify other areas with high potential for uranium
mineralization in south Texas. The method presented herein shares some characteristics
with Kaback’s method and builds on it by presenting a systematic approach to categorize
areas where elements will occur and persist in groundwater and surface water over large
geographic areas.

Identifying environmental effects to water quality associated with an undiscovered
mineral resource can be challenging because the location of the mineral resource is un-
known and the resource is undeveloped and unexplored [3]. In addition, it is important to
understand the geochemical characteristics of groundwater or surface water in the area
and characteristics of aquifer materials such as the presence or absence of iron substrates
or complexing agents, such as carbonate, that may promote or deter elemental transport
in water [11,12]. The analysis of large water-quality databases such as the USGS National
Uranium Resource Evaluation (NURE) [13] provides an opportunity to test hypotheses
regarding the regional hydrogeochemical variables controlling element mobility or im-
mobility. Water-quality parameters in the NURE databases that are known to influence
element mobility can be analyzed and mapped in a geographic information system (GIS).
Hydrologic unit code boundaries (HUCs) are useful to spatially aggregate and assess wa-



Minerals 2022, 12, 411 3 of 28

ter quality geochemical characteristics for possible element occurrence, persistence, and
mobility over relatively large areas.

The objective of this work is to develop a semi-quantitative geochemical framework
method that can be used to identify areas of groundwater and surface water that exhibit
conditions amenable to mobilizing or immobilizing constituents of potential concern.
This study focuses on the Goliad Sand, the Willis Formation, and Lissie Formation as
well as the alluvium and Beaumont Formation in the South Texas Coastal Plain and
the corresponding Gulf Coast aquifer as a prototype location to develop and validate a
geochemical framework, and to use that framework to understand the potential mobility of
constituents of potential concern (COPC) (Figure 1, Figure S1). This location is in Permissive
Tract 3 of the mineral resource assessment tracts for sandstone-hosted deposits in the South
Texas Coastal Plain [14] (Figure 1). There are three permissive tracts identified along the
South Texas Coastal Plain [14], but this study will only focus on Permissive Tract 3. The
methodology presented in this paper also has broad applicability to other areas where
sufficient water-quality data exist and where the geologic framework is known.
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Texas after USGS, 2015. Permissive Tract 3 is shown with green and blue outlines for the section in
the Houston and Rio Grande embayments, respectively.
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2. Background
2.1. Overview of the South Texas Coastal Plain Uranium Deposit Formation, Mining, and
Constituents of Potential Concern

Roll-front, sandstone-hosted uranium ore deposits, such as those found in the South
Texas Coastal Plain, are a product of reducing conditions (organic matter, sulfides, hydro-
carbons, mafic volcanics) that allow U ore to precipitate [8,9]. Uranium in roll-front deposits
is commonly found as U(IV) minerals, which are less mobile in water than U(VI) [9,15].
During ISR, which is the only U extraction technique historically implemented in the
Goliad Sand for these deposits, the geochemical conditions of the aquifer hosting the ore
are manipulated to promote the dissolution of U. The geochemistry of the surrounding
areas may also change. During ISR, groundwater could become oxidized, and the pH
could change [16]. Additionally, the lixiviant (the solution used to dissolve U from the
deposit and transport it to the surface) could change the ambient geochemical ground-
water conditions near the mined ore. These geochemical changes can also initiate the
mobilization of COPCs, which are typically defined as free ions or complexes in water
that may pose potential human health or aquatic life concerns if the concentration exceeds
undisturbed background concentrations, drinking water standards, soil screening levels, or
other threshold values [17,18].

Based on deposit characteristics, regional geology, and geochemical parameters such
as redox potential and pH, COPCs related to uranium mining include U, As, Mo, Se, V,
and radium [8,19,20]. The geology and waters in the South Texas Coastal Plain contain
these COPCs, among others [9,16]. However, the data used to develop this geochemical
framework did not include radium, so the mobility of this element was not evaluated. Hu-
man exposure to elevated concentrations of these COPCs can cause cancer, kidney issues,
cardiovascular problems, respiratory problems, and adverse effects to skin such as lesions,
among other issues [21]. Aquatic life exposure to these COPCs can affect reproduction or
community diversity [22]. The U.S. Environmental Protection Agency (EPA) has established
maximum contaminant levels for drinking water and aquatic life criteria for freshwater and
saltwater [23,24] that can be used for comparison to geochemical data.

2.2. Water Quality Vulnerability

Water quality vulnerability in both groundwater and surface water refers to the
tendency or likelihood for contaminants to reach a specified location in the water, the
susceptibility of the system to damage from exposure to external forces (uranium mining
for example), the sensitivity of the system, and the ability of the system to respond [25–27].
Groundwater vulnerability is a function of the properties of the groundwater flow system,
the proximity of contaminant sources, the characteristics of the contaminant, and other
factors that could increase the loads of contaminants in the aquifer [26]. Understanding
potential contaminant occurrence, persistence, and mobility in groundwater and surface
water can help assess water-quality vulnerability [12]. The occurrence and persistence of a
potential contaminant in water can be determined by the elements’ physical and geochemi-
cal attributes [3,11,12]. Smith and Huyck (1999) describe mobility as “chemical processes,
which include chemical interactions with the surficial or near-surface environment, and the
capacity for movement with fluids after dissolution.” However, in near-surface environ-
ments, it is difficult to quantitatively predict element mobility [28]. The geoenvironmental
assessment approach presented in Gallegos et al. (2020) provides a framework to evaluate the
geoenvironmental aspects of future mining in an area of potential, undiscovered U deposits.
Steps in this assessment include evaluating existing data to understand the geochemical and
physical characteristics of the groundwater and surface water geochemistry in a region to
identify the potential for element mobility [3]. The methodology presented herein focuses on
developing a geochemical framework approach to assess element mobility.

Smith (2007) discusses environmental conditions that may lead to metal mobility in
surface-mining environments. These environmental conditions focus on the redox state of
water, the pH range, and the presence or absence of iron substrates or hydrogen sulfide.
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Geochemical barriers are defined as zones in the Earth’s crust with distinct physical or
chemical gradients [29]. These barriers can be associated with a change in physicochemical
conditions that can control element concentrations and compound stability fields [29,30].

2.3. Geochemical and Physical Conditions Controlling the Mobility of Elements

Mechanisms and geochemical parameters that affect the mobility of elements, in-
cluding As, Mo, Se, U, or V from mine deposits or wastes, include pH, redox, alkalinity,
iron substrates, and hydrogen sulfide, along with regional geology and deposit type
(Table S1, [15,31–34]. The pH and redox of water can impact the release, sorption, or pre-
cipitation of an element [32,35–37]. For instance, U, As, Se, and V are sensitive to changes
in pH and redox state. U, As, and Se can be oxidized or reduced in reaction with iron (Fe)
or manganese (Mn) [36–38]. Redox conditions can affect the availability of complexing
agents, adsorbents such as Fe and Mn (hydr)oxides, redox-sensitive elements, and oxyan-
ions [37–44]. In addition, the ternary (Ca-U-CO3 or Mg-U-CO3) complexes of U can affect
the mobility of U in water [44]. Details of each of these conditions are included in the
Supplementary Materials.

3. Materials and Methods

The data, geochemical concepts, and geographic information system methods used
to develop the geochemical framework semi-quantitative method are described here and
in the Supplementary Materials. The geochemical framework developed through this
work, which is part of the overall geoenvironmental assessment approach [3], considers
the environmental conditions defined by Smith (2007) and geochemical barriers discussed
in Perel’man (1986) and Alekseenko et al. (2017). The approach contains multiple steps
to assess the occurrence, persistence, and mobility of COPCs in water. The framework
developed in this study is specific to the South Texas Coastal Plain U sandstone-hosted
deposits and targets the aquifers in Permissive Tract 3 (Figure 1, Figure S1), but the approach
outlined in Figure 2 is adaptable to any type of ore deposit or area of geochemical concern
and associated water resources.
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Figure 2. The steps of the approach for the geochemical framework developed in this study.

The geochemical framework developed in this project started with identifying the ge-
ographic area of interest as well as the aquifer(s) and surface water(s) of interest (Figure 2).
This step may be informed by knowledge of the area, available geochemical data, and stake-
holder interest. The stepwise approach to evaluating element mobility in this environment
included identifying and compiling all existing geologic, hydrologic, and geochemical data
(Figure 2). Published geochemical data for groundwater and surface water were available
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through national and local databases [13,45]. Once compiled, data were reviewed for
overall quality based on the reported concentration compared to the documented detection
limit, analytical method, and spatial location.

Two major master variables used in the development of the geochemical framework
were pH and redox state. Samples with no measured pH value were removed from the
dataset. Establishing the redox state was necessary, but redox data are not always included
in datasets, so assigning a redox category can be challenging. Jurgens et al. (2009) [46]
created a redox calculator that uses concentrations of redox indicators such as dissolved
oxygen (DO), Fe, Mn, nitrate (NO3

−), sulfate (SO4
2−), and sulfide species (hydrogen sulfide

(H2S), bisulfide (HS-), sulfide (S2−)) to identify a redox category. The redox calculator was
used to estimate a redox state (anoxic, oxic, or mixed) for the NURE water samples. In
addition to pH and redox, it is important to consider the existence of Fe substrates and H2S
concentrations in the aquifers or streams because they affect the sorption, desorption, and
precipitation of elements [11]. The final steps of this approach were to assign environmental
conditions (EC) to each water sample, assign the EC to a Hydrologic Unit Code (HUC)
using the sample latitude and longitude positions to assemble the data spatially, and finally,
evaluate the mobility of COPCs. The steps outlined in Figure 2 and their application to the
South Texas Coastal Plain and water resources are described in the following sections.

3.1. Identify the Geographic Area of Interest

The Gulf Coast aquifer of southeast Texas is an ideal location to develop an approach
to understanding the potential mobility of U and other trace elements in groundwater
and surface water because of the known and unknown locations of U ore. Within the
South Texas Coastal Plain, there are three Permissive Tracts or areas that are permissive
for sandstone-hosted deposits described as related to U-deposit locations [14]. Permissive
Tract 3, which includes the Chicot and Evangeline aquifers (Figures 1 and S1) [14], was
evaluated as a prototype to develop this framework. The southwestern region of the study
area, the Rio Grande embayment, has conditions favorable for roll-front type uranium
deposits ([9]; Figure 1). Historically, six mines in the area have used ISR to recover U from
the deposits hosted in the Goliad Sand. The northeastern region of the study area, the
Houston embayment, is less favorable for roll-front type uranium deposits ([9]; Figure 1).

3.2. Identify Aquifer(s) and Surface Water(s) of Interest

The Chicot and Evangeline aquifers are two of the primary aquifers in the South Texas
Coastal Plain. The hydrogeologic units in the Chicot and Evangeline aquifers consist of
the middle Pleistocene Lissie Formation, the Pliocene Willis Formation, and the Miocene
Goliad Sand (Figure 1, Figure S1). The late Pleistocene Beaumont Formation overlays the
Chicot aquifer and consists predominantly of clay and sand. The low permeability clay
contains beds and lenses of fine sand, decayed organic matter, and many organic-rich zones
that contain calcareous and ferruginous nodules [47]. The sand-dominated part of the
Beaumont Formation is yellowish- to brownish-gray, locally reddish-orange very fine to
fine quartz sand, silt, and minor fine gravel [47]. The reddish-orange color is likely from
oxidized iron minerals.

The Lissie Formation consists of sand, silt, clay, and a minor amount of gravel. Iron
oxide and iron-manganese nodules are common in the zone of weathering [47]. The Willis
Formation is comprised of clay, silt, sand, siliceous gravel, with local iron oxide cement [47].
Colors range from gray to orange-brown to yellow; orange-brown and yellow may indicate
oxidized iron.

The Goliad Sand, located in the Evangeline aquifer, is stratigraphically below the
Chicot aquifer and composed of a mixture of clay, sandstone, marl, caliche, limestone, and
conglomerate [47]. Some parts of the clay deposits are reddish to pinkish in color [48,49].
Existing deposits of U ore in Permissive Tract 3 are in the Goliad Sand [9] and the Goliad
Sand is the host of the active U mines in the South Texas Coastal Plain [9].
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There are numerous rivers, lakes, and wetlands in the South Texas Coastal Plain that
could affect COPC mobility. The major rivers in this area are the Rio Grande, Nueces River,
San Antonio River, Guadalupe River, Lavaca River, Colorado River, Brazos River, San
Jacinto River, Trinity River, Neches River, and Sabine River (Figure S2; [13,49]).

3.3. Identify and Compile Published Geochemical Data

Datasets collected for geochemical evaluation in this study included the National
Uranium Resource Evaluation (NURE) database for groundwater and surface water [13]
and the Texas Water Development Board (TWDB) database for groundwater [45]. Data
were evaluated separately by dataset and water type (groundwater or surface water). The
NURE dataset provided the most complete and relevant parameter sets and therefore
was used to develop the approach. The data were filtered to include only samples from
alluvium, the Chicot and Evangeline aquifers, and formations within these aquifers. If the
concentration of an element was less than the detection limit, then it was assigned a value
of half the detection limit for this analysis. The TWDB detection limits vary depending
on the laboratory [45]. The TWDB database was used to test the geochemical framework
approach and compare it with the outcome obtained using the NURE database.

3.4. Evaluate the Distribution of Master Variables

To understand the intrinsic potential of groundwater and surface water to mobilize
or immobilize U and other COPCs, concepts and categories defined in Table 1 from Smith
(2007) [11] and geochemical barriers related to pH ranges from Perel’man (1986) [29] were
used. The environmental conditions described by Smith (2007) were used as a starting point.

Table 1. Environmental conditions defined.

Environmental Condition pH Range Reduction–Oxidation Number of
Samples

EC1 <3 oxic 0
EC2 ≥3 to <6.5 oxic 11
EC3 ≥6.5 to <8.5 oxic 628
EC4 ≥8.5 oxic 66
EC5 <3 anoxic 0
EC6 ≥3 to <6.5 anoxic 12
EC7 ≥6.5 to <8.5 anoxic 173
EC8 ≥8.5 anoxic 16
EC9 <3 mixed 0
EC10 ≥3 to <6.5 mixed 3
EC11 ≥6.5 to <8.5 mixed 6
EC12 ≥8.5 mixed 0

3.4.1. pH Distribution

The pH range of waters from the NURE data in Permissive Tract 3 along the South
Texas Coastal Plain is from 3.0 to 12.0. Four pH ranges were chosen to apply to the
geochemical framework: (1) less than 3; (2) greater than or equal to 3 to less than 6.5;
(3) greater than or equal to 6.5 to less than 8.5; and (4) greater than 8.5. These pH cutoffs
are derived from Perel’man (1986), who describes the categories as strongly acidic, weakly
acidic, neutral, weakly alkaline, and strongly alkaline sodic. In addition, a pH of 8.5 was
chosen as a cutoff, as it is the pH above which carbonate becomes more dominant than
bicarbonate in a carbonate system [38,50,51]. This value affects the formation and amounts
of carbonate and ternary complexes in solution and their ensuing effect on element mobility,
particularly U [39–41,44,50,51]. Smith (2007) did not have a maximum pH cutoff value or
an evaluation of the importance of the pH transition where carbonate speciation begins to
dominate and control the mobility of some elements. The pH value cutoffs chosen in this
study were evaluated by plotting the pH range within each redox category (explained in
the next section) for each of the samples from the NURE groundwater dataset (Figure S3).
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The oxic, mixed, and anoxic categories each have pH values between 6.5 and 8.5 that plot
relatively horizontally except for the samples near pH 6.5 and 8.5. At those points, the data
curve down or up for pH 6.5 and 8.5, respectively, indicating changes in the frequency of
samples with a pH above approximately 8.5 and below approximately 6.5. These plots
support the selected pH ranges for each EC.

3.4.2. Reduction–Oxidation (Redox) Conditions

Another important factor in categorizing the mobility of trace elements is the redox
of the sample; that is, whether the samples are collected from an “oxidizing”, “reducing”,
or “mixed” environment. Oxidizing conditions occur when dissolved oxygen is present
in water or a chemical species such as manganese or iron donates electrons [38,46,52,53].
Reducing conditions occur when dissolved oxygen is not present in water and chemical
species accept electrons [38,46,52,53]. Mixed redox conditions may occur when groundwa-
ter wells tap multiple flow paths or multiple redox zones or if different redox processes
occur in closely associated aquifer zones [52–54]. Identifying the redox condition for each
sample was important for defining EC categories. The Smith (2007) strategy defined ECs
as oxidizing or reducing but did not provide an approach to quantify the redox condition
according to specific values. Likewise, Perel’man (1986) discussed the importance of redox
in geochemical behavior but also did not identify ways to quantify the redox conditions in
samples. Redox can be indicated by redox potential (ORP), pe, or dissolved oxygen (DO).
Pe and ORP, however, were not reported in the NURE and TWDB datasets used in this
framework. DO was measured in 86% and 25% of the NURE groundwater and surface
water datasets, respectively, and 8% of the TWDB groundwater sample dataset.

A redox calculator developed by Jurgens et al. (2009) was used to define the redox
categories based on a redox framework developed through studies by McMahon and
Chapelle (2008) and Chapelle et al. (2009). The redox calculator uses threshold concentrations
of the electron acceptors DO, NO3

−, SO4
2−, Mn, Fe, and sulfide species (Table S2) to classify

the dominant redox state in groundwater [46]. The threshold concentrations are based on
numerous field studies and are considered broadly applicable [46,53]. The concentrations of
DO, NO3

−, SO4
2−, Mn, Fe, and sulfide species from each sample in the datasets used were

entered into the redox calculator and a redox category of oxic, anoxic, or mixed was assigned.
To apply the redox framework in this study, there were several assumptions made

based on the constituents reported in each dataset. We confirmed that water samples were
filtered or acidified, assumed that DO concentrations less than 1 mg/L suggested an anoxic
environment if a sample’s redox category was “mixed”, and if DO was not reported, then
dissolved Mn2+ and Fe2+ concentrations were used in order to establish the redox category.
We did not use NO3

− in the redox calculator because the NURE groundwater data did not
include NO3

− concentrations. Detailed explanations of these assumptions are included in
the “Redox Assumptions” section in the Supplementary Materials.

3.5. Evaluate Fe Substrates

Hydrous oxides of Fe have been identified as a principal control on metal sorption in
freshwater systems [55,56]. The Smith (2007) environmental conditions used to indicate
the potential mobility of elements is partially based on the presence or absence of oxidized
Fe substrates. Perel’man (1986), with respect to geochemical barriers, discussed adsorp-
tion to Fe substrates as a barrier to element mobility. The information available in the
literature [57,58] about Fe substrates in the form of Fe oxides and Fe oxyhydroxides in the
alluvium, Beaumont Formation, Lissie Formation, and Goliad Sands, as well as documenta-
tion of yellow, orange, and red colors in the aquifer materials along the South Texas Coastal
Plain, is discussed in Section 3.2 of this paper. Nicot et al. (2010) mention that hematite
provided the iron source for the reduced pyrite generation in the region. Pe-pH diagrams
(Figure S4a,b,e–h) were constructed using the lowest and highest concentrations of Fe
(1.79 × 10−7 and 1.63 × 10−5 mol/L) and SO4

2− (2.60 × 10−5 and 3.17 × 10−2 mol/L)
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reported in our datasets. The pe-pH diagrams indicate that FeO, magnetite, hematite, and
pyrite are the likely iron or iron–sulfur solids to form.

In the absence of detailed lithologic information for each of our wells, NURE ground-
water data were used to calculate saturation indices and graphically plot equilibrium
concentration data to better understand the role of Fe oxides, H2S, pH, and redox states
in element mobility. In order to model saturation indices, equilibrium concentrations, or
oxidation states, it is important to choose the appropriate pe (pe = −log {e}) value. Stumm
and Morgan (1981) state that “pe gives the (hypothetical) electron activity at equilibrium
and measures the relative tendency of a solution to accept or transfer electrons”. A high pe
indicates a tendency for oxidation [59]. The Jurgens et al. (2009) redox calculator provided
relative (qualitative) redox categories to apply to the datasets used in this study (anoxic,
mixed, or oxic). However, a pe value was not assigned, and quantifying pe is difficult
without known redox couples or a redox mechanism. To address this issue, we evaluated
pe-pH diagrams using Geochemist’s Workbench and the LLNL thermo database [60] for
the lowest and highest concentrations of the COPCs in this study (Figure 3); identified the
typical ranges of pe-pH in environmental systems (Figure S5); identified the O2, Fe, Mn,
and SO4

2− pe ranges for oxidation and reduction in the Stumm and Morgan (1981) redox
ladder (Figure S6); and modeled saturation indices and oxidation states using these pe
values for the NURE data (Figure S7). This approach was applied to choose pe values for
samples and evaluate Fe substrates and H2S concentrations in groundwater in the South
Texas Coastal Plain.
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HCO3

− (1.00 × 10−6 mol/L and 1.12 × 10−2 mol/L), (E) As (3.33 × 10−9 mol/L), (F) As
(4.29 × 10−6 mol/L), (G) Mo (2.08 × 10−8 mol/L), (H) Mo (5.12 × 10−6 mol/L), (I) Se
(1.27 × 10−9 mol/L), (J) Se (1.06 × 10−7 mol/L), (K) V (3.93 × 10−8 mol/L), (L) V (9.82 × 10−6 mol/L).
Element concentrations are the lowest and highest concentration in the NURE groundwater dataset.
The pH range of the NURE groundwater dataset (3.0 to 12) is shown on each pe-pH diagram as a red
box. Uranium ternary complexes were not included in the thermodynamic calculations.
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Figure 3 shows the stability fields for U, U and bicarbonate (HCO3
−), As, Mo, Se,

and V with a diagram for both low and high concentrations of each. The U diagrams
(Figure 3A–D) showed changes in stability fields depending on the concentration and
existence of HCO3

− in the water. The As, Mo, Se, and V pe-pH diagrams do not greatly
vary between the low and high concentration plots (Figure 3E–L). The pe value range in all
of the pe-pH diagrams is between −10 and +15 and the typical range of pe in environmental
systems is −10 to +15 (Figure S5). The range of pe that incorporates O2 reduction and
formation, Fe reduction and oxidation, Mn reduction and oxidation, and SO4

2− reduction
and oxidation is approximately −5 to +15 (Figure S6).

The NURE groundwater data were entered into PHREEQC [61] and a basic model
(equilibrium speciation, saturation indices) was executed using the minteq.4f.dat database.
The ternary complexes that are known to affect U mobility were not included in the model
but are noted as an important mechanism. The oxic samples were assigned a pe of +11, the
mixed samples were assigned a pe of 0, and the anoxic samples were assigned a pe of −8.
Initially, a pe of +15 was assigned for modeling the oxic samples and −10 was assigned for
modeling the anoxic samples based on the information in the previous paragraph, but the
model would not converge on a numerical solution, suggesting that the pe was too high or
too low, respectively, to make sense with the given data input. The pe values of +11 and −8
allowed the numerical solution to converge.

The saturation indices (SI) for common Fe substrates calculated from the NURE
groundwater data are shown in Figure S7. An SI greater than zero indicates that the
solution is super-saturated, and the particular solid would likely precipitate under the
given condition. In the anoxic NURE groundwater, pyrite is the only Fe mineral with an
SI greater than zero, occurring at a pH greater than 6 (Figure S7a). In the mixed redox
NURE groundwater, hematite, magnetite, maghemite, goethite, Fe(OH)3(a), Fe3(OH)8, and
Fe(OH)2.7Cl0.3 have an SI greater than zero, with the majority occurring at a pH greater
than 6 (Figure S7b). In the oxic NURE groundwater, hematite, magnetite, maghemite,
goethite, Fe(OH)3(a), and Fe(OH)2.7Cl0.3 have an SI greater than zero, with the majority
occurring across the pH range of 3–11 (Figure S7c). These results indicate that oxidized Fe
substrates are more likely to occur in mixed and oxic redox conditions, which account for
the majority of the samples in the NURE groundwater dataset. These results are consistent
with the geologic descriptions of the aquifers, indicating the presence of iron substrates.

3.6. Evaluate H2S Concentrations

In addition to the use of sulfur species in the redox calculator, the environmental
conditions defined by Smith (2007) and Perel’man (1986) described the presence or absence
of hydrogen sulfide (H2S) and the potential effect H2S can have on an element. Sulfate
(SO4

2−), the most oxidized sulfur species, commonly forms weak aqueous complexes or
ion pairs with mono- or divalent cations [62,63]. H2S and its associated deprotonated
species, bisulfide (HS−) and sulfide (S2−), contribute to the precipitation of insoluble metal
sulfide minerals or reducing hydrogen sulfide barriers [29]. Hydrogen sulfide barriers
can develop where oxidized water comes into contact with sulfide minerals or reduced
hydrogen sulfide through upward gas migration along faults [11,29]. This is a mechanism
thought to be responsible for the formation of U roll-front deposits, whereby the uranyl ion
(UO2

2+) in oxic groundwater precipitates out of solution at the oxic/anoxic interface [9].
In addition, in situ leaching procedures, such as what could occur in the Texas Coastal
Plain, can alter the aquifer geochemical regime. For example, (1) leach fluid preferentially
follows zones of high permeability and may not contact the entire deposit; (2) clay minerals
can become saturated with ammonia (a component of some older lixiviant solutions) or
cations; (3) major mineral compositions can be altered based on lixiviant effects to calcite,
gypsum, and clay minerals; and (4) deposits with pyrite could be altered to amorphous
ferric hydroxide [10].

Arsenic, Mo, Se, and Fe are commonly associated with sulfide minerals [11,62]. In
highly reduced conditions and at lower pH, reduced sulfur limits the mobility and disso-
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lution of metals [37]. Published datasets often include SO4
2− concentrations but do not

typically have concentrations of H2S, HS−, or S2−, which creates challenges in assessing
the impact that sulfur species have on an environmental system. The following paragraphs
and additional details in the Supplementary Materials address the uncertainty related to
sulfide species and how the species relate to the geochemical framework of this study.

The most thermodynamically stable sulfur aqueous species of those discussed in
this study are SO4

2−, H2S, and HS− (Figures S4e–f and S9). In pe-pH diagrams, most
groundwater and surface water plots in the SO4

2− field; acid mine waters plot near or in
the HS− field. H2S and HS− are commonly found in organic-rich, anaerobic waters or
water-logged soils and sediments [64]. The concentration of SO4

2− in waters can decrease
by SO4

2− reduction, dilution, or the precipitation of SO4
2− -bearing minerals and increase

by the oxidation of sulfide-bearing minerals [64].
H2S is a common product of SO4

2− reduction, imparting a rotten egg odor to water,
a qualitative indicator. It can be difficult to quantify the concentration of H2S, especially
when Fe or other metals that can form metal sulfides are present. Sulfide in groundwater or
other anoxic systems often precipitates as a sulfide solid before the water has moved a far
distance [63]. Along the South Texas Coastal Plain, there are faults near petroleum deposits
that could allow for H2S seepage to the surface and salt domes containing liquid sulfur in
the cap rocks have been identified (Figure S8). However, it is not entirely clear where H2S
exists in water in the region. To address these concerns and evaluate the potential for H2S
in the region, the following assumptions were evaluated in the “H2S Assumptions” section
of the Supplementary Materials: H2S can be: (1) indicated by H2S odor, (2) calculated based
on measured sulfate concentrations, or (3) inferred from the presence and equilibrium
aqueous concentration of Fe and S from likely iron sulfide minerals.

Based on these assumptions and associated calculations, reduced sulfur may exist along
the Texas Coastal Plain. However, reducing conditions were not identified as a common
redox condition along Permissive Tract 3, which would suggest that reduced sulfur may not
affect the mobility of COPCs in this study area. Therefore, it is challenging to make broad
statements about the effect of reduced sulfur on element mobility, given our limited data.
However, individual samples or regions can be evaluated on a case-by-case basis.

3.7. Assign Environmental Condition

An environmental condition (EC) was assigned to each water sample based on the
approach discussed in previous sections. In ArcGIS [65], the “selection by attributes” tool
was used to group the data using the EC ranges in Table 1 and assign an EC number (1–12)
to each sample.

3.8. Aggregate Environmental Condition by HUC

The HUC12 boundaries served as the analysis area in ArcGIS to evaluate NURE
groundwater and surface water geochemical data. The HUCs are part of the watershed
boundaries for the U.S. and are available for download from the National Hydrography
Dataset on 1 March 2022 at http://nhd.usgs.gov/ or from the Natural Resources Conser-
vation Service on 1 March 2022 at http://www.nrcs.usda.gov/wps/portal/nrcs/main/
national/water/watersheds/dataset/.

HUCs are a useful geographic frame of reference for the GIS analysis used in this
study. In contrast to political boundaries that do not always have a hydrologic basis for
their size or shape, HUCs are defined using hydrologic principles and represent drainage
areas that are delineated using standardized criteria based on HUC area size, topographic
drainage divides, and hydrology. HUCs can be used to evaluate areas of groundwater
recharge depending on various factors, including water quantity, slope, evapotranspiration,
the lithology and permeability of surface material, and geologic structure, among other
factors. HUCs can also help to show where surface water of varying quality flows from a
HUC outlet into an adjacent HUC or into a lake or ocean.

http://nhd.usgs.gov/
http://www.nrcs.usda.gov/wps/portal/nrcs/main/national/water/watersheds/dataset/
http://www.nrcs.usda.gov/wps/portal/nrcs/main/national/water/watersheds/dataset/
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HUC standard sizes described by the USGS and U.S. Department of Agriculture
(USDA) (2013) denote the nested hierarchy of scale used to define drainage areas con-
taining large hydrologic sub-basins, e.g., 4- and 8-digit HUCs, to smaller 12-digit HUC
sub-watershed areas that are contained entirely within larger HUC units [66]. Numeric
codes, names, and boundaries that are associated with each HUC provide unique GIS
identifiers to combine other digital data from multiple sources such as political boundaries
important for water management. The summary statistics tool in ArcMap determined the
mean 12-digit HUC area for 10,907 HUC features in the study area. Twelve-digit HUCs in
southeast Texas have a mean area of 112 km2. It was determined that the 8-digit HUCs covered
too large of an area to be relevant to this study. This is because of geologic and associated
hydrologic heterogeneity that can occur over short distances. For example, facies changes
within an aquifer could strongly control the porosity and permeability of a formation.

Maps of the mode of EC of all samples within each individual HUC12 subwatershed
were created. The EC assignment for each sample was combined with the HUC12 data in
ArcGIS to create a new shapefile that can be color-coded by the mode of ECs for samples in
each HUC12.

The resulting maps are an assessment tool for determining, based on the EC categories
discussed in the Section 3, where suites of elements may be mobile or immobile. The
12-digit HUCs provide a good first-order approximation of geochemically anomalous areas
that have potentially high element mobility and at an appropriate scale consistent with this
groundwater and surface water vulnerability assessment.

3.9. Assess Element Mobility

The final evaluation in this geochemical framework is to assess the mobility of COPCs
by EC. Published datasets such as the NURE data contain detection limits (DL) for analyses
based on the laboratory and instrumentation sensitivity (Table 2). If the concentration
in water was greater than the DL, then the element was considered mobile. The DL is
typically the lowest detectable concentration of an element from a particular laboratory
and instrument used for analysis. It is important to note that NURE data were analyzed in
the 1970s and 1980s when detection limits were generally higher than they are currently.
Drinking water contaminant levels and aquatic life criteria are also listed in Table 2 [23,24].
The form of an element, including oxidation state and existence as a cation or oxyanion,
can also play an important role in mobility [32,37,42,67]. However, for assessing element
mobility, the form of elements was not incorporated but was considered in the Section 5.

Table 2. Detection limits and maximum contaminant levels for constituents of potential concern.

Element Detection Limit (NURE)
(Smith, 2006)

Detection Limit
(TWDB, 2020)

Drinking-Water
Maximum Contaminant

Level (USEPA, 2019b)

Aquatic Life Freshwater
Acute Criteria Maximum

Concentration
(USEPA, 2019a)

Aquatic Life Freshwater
Chronic Criteria

Continuous
Concentration

(USEPA, 2019a)

All values in µg/L
U 0.2 1.0 30 none identified none identified

Mo 4.0 1.0
none identified (70 By
WHO (Smedley and
Kinniburgh 2017))

none identified none identified

As 0.5 1.0 10 340 150
Se 0.2 2.0 50 none identified none identified
V 4.00 1.0 none identified none identified none identified

3.10. Variance-Qualified Environmental Conditions

To provide EC conditions in locations lacking geochemical data, grid surfaces of pH
and concentrations for each of the constituents (DO, Fe, Mn, NO3

−, SO4
2−, and sulfide

species) used in the redox calculator by Jurgens et al. (2009) were created in Oasis mon-
taj [68] using kriging techniques similar to those described in Thomas et al. (2019, p. 8).
Kriging is a geostatistical method that determines the most probable value at each grid
node (2000 m (m) by 2000 m (about 6562 ft by 6562 ft) for this study) based on a statistical
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analysis of the entire dataset [69]. Variance maps developed during the kriging process
were used to evaluate the uncertainty in the grid surfaces of each COPC. Generally, as the
distance between data points became greater, the correlation between points lessened, and
uncertainty in areas between points increased [69]. Additional information on kriging is
available in Isaaks and Srivastava (1989).

The grid cell size was determined by taking half of the median distance for all
pairs in the dataset. Variogram models were created to minimize the estimation error
during the kriging process. A variogram is the correlation between the variance of all
paired values and the spatial distance between those paired values within the dataset [69]
(Figures S10 and S11). Based on the observed data, a model (variogram model) is fit to best
represent the data. This model is then used in the gridding process to estimate the cell
values in the grid and to calculate the variance for that cell. Anisotropy, or spatial trends of
the data, may occur within a dataset. Any trends within the selected dataset were identified
and incorporated into the kriging process. Seequent (2021) contains a complete description
of the kriging methods used for grid interpolation.

After kriging, the resulting grid cell values for each of the constituents were used in
the redox calculator to estimate oxidation using the same methods stated in the “Reduction–
oxidation (redox) conditions” section and the assumptions in the “Redox Assumptions”
section in the Supplementary Materials. Using the gridded results for pH, the results from
the redox calculator, and the EC defined in Table 1, a grid of EC values was created. The
variance grids developed during the kriging process were used to evaluate uncertainty on
the overall analysis of the dataset by converting each variance grid into standard errors.
Uncertainty values were calculated as the mean standard error from all the constituents.
These uncertainty values, as represented by mean standard errors, were used to identify
areas of lower confidence (higher mean standard error) and areas of higher confidence
(lower mean standard error) in the EC value.

4. Results
4.1. NURE Groundwater and Surface Water Data

Of the 2302 data points in the NURE groundwater dataset, 1348 had data for the major
ions to plot piper diagrams ([70]; Figure S12a). The major ion chemistry of groundwater
in the Rio Grande and Houston embayment are similar with the exception of more sul-
fate (SO4

2−) in the Rio Grande embayment (Figure S12b) than the Houston embayment
(Figure S12c). Of the 915 data points in the NURE surface water dataset, 208 had data for
the major ions to plot piper diagrams (Figure S12d). The samples in the Houston embay-
ment had more data than the Rio Grande embayment with 185 and 23 useable data points,
respectively. However, there were no data for chloride (Cl) in the Rio Grande embayment
and only two values in the Houston embayment. The major ion chemistries of surface
water in the Rio Grande and Houston embayments (Figure S12e,f) are similar, with the
exception of a broader range of Ca in the Houston embayment.

The spatial distribution of COPC concentrations from the NURE groundwater dataset
along the South Texas Coastal Plain revealed similar spatial patterns of concentrations of
U, As, Mo, and V, with generally higher concentrations in the Rio Grande embayment
(Figures S13 and S14 and Tables S5 and S6). The distribution of Se revealed variable
concentrations throughout the South Texas Coastal Plain in Permissive Tract 3; however,
the Se concentrations are generally less than 1 µg/L.

4.2. Groundwater and Surface Water Distribution by EC

The dominant EC modes within the HUC12 areas were EC3 (pH ≥ 6.5 to <8.5, oxic)
for both NURE groundwater and surface water (Figure 4a,b), followed by EC2 (pH ≥ 3
to <6.5, oxic) for groundwater and EC7 (pH ≥ 6.5 to <8.5, anoxic) for surface water. The
greatest total number of samples were assigned to the EC3 category for both groundwater
and surface water (Figure 4c). For both groundwater and surface water, EC7 (pH ≥ 6.5 to
<8.5, anoxic) mainly occurred in the Rio Grande embayment, which is closer to the locations
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of known U deposits (Figures 1, 4a,b and S8). The surface waters defined as anoxic were
located in the Rio Grande embayment and typically had elevated Fe concentrations, which
may have affected redox category results. Furthermore, streams in this area have been
documented with occasional low dissolved oxygen or anoxic zones [71,72]. The Houston
embayment has more occurrences of EC2 (pH ≥ 3 to <6.5, oxic) in groundwater than did
the Rio Grande embayment. There are few occurrences of EC2 in surface water in the
Houston embayment, but the data are limited.
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Figure 4. Mode environmental condition by HUC for (A) NURE groundwater data and (B) NURE
surface water data. (C) Distribution of data by environmental condition (EC).

The majority of COPCs are greater than the DL for the specific element, suggesting that
the COPCs are mobile across the pH values and redox assignments in this study (Figure 5,
Figures S13 and S14, Tables S1, S5 and S6). The separation of the data by the Houston
and Rio Grande embayments shows that the COPCs from the NURE groundwater data
have higher concentrations in the Rio Grande embayment than the Houston embayment
(Figure 5, Figure S13, Table S5). For instance, the median concentrations of U are higher in all
ECs of the Rio Grande embayment except for EC12, and the largest median concentrations
of U in the Rio Grande embayment are in EC2, 3, and 11 (Figure 5). This is likely because
the Rio Grande embayment has known sources of U and co-occurring elements while the
Houston embayment does not [9]. These results suggest that the mobility, occurrence, and
persistence of the COPCs is possible throughout the South Texas Coastal Plain where there
is a source of the COPCs in the region.
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Figure 5. Box and whisker plots of U, Mo, As, Se, and V NURE groundwater chemistry data by
environmental condition within Permissive Tract 3, the Houston embayment, and the Rio Grande
embayment. The gray box indicates statistical value boundaries. The boundary of the box closest
to zero indicates the 25th percentile, the line in the box indicates the median, and the top of the box
indicates the 75th percentile. The whiskers show the 10th and 90th percentiles and the black dots
indicate outliers. The detection limit for each element is shown as a black line.

4.3. Variance-Qualified Environmental Condition Maps

Similar to the HUC12 results for the NURE groundwater data, the dominant EC in
Permissive Tract 3 resulting from the kriging process described in Section 3.10 was EC3
(pH ≥ 6.5 to <8.5, oxic) (Figure 6), covering about 73 percent of the permissive tract followed
by EC2 (pH ≥ 3.0 to <6.5, oxic) and EC11 (pH ≥ 6.5 to <8.5, mixed) covering about 13 and
9 percent of the permissive tract, respectively. The Rio Grande embayment has some areas
coded as EC7 (pH ≥ 6.5 to <8.5, anoxic), mainly in the area closer to locations of known
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U deposits (Figures 1, 4a,b and S8). In the north part of the Houston embayment, more
occurrences of EC2 (pH ≥ 3 to <6.5, oxic) in groundwater were estimated than in the Rio
Grande embayment.
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Figure 6. Environmental conditions and mean standard errors for the NURE data using the kriging
methods described in Section 3.10.

The confidence found in Permissive Tract 3 is relatively low around the edges, with
a large area of low confidence to the northeast of Permissive Tract 3 and near the coast
to the south where there were high mean standard errors (Figure 6). These areas of low
confidence are directly related to the amount of data available in those areas. In order to
increase the confidence in these areas, additional data is needed.

The results from the variance-qualified EC grid of the NURE groundwater data com-
pare well to the results of the HUC12 mode analysis. Both analyses show that EC3
(pH ≥ 6.5 to <8.5, oxic) is the dominant condition in Permissive Tract 3, and when vi-
sually compared, the locations of EC2, EC4, EC7, EC10, and EC11 between the two are
spatially similar. There are some more detailed changes in the variance qualified EC grid,
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which is expected because of the finer detail in the interpolation of the data between points
and not discretizing the data into HUCs.

4.4. Applying the Geochemical Framework

As a validation, the framework developed in this study was applied to determine
how well it predicts the groundwater quality data from the Texas Water Development
Board [45] from 1980 to present. The TWDB data were processed and analyzed according
to the methods described herein and classified according to the geochemical framework.
Results reveal a similar distribution of environmental conditions by HUC compared to the
NURE groundwater dataset used to develop the framework (Figures 7 and S15), with the
exception of some HUCs plotted from the TWDB dataset that are EC7 and which were EC3
in the NURE data. The distributions of COPC concentrations from the TWDB and NURE
data are similar, with the exception of Se, which has a higher overall median in the TWDB
data (Figure S15).
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Figure 7. NURE groundwater Environmental Condition (EC) HUCs and Texas Water Development
Board groundwater EC HUCs, 1980 to present.

The majority of TWDB data HUCs contain the criteria for EC3 (pH ≥ 6.5 to <8.5, oxic),
followed by EC7 (pH ≥ 6.5 to <8.5, anoxic) and EC2 (pH ≥ 3 to <6.5, oxic). There are
801 HUCs in the clipped area shown in both maps in Figure 6. The NURE groundwater
data cover 520 HUCs and the TWDB groundwater data cover 426 HUCs. EC3 accounts
for 76% of the NURE groundwater HUCs and 64% of the TWDB HUCs. The TWDB EC7
covers 27% of the HUCs and many of those areas are plotted as EC3 in the NURE data. The
only difference between EC3 and EC7 is the redox condition; oxic to anoxic, respectively.
The TWDB may contain more redox-sensitive data that help to better define the redox
condition as anoxic or conditions in these HUCs may have changed. In addition, the TWDB
data are newer and may contain more accurate data as sampling and analytical protocols
are updated. The data from both the NURE and TWDB datasets were grouped across
all formations discussed in Section 2.2. Oden and Szabo (2015) note that the majority of
water sampled from the stratigraphically lower Evangeline aquifer in the Houston, Texas
area have anoxic conditions compared with the Chicot aquifer, which has predominantly
oxic conditions. This may also explain the change from EC3 to EC7 in some HUCs of the
comparative analysis between the NURE and TWDB data. However, we did not evaluate
the number of water samples collected from each formation.
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4.5. Applying Kriging to the Texas Water Development Board Data

The majority of TWDB groundwater data in Permissive Tract 3 was EC3 (pH ≥ 6.5
to <8.5, oxic), covering about 63 percent of the permissive tract, and EC11 (pH ≥ 6.5 to
<8.5, mixed), covering about 32 percent of the permissive tract (Figure 8). There is a small
area of EC2 (pH ≥ 3 to <6.5, oxic) in the north part of the Houston embayment, covering
about four percent of the permissive tract. Aside from some small-scale features, the Rio
Grande embayment contains mostly EC3 and EC11, while the Houston embayment mostly
contains EC2 (pH ≥ 3 to <6.5, oxic), EC3 (pH ≥ 6.5 to <8.5, oxic), and EC11 (pH ≥ 6.5 to
<8.5, mixed).
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Figure 8. Environmental conditions and mean standard errors for the TWDB data using the kriging
methods described in Section 3.10.

The confidence found in Permissive Tract 3 for the TWDB groundwater data is highly
variable throughout the permissive tract (Figure 8). In the Houston embayment, the lower
confidence areas, as represented by high mean standard errors, are generally to the north,
with an area near the coast east of Houston, Texas. Most of the Rio Grande embayment had
mean standard errors above 1.0, showing higher variability in the kriging results, which
could be a result of lacking data in the area. In order to increase the confidence in these
areas, additional data is needed.
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The results from the variance-qualified EC grid of the TWDB groundwater data
compare well to the results of the HUC12 mode analysis, except that the HUC12 mode
analysis showed more anoxic conditions, as represented by EC7 compared to the mixed
conditions of EC11 found in the variance-qualified EC grid. The reason this occurred
is as a result of interpolating the DO concentrations of the permissive tract and using
the mode for the HUC12 analysis. Overall, the TWDB groundwater data lacked many
DO concentrations throughout the dataset; most of the time, the DO concentrations were
from samples in the locations represented as EC7 in the HUC12 analysis. Because of the
number of samples without DO concentrations, the mode in those HUCs resulted in less
oxic conditions (more samples containing no DO concentrations than samples with a DO
concentration). The kriging method interpolates all known DO concentrations across the
samples that do not have a DO concentration. This interpolation results in those samples
with no DO concentration being represented as more oxic, causing the conditions in those
locations to change from anoxic to mixed conditions. Besides the difference between EC7
from the HUC12 analysis and EC11 from the variance-qualified EC grid, the other ECs
visually compared well between the two analyses.

5. Discussion

The combination of twelve environmental conditions defined in this study and the
distribution of COPCs together identified locations where COPCs may occur, persist, or
be mobile in groundwater and surface water along the Texas Coastal Plain. When eval-
uating these results, it is important to remember that there are multiple reasons why
these COPCs might be associated with a solid or aqueous phase. The four main condi-
tions that can affect element mobility are (1) environmental conditions such as pe and pH;
(2) sorption possibility, with emphasis on solids such as iron oxides and clays; (3) precipita-
tion possibility, with emphasis on reduced sulfur; and (4) the chemical form of the element,
which depends on pe, pH, and the presence of other elements. Mobility can be affected by
complexation or competition, which relates directly to condition 4.

For discussion of the geochemical framework created in the work presented here,
the results from the NURE groundwater data are used. The range of reported COPC
concentrations by EC was compared to detection limits to define mobility (Figure 5,
Tables S1 and S5 and Figure S11). To document the mobility of each COPC and com-
pare them to the Smith (2007) and Perel’man (1986) models (Table 3), the results were
compared to pe-pH diagrams for each COPC (Figure 3), a general understanding of sorp-
tion and precipitation of each element especially as in the presence of iron substrate and
sulfur species, and results of PHREEQC (57) modeling to identify the chemical form of each
element by EC in the Rio Grande embayment (Table S7). Uranium ternary complexes were
not included in the PHREEQC modeling for the purposes of this geochemical framework.
However, evaluating the ternary complexes for a specific site could further the understand-
ing of U mobility. It is also important to note that the distribution of COPC concentrations
varies depending on location along the South Texas Coastal Plain, such as the Houston
embayment versus the Rio Grande embayment. The Smith (2007) approach, Perel’man
(1986) approach, and the approach described in this text have slightly different geochem-
ical frameworks but similar results. Table 3 provides a summary of each environmental
condition and the resulting mobility prediction for each framework. The table includes
potential mobility/immobility in association with Fe substrates and H2S.
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Table 3. Comparison of mobility based on methods by Smith (2007), Perel’man (1986) and this study. (21) (15) (15) (15; 30; 67; 33; 68; 22; 56; 32; 1; 69).

Smith, 2007 Perelman, 1986 Blake et al., This Study

Environmental
Condition Mobile

Scarcely
Mobile
to Im-

mobile

Environmental
Condition

Oxidized Water Reduced Water (no H2S)
Reduced

Water with
H2S

Environmental
Condition Mobile

Scarcely
Mobile to
Immobile

Fe Sub-
strates
Present

H2S
PresentAdsorption

to Fe
Substrate

Contact
with
Re-

duced
Water

without
H2S

H2S
Intro-
duced

Adsorption
to Fe
Sub-
strate

Contact
with

Reduced
Water

without
H2S

H2S
Intro-
duced

Adsorption
to Fe

Substrate

Oxidizing
with pH < 3

As, Mo,
Se, U, V – pH < 3 As

immobile
U, Mo
immo-

bile

As, Mo,
U im-

mobile

V, As
immo-

bile
U, Mo

immobile – As, V
immobile

(1) pH < 3,
oxic

no data
but

would
expect

As, Mo,
Se, U, V

– As im-
mobile –

Oxidizing
with pH > 5 to
circumneutral,

no iron
substrates

As, Mo,
Se, U, V – pH 3 to 6.5 As, Mo, U,

V immobile
U, Mo
immo-

bile

Mo, U
immo-

bile
U im-

mobile
U, Mo

immobile
U im-

mobile – (2) pH ≥ 3 to
<6.5, oxic

As, Mo,
Se, U, V –

As, Mo,
U, V im-
mobile

–

Oxidizing
with pH > 5 to
circumneutral,
abundant iron

substrates

Se As, Mo,
U, V pH 6.5 to 8.5

As, Mo, V
potentially
immobile

U, Mo,
Se, V

immo-
bile

Mo, U,
Se, V

immo-
bile

– U, Mo
immobile

Mo, U
poten-
tially

immo-
bile

– (3) pH ≥ 6.5
to <8.5, oxic

As, Mo,
Se, U, V –

As, Mo,
V

scarcely
mobile

–

Reducing
with pH > 5 to
circumneutral,
no hydrogen

sulfide

As Mo, Se,
U, V pH > 8.5

As, Mo, V
potentially
immobile

U, Mo,
Se, V,

As im-
mobile

As, Mo,
U, V im-
mobile

– U, Mo
immobile

U po-
tentially
immo-

bile

– (4) pH ≥ 8.5,
oxic

As, Mo,
Se, U, V –

As im-
mobile
Mo, V

scarcely
mobile

–

Reducing
with pH > 5 to
circumneutral,

with
hydrogen

sulfide

– As, Mo,
Se, U, V

(5) pH < 3,
anoxic

no data
but

would
expect

As, Mo,
V

no data
but would
expect Se,

U

As, V
immo-

bile

As, Mo,
Se can
form
solids
with

sulfide

(6) pH ≥ 3 to
<6.5, anoxic

As, Mo,
V Se, U

As, Se
imm-
boile

As, Mo,
Se can
form
solids
with

sulfide
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Table 3. Cont.

Smith, 2007 Perelman, 1986 Blake et al., This Study

Environmental
Condition Mobile

Scarcely
Mobile
to Im-

mobile

Environmental
Condition

Oxidized Water Reduced Water (no H2S)
Reduced

Water with
H2S

Environmental
Condition Mobile

Scarcely
Mobile to
Immobile

Fe Sub-
strates
Present

H2S
PresentAdsorption

to Fe
Substrate

Contact
with
Re-

duced
Water

without
H2S

H2S
Intro-
duced

Adsorption
to Fe
Sub-
strate

Contact
with

Reduced
Water

without
H2S

H2S
Intro-
duced

Adsorption
to Fe

Substrate

(7) pH ≥ 6.5
to <8.5, anoxic

As, Mo,
Se, V Se, U, V

As im-
mobile,

Se
scarcely
mobile

As, Mo,
Se can
form
solids
with

sulfide

(8) pH ≥ 8.5,
anoxic

no data
but

would
expect

As, Mo,
Se, U, V

– – –

(9) pH < 3,
mixed no data no data

Se po-
tentially
immo-

bile

As, Mo,
Se can
form
solids
with

sulfide

(10) pH ≥ 3 to
<6.5, mixed U As, Mo,

Se, V

Se po-
tentially
immo-

bile

As, Mo,
Se can
form
solids
with

sulfide

(11) pH ≥ 6.5
to <8.5, mixed U, As Mo, Se, V

Mo, Se
immo-

bile

As, Mo,
Se can
form
solids
with

sulfide
(12) pH ≥ 8.5,

mixed
U, As,

Mo Se, V Mo
mobile –
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The oxidation states and species of the COPCs modeled from the NURE groundwater
data in PHREEQC indicated the likely form of each COPC. Details of the PHREEQC model
are included in the “COPC Oxidation states and species” section of the Supplementary
Materials. Results can be compared to Table S1 information and Figure 3 pe-pH diagrams
of element species. While the compiled table (Table 3) of mobility predictions does not
explicitly include the oxidation states or species of each COPC, the authors took this into
consideration when creating the table.

The dominant EC in the Texas Coastal Plain, using the NURE groundwater data,
was EC3 (pH ≥ 6.5 to <8.5, oxic). According to the pe-pH diagrams (Figure 3) and the
results shown in Figure 6 and S13, this EC would likely promote the mobility of all COPCs.
However, if Fe substrates were present, As, Mo, and V could be scarcely mobile in EC3. The
next most dominant ECs along the Texas Coastal Plain are EC7 (pH ≥ 6.5 to <8.5, anoxic)
and EC2 (pH ≥ 3 to <6.5, oxic). In EC7, As, Mo, Se, and V would be mobile, and U would
be immobile. In addition, depending on the specific chemistry of the water and element
species, Se and V could be scarcely mobile in EC7. If Fe substrates were present, As would
be immobile and the reduced form of Se could be scarcely mobile. If H2S was present, As,
Mo, and Se could become immobile as sulfides. In EC2, As, Mo, Se, U, and V would be
mobile and As, Mo, U, and V would be immobile if Fe substrates were present. Overall, U,
Se, and V could precipitate in the pe-pH ranges of this study, especially under anoxic or
mixed conditions (Table 3).

The mobility of COPCs in samples across the mixed redox conditions could be evalu-
ated by pH alone. Given the complexity of the concept of a mixed redox condition, further
evaluation could be given to the COPC distribution in ECs 9 to 12.

The Rio Grande embayment had more NURE groundwater samples with COPC con-
centrations above the DL than the Houston embayment (Figures 4–6, Tables S5 and S6,
Figure S11). Furthermore, the concentration ranges of COPCs were generally higher in
the Rio Grande embayment. This is potentially due to the lack of source rocks with these
minerals in the Houston embayment, or that the minerals exist and are not exposed. Impor-
tantly, if the Houston embayment had a source of these COPCs or they were introduced to
the Permissive Tract 3 aquifers, the elements could occur and persist as they do in the Rio
Grande embayment.

5.1. Implications for Planning

This geochemical framework model provides the historical spatial distributions of
groundwater and surface water geochemical conditions by redox condition and pH. This
information can be used on the South Texas Coastal Plain to identify areas of groundwater
and surface water that are favorable to the mobilization of COPCs. For instance, in an
area of groundwater or surface water that is categorized as having an EC of 3 (that is,
near-neutral pH and oxic), U is likely to be mobile. If that water migrated into an EC
with reducing conditions, such as EC7, then you would expect U to precipitate. The
median concentration of U from the NURE groundwater data is higher in EC3 than in EC7
(Figure 5), which supports this interpretation. If a sample is located in a HUC categorized
as EC12 and migrates to a HUC categorized as EC7, Se and V could become mobile. The
data presented in Figure 5 support this example for V, where the median concentration in
EC 12 is lower than in EC7. For Se, the median values are slightly higher in EC12 compared
to EC7 in the NURE groundwater data. This difference could be related to a geochemical
mechanism not addressed in this study.

If possible, facilities that might release the COPCs to the environment could be planned
in areas where the COPCs are not mobile. Or, if this is not possible, knowing that the
COPCs are mobile could aid in planning water-management strategies on-site.

5.2. Limitation on the Model

The geochemical framework proposed here has limitations, as is the case with any
model. This framework is a simplification of a complex system that provides a generalized
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assessment of the principal factors (pH and redox) that affect the potential for COPCs
to be mobile in aquifers and surface waters. The effect of iron substrates and sulfides
are difficult to quantify based on water quality data alone and are often heterogeneous
throughout aquifer systems. Furthermore, the initial oxidation state and species of the
COPCs considered here were not explicitly used to define mobility. The surface water
samples may not be in redox equilibrium, which could alter the results of the model (70).
The lack of radium data was also a limitation of the study, as radium is often a COPC
associated with U mining.

The scale of the HUCs used for the analysis in this study may be larger than what
might be needed for U extraction environmental evaluations. A smaller-scale grid could be
created and used for this need. The aquifers for this study were combined for data analysis.
Separating aquifers by depth could provide a more detailed understanding of the mobility
of COPCs. The approach created herein provides a broad view of how to address these
questions and can be modified for specific locations and questions. Using this geochemical
framework to identify the occurrence of COPCs associated with ore deposits could be
evaluated at a smaller scale than HUC12. The user should consider these factors and others
in assessing the mobility of COPCs in their study area. However, this framework provides
a generalized approach to map locations where elements could occur, persist, or be mobile.

6. Conclusions

This study focused on the South Texas Coastal Plain and the corresponding Gulf Coast
aquifer system as a prototype location to create and validate a geochemical framework to
understand the mobility of potential COPCs. The geochemical framework developed herein
provides a quantitative approach to evaluate the spatial distribution for the occurrence,
persistence, and mobility of COPCs based on pH and redox conditions, which were broken
into 12 environmental conditions. The effects of iron substrates and H2S on element
mobility were also evaluated and discussed qualitatively. The results indicate that the
environmental conditions can be used to identify locations where COPCs could occur,
persist, or be mobile and how a change in EC could affect the mobility. The methodology
has broad applicability to other areas where sufficient water-quality data exist and where
the geologic framework is known.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/min12040411/s1, Figure S1: A. Generalized map and B. geologic cross section A-A’ and
C. generalized map and D. geologic cross section B-B’ in the South Texas Coastal Plain, Figure S2:
The major rivers in the Texas Coastal Plain shown in blue and locations of major cities shown in
white. An outline of Permissive Tract 3 and the San Marcos arch are shown. Figure S3: Graphs
showing pH distribution from NURE groundwater data in each redox category (oxic, mixed, and
anoxic), assigned using the Jurgens et al. (2009) redox calculator, by sample number. Figure S4: Pe-pH
diagrams of A. Fe (1.79 × 10−7 mol/L), B. Fe (1.63 × 10−5 mol/L), C. Mn (3.64 × 10−8 mol/L), D. Mn
(6.94 × 10−5 mol/L), E. SO4

2− (2.60 × 10−5 mol/L), F. SO4
2− (3.17 × 10−2 mol/L), G. Fe and

SO4
2− (1.79 × 10−7 mol/L and 2.60 × 10−5 mol/L), and H. Fe and SO4

2− (1.63 × 10−5 mol/L and
3.17 × 10−2 mol/L). Element concentrations are the lowest and highest concentration in the NURE
groundwater dataset. The pH range of the NURE groundwater dataset (3.0 to 12) is shown on each
pe-pH diagram as a red box. Figure S5: Pe-pH diagram showing approximate regions of typical
environmental systems (modified from Grundl et al. 2011). The purple box highlights the range of
pH values in this study. The blue circles highlight potential water types in the study area. Figure S6.
Sequence of microbially mediated redox processes (modified after Stumm and Morgan, 1981). The
red ovals highlight potential redox processes occurring in the Texas Coastal Plain based on data
available in NURE groundwater samples. The purple box highlights the potential range of pe values
in the study area. Figure S7. Saturation indices across pH for pyrite, goethite, hematite, magnetite,
maghemite, jarosite, Fe(OH)3(a), and Fe3(OH)8, Fe(OH)2.7Cl0.3 calculated from NURE groundwater
data. Graphs are separated by redox condition A. anoxic, pe = −8, B. mixed, pe = 0, and C. oxic,
pe = +11. Figure S8. Location of salt domes, mines, and H2S odor detected in NURE groundwater
samples along the Texas Gulf Coast. Figure S9. Plot of NURE groundwater SO4

2− concentrations
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in mol/L versus pH and calculated equilibrium H2S and HS- concentrations in mol/L versus pH.
Figure S10. Variograms showing the correlation between the variance of all paired NURE values
and the spatial distance between those paired values for the observed (black line in the top window)
and modeled (variogram model; red line in the top window) data as well as the number of sampled
value pairs compared to distance between paired values (black line in the bottom window) for pH,
(B) DO, (C) SO4, (D) Mn, (E) Fe, and (F) S. Figure S11. Variograms showing the correlation between
the variance of all Texas Water Development Board paired values and the spatial distance between
those paired values for the observed (black line in the top window) and modeled (variogram model;
red line in the top window) data as well as the number of sampled value pairs compared to distance
between paired values (black line in the bottom window) for (A) pH, (B) DO, (C) SO4, (D) Mn,
(E) Fe, and (F) S. Figure S12. A. Spatial distribution of NURE groundwater points with complete
datasets to plot piper diagrams. B. Piper diagram of data from the Rio Grande embayment. C. Piper
diagram of data from the Houston embayment. D. Spatial distribution of NURE surface water with
complete datasets to plot piper diagrams. E. Piper diagram of data from the Rio Grande embayment.
F. Piper diagram of data from the Houston embayment. Figure S13. Figures of NURE groundwater
COPCs concentrations in micrograms per liter plotted as less than or equal to the detection limit,
two times the detection limit, three times the detection limit, four times the detection limit, and
samples greater than four times the detection limit. Figure S14. Figures of NURE surface water
COPCs concentrations in micrograms per liter plotted as less than or equal to the detection limit, two
times the detection limit, three times the detection limit, four times the detection limit, and samples
greater than four times the detection limit. Figure S15. TWDB groundwater data by EC compared to
NURE groundwater data by EC. Table S1: Geochemical mechanisms associated with constituents
of concern, Table S2: Electron acceptors and threshold concentrations used in the redox calculator
(Jurgens et al. 2009). Table S3: Henry’s Law values and results of aqueous H2S concentrations,
Table S4: Equilibrium aqueous concentrations of sulfur species from pyrite, mackinawite, and
gypsum modeled in PHREEQC. Table S5: NURE groundwater constituent of potential concern
data compared to the detection limit. The number of samples greater than the detection limit, the
percent of the total sample size greater than the detection limit, and the number of samples in each
environmental condition (EC) are shown. Table S6: NURE surface water constituent of potential
concern data compared to the detection limit. The number of samples greater than the detection limit,
the percent of the total sample size greater than the detection limit, and the number of samples in each
EC are shown. Table S7: Oxidation state and dominant species for relevant environmental conditions
in the Rio Grande embayment. References [73–86] are cited in the Supplementary Materials.
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