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Two cross sections along the Texas Coastal Plain, from the Houston and Rio Grande 

embayments, are shown in Figure 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. 

1. Geochemical and Physical Conditions Controlling Mobility of Elements 
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Aqueous complexation and adsorption competition can affect the behavior of metals 
in water. A complex is the dissolved association of a cation and anion or neutral molecule 
[1]. Competition occurs when more than one ion can fit on a sorption site such as Fe-
(hydr)oxides. The competing ion can replace the desorbed ion [1].  Alkalinity, generally 
as bicarbonate or carbonate, is found at a range of concentrations in groundwater and 
surface water and can contribute to complexation or competition [2]. In addition to 
providing information about buffering capacity and pH, alkalinity can influence for-
mation of aqueous metal complexes involving U and As among other co-occurring ele-
ments [3,4]. It is well established that U(VI) forms aqueous complexes as uranyl-car-
bonates, which can dominate the U behavior in water [4,5,6]. Arsenic (3) tends to form 
carbonate complexes while As(5) does not [7]. In addition, bicarbonate and phosphate can 
compete with As for sorption sites on Fe-(hydr)oxides [2]. If this occurs, As can be released 
from the solid and become mobile. 

Iron substrates in the environment can include hydrous ferric oxides including amor-
phous ferric hydroxide, amorphous iron oxyhydroxide, and ferrihydrite as well as goe-
thite, the crystalline oxide form. These substrates are ubiquitous in the environment and 
are often the primary sorbent for metals [8,9]. Iron oxides are typically found as secondary 
minerals that form from weathering of primary minerals [9]. Metal substrates can occur 
as coatings on clay-size minerals in soils and sediments or as minerals [9]. Sorption of 
constituents of potential concern (COPCs) to iron substrates is pH and redox dependent 
[9]. 

Hydrogen sulfide (H2S) and related species can have a physiochemical effect on mo-
bility by affecting the redox state of the water and water-rock interaction. A common re-
ductant associated with the South Texas Coastal Plain roll-front deposits is “sour gas” 
(methane + hydrogen sulfide) that migrated along faults into ore-bearing formations from 
hydrocarbon environments deeper in the subsurface [10,11,12].  The existence of reduced 
sulfur can lead to sulfide precipitates containing elements such as As, Fe, Mo, U, Se, and 
V [13]. Uranium deposits in this region were also reduced by pyrite-rich geochemical cells 
formed around paleo-organic-rich lagoons and marshes [12].  

Table S1 provides a simplified list of expected geochemical mechanisms associated 
with the COPCs based on speciation, redox, pH, Fe substrates and H2S. The information 
was compiled from the literature and does not necessarily encompass every detail of the 
possible geochemical mechanisms but focused on the specific questions discussed in this 
study.
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Table S1. Geochemical mechanisms associated with constituents of concern. 

Element Form in water (oxyanion, oxycation or 
complex) Species Effect from pH Effect from redox Relation to 

Fe oxides 
Relation to 

H2S Forms Sulfides References 

As 

AsO43-, H2AsO4-, HAsO4-2 As(V) 

increase in 
pH(>8.5) desorp-
tion from Fe-ox-

ides; below pH 5-
6, sorption to Fe 

oxides; mobilized 
at high pH. 

reduce to As(III); 
reductive dissolu-
tion of iron oxy-
hdroxide phases 

couples 
with iron 

oxides 

Can form sol-
ids with iron 
and sulfide 

X 

Plant et al., 1996; Dixit and 
Hering, 2003; McMahon 

and Chapelle, 2008; Smed-
ley and Kinniburgh, 2002; 
Nicot et al., 2010; Kirk et 

al., 2010 

AsO33-, H3AsO3, H2AsO3- As(III) 

pH greater than 7-
8, sorbs to Fe ox-

ides; at neutral pH 
As(III) can desorb 
from mineral ox-

ides 

oxidize to As(V) 
Sorbs 

above pH 
7-8 

Can form sol-
ids with iron 
and sulfide 

Smedley and Kinniburgh, 
2002; Dixit and Hering, 
2003; Kirk et al., 2010 

V 

Vanadate (H3VO3; H2VO−4 and HVO2−4) V(V) 

increase in 
pH(>8.5) results in 
desorption from 

Fe-oxides 

mobile in oxic con-
ditions 

sorbs until 
pH greater 

than 8.5 

 

X 

McMahon and Chapelle, 
2008; Nicot et al., 2010; 

Wright and Belitz, 2010; 
Mochizuki et al., 2018 

VO2+ and V(OH)+3 V(IV) mobile in acidic 
conditions 

only exists in con-
ditions more re-

ducing than that of 
the gulf coast; mo-
bile under reduc-

ing conditions 

  Nicot et al., 2010; Wright 
and Belitz, 2010 

Mo 
MoO4-, H2MoO4 Mo(VI) 

increase in 
pH(>8.5) desorp-
tion from Fe-ox-

ides; mobile at pH 
greater than 7 

mobile in oxic con-
ditions 

sorbs until 
pH of 8.5 

Can form sol-
ids with iron 
and sulfide X 

Plant et al., 1996; 
McMahon and Chapelle, 
2008; Nicot et al., 2010; 

Migeon et al., 2020 

 Mo(IV) Mobile at high ph   fairly insolu-
ble as Plant et al., 1996 
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molybdenite 
(MOS2) 

Se 

 Se(-II) anoxic     

X 

 

selenate, H2SeO4, SeO4-2, HSeO4- Se(VI) 

increase in 
pH(>8.5) desorp-
tion from Fe-ox-

ides 

mobile in oxic con-
ditions 

sorbs to Fe-
oxides  

reduction in 
the presence 
of iron sul-
fides; can 

sorb to iron 
sulfides 

Plant et al., 1996; 
McMahon and Chapelle, 
2008; Nicot et al., 2010; 

Mitchell et al., 2013 

selenite H2SeO3, HSeO3-, SeO3-2 Se(IV) mobile at high pH 

insoluble and pre-
cipitates under 

mildly reducing 
conditions 

selenite 
sorbs to Fe-

oxides 

reduction in 
the presence 
of iron sul-
fides; can 

sorb to iron 
sulfides 

Mitchell et al., 2013; Plant 
et al., 2014; Etteieb et al., 

2020 

U 

UO22+, U(OH)4, U(OH)3+ U(IV) 

increase in 
pH(>8.5) desorp-
tion from Fe-ox-

ides 

reducing condi-
tions, immobile 

sorbs to Fe-
oxides 

can form sul-
fide precipi-

tates 

X 

Plant et al., 1996; Smith, 
2007; McMahon and 

Chapelle, 2008; Nicot et al., 
2010 

UO22+ U(VI)  oxic conditions, 
mobile 

sorbs to Fe-
oxides 

 Fox et al., 2006; Smith, 
2007 

Uranyl-carbonate complexes (UO2(CO3)22-

and UO2(CO3)34-), UO2CO3 
U(VI) 

mobile in circum-
neutral to alkaline 

pH 

mobile in oxic con-
ditions 

  Fox et al., 2006; Stewart et 
al., 2010 

Calcium-uranyl-carbonate complexes 
(Ca2UO2(CO3)30(aq);  CaUO2(CO3)32-) 

U(VI) mobile at alkaline 
pH 

mobile in oxic con-
ditions 

  Fox et al., 2006; Stewart et 
al., 2010 
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2. Evaluate the Distribution of Master Variables 
In the Smith (2007) framework, pH and general redox conditions (oxic/anoxic) are 

primary controlling factors used to categorize mobility (very mobile, mobile, somewhat 
mobile, and scarcely mobile to immobile) of multiple chemical elements in water. The 
presence or absence of oxidized iron substrates is an additional factor used to partition 
chemical mobility among elements because sorption of many elements to oxidized iron 
substrates limits their mobility [13].  In addition, the Smith method considered the pres-
ence or absence of hydrogen sulfide to categorize element mobility because precipitation 
of sulfide minerals limits the mobility of multiple trace elements. Smith (2007 [13]) states 
that the mobility classification … “should be used only in a relative sense and does not 
provide any information about absolute concentrations or quantitative data” and that to 
use the approach, “in a natural setting, it is necessary to have a good grasp of geochemical 
conditions” (p. 29). Because of these considerations and because Smith (2007 [13]) focused 
on surface water and the geochemical framework developed in the work described herein 
evaluated geochemical mobility in both groundwater and surface water, we modified the 
Smith (2007 [13]) mobility categories by incorporating some other geochemical methods 
and considerations typical of groundwater. In particular, we incorporated the pH cutoffs 
of the geochemical barriers from Perel’man (1986 [14]). To identify the redox condition for 
each sample, we used a redox toolbox developed by Jurgens et al. (2009 [15]) for assigning 
the redox category for each sample. McMahon and Chapelle (2008 [16]) discuss the frame-
work for the redox toolbox and apply it to principal aquifers in the United States. The 
master variables were evaluated in groundwater and surface water.  Major rivers are 
shown in Figure S2.  pH ranges are shown in Figure S3 and the redox indicators are shown 
in Table 2. 
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 FigureS2. 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. 
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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 num-
ber. 

Table S2. Electron acceptors and threshold concentrations used in the redox calculator (Jurgens et 
al., 2009). 

Electron Acceptor Threshold Concentration 

Dissolved O2 0.5 mg/L 

NO3− (as Nitrogen) 0.5 mg/L 

Mn2+ 50 μg/L 

Fe2+ 100 μg/L 

SO42 0.5 mg/L 
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3. Redox Assumptions 
To apply the redox framework in this study, there were several assumptions made 

based on the constituents reported in each dataset.  
First, we confirmed that water samples were filtered or preserved (acidified) and 

were not otherwise treated or blended such that the data evaluated in this study are suit-
able for redox classification. The National Uranium Resource Evaluation (NURE) data 
from Permissive Tract 3 lists the sample treatment as “filtered with 0.45 μm filter in the 
laboratory” [17]. 

Second, in the published geochemical data used in this study, it was noted that the 
exact method of DO measurement (flow-through cell, bucket, or other) may not be known 
or a flow-through cell may not have been used. DO data are often included in datasets, 
but the value reported may be erroneous due to contamination associated with the meas-
urement method used when sampling groundwater [18,19]. For instance, when the NURE 
samples were collected in 1973 to 1980 [17], flow-through cells were not routinely used 
and NURE methods indicated that DO was measured in waters collected in a bucket with 
a Horiba U-7 water analyzer [20,21,22]. 

The oxic/anoxic threshold for DO of Jurgens et al. (2009 [15]) was slightly modified 
for water samples identified as “mixed” as follows. Jurgens et al. (2009 [15]) suggests: 
“Samples that have dissolved O2, but are missing one or more of the other four constitu-
ents, will have a general redox category of either “O2 ≥ 0.5 mg/L” or “O2 < 0.5 mg/L”. These 
two categories are used to distinguish between predominately oxic and anoxic condi-
tions” [15].  However, given the sensitivity of DO measurements to atmospheric exposure 
and the slow response of DO electrodes below 1 mg/L [19], in this study, DO concentra-
tions less than 1 mg/L suggested an anoxic environment. This assumption was only used 
for samples with a general redox category result of “mixed.” That is, if the redox category 
assigned based on overall sample characteristics was mixed, and DO concentrations were 
less than 1 mg/L, then the redox assignment was manually changed to anoxic. This ad-
justment was made for 2.9% of the NURE groundwater data and 0% of the NURE surface-
water data. In the NURE datasets, there were no DO data listed as below detection limit. 
However, if there was not a DO value for a sample, the value was left blank and the redox 
category was based on the other parameters. This situation occurred for 14% of the NURE 
groundwater data and 75% of the NURE surface-water data. 

If DO was not reported, then dissolved Mn+2 and Fe2+ concentrations were used in 
order to establish the redox category. Dissolved Mn and Fe concentrations in water are 
generally reported as total concentrations without measuring the species of each, as in the 
NURE dataset. However, the redox framework uses Mn2+ and Fe2+ concentrations for de-
fining the redox condition [15], and we needed to define what the most likely species of 
each was in our dissolved sample data.  The most common form of dissolved Fe in 
groundwater is Fe2+ [23] especially in oxidizing conditions (pe 0 to 10) as Fe(II) solids are 
more soluble than Fe(III) solids [24]. Manganese follows a similar speciation pattern to 
that of Fe under environmental conditions where the reduced aqueous divalent form is 
more stable [23].  Mn(IV) and Fe(III) solids are generally insoluble at near neutral pH (6.5 
to 8.5), which is the range in 86.9 % of the NURE groundwater data used in this study, 
and their precipitation limits the amount of oxidized species (Fe(III) and Mn (IV)) that 
occurs in water ([7], Figure S4) Although acidic conditions can produce measured concen-
trations of Mn4+ and Fe3+ [24,16], the data used in the study are not predominantly acidic 
(88.4% of the NURE groundwater data and 97.2% of the NURE surface-water data used 
in this study have a pH greater than 6.5). 

Pe-pH and speciation diagrams created in Geochemists Workbench (LLNL thermo 
database) (Bethke and Farrell, 2020 [25]) based on Mn and Fe thermodynamics (Figure 
S4a-d) (constructed using the low and high concentrations of Fe and Mn reported in our 
datasets of 1.79 × 10−7 mol/L and 1.63 × 10−5 mol/L Fe and 3.64 × 10−8 mol/L and 6.94 × 10−5 
mol/L Mn) indicate that Fe2+ and Mn2+ are the dominant species found in solution across 
anoxic to oxic conditions (pe ranging from −8 to 10) and across a range of pH values (pH 
3 to 12). Therefore, it can be assumed that total concentrations for Fe and Mn in the 
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datasets used in this study represent groundwater as Fe2+ and Mn2+ [16,23,26]. A concep-
tual pe-pH diagram is shown in Figure S5 and microbially mediated redox processes are 
shown in Figure S6.  Figure S7 shows PHREEQC modeled saturation indices across pH 
for pyrite, goethite, hematite, magnetite, maghemite, jarosite, Fe(OH)3(a), and Fe3(OH)8, 
Fe(OH)2.7Cl.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 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. SO42- (2.60 × 10−5 mol/L), F. SO42- (3.17 × 10−2 mol/L), G. Fe and 
SO42- ( 1.79 × 10−7 mol/L and 2.60 × 10−5 mol/L), and H. Fe and SO42- ( 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. 
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Figure S5. Pe-pH diagram showing approximate regions of typical environmental systems (modi-
fied from Grundl et al., 2011 (27)). The purple box highlights the range of pH values in this study. 
The blue circles highlight potential water types in the study area. 
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Figure S6. Sequence of microbially mediated redox processes (modified after Stumm and Morgan, 
1981 (27)). 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. 
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Figure S7. Saturation indices across pH for pyrite, goethite, hematite, magnetite, maghemite, jaro-
site, Fe(OH)3(a), and Fe3(OH)8, Fe(OH)2.7Cl.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. 

4. H2S Assumptions 
4.1. Hydrogen Sulfide Odor Reported 

In our study (the NURE samples were collected from 1975 to 1980), measurements of 
dissolved sulfide were not explicitly reported. However, H2S “odor” was sometimes re-
ported. In the NURE groundwater dataset, an H2S odor was reported for 222 of 2,302 sam-
ples. However, of the 222 samples with a reported H2S “odor”, the redox calculator de-
fined only 14 as anoxic, 47 as mixed, and 161 as oxic. The fact that the H2S “odor” does not 
directly correlate to redox condition may be because of the environment of the South 
Texas Coastal Plain where numerous anoxic or sub-oxic marshes and wetlands [29] exist 
and seeps of H2S via faults above petroleum deposits have been identified [30]. In addi-
tion, along the South Texas Coastal Plain, salt domes contain liquid sulfur in the caprocks 
and H2S smell has been noted (Figure S8;[31]). Regardless of the redox condition, the con-
centration of H2S in groundwater could affect the precipitation of sulfide minerals. 
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Figure S8. Location of salt domes, mines, and H2S odor detected in NURE groundwater samples 
along the Texas Gulf Coast. 

H2S has a low odor threshold where the minimum perceptible (to humans) odor con-
centration in air is 0.13 ppm [32]. Henry’s Law can be used to calculate the concentration 
of H2S in water based on the gas concentration in air [33]. We did this to evaluate the 
potential concentration of H2S in water. The Henry solubility (Hcp) can be defined as: 

Hcp= Ca/p (1)

where Ca is the concentration of a species in the aqueous phase and p is the partial pressure 
of that species in the gas phase under equilibrium (Sander, 2015).  

The Henry solubility can also be expressed as a dimensionless ratio: 

Hcc= Ca/Cg (2)

where Ca is the concentration of a species in the aqueous phase and Cg is the concentration 
of the species in the gas phase. To convert from Hcp to Hcc for an ideal gas:  

Hcc= Hcp × RT (3)

where R= the gas constant and T= temperature [33]. 
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Table S3 shows the values for Ca, the concentration of H2S in solution at the lowest 
concentration, 0.13 mg/L, humans can detect in air. The calculated Ca, based on a Cg of 
0.13 mg/L, from Henry’s Law is 9.23 × 10−6 mol/L, two orders of magnitude lower than the 
10E-4 mol/L typical value reported by [1], though brines associated with petroleum or in 
interstitial waters in marine sediments may have higher concentrations [1]. 

Table S3. Henry’s Law values and results of aqueous H2S concentrations. 

 Value Units 
Hcp for H2S= 1.0 × 10−3 mol·m−3·Pa−1 

Cg= 0.13 0.13 mg·L−1 
Cg= 4.06 × 10−6 mol·L−1 
R= 8.3145 m³·Pa·K−1·mol−1 
T= 273.15 K 
Hcc 2.27 unitless 
Ca= 9.23 × 10−6 mol·L−1 
Ca= 0.295 mg·L−1 

Measured sulfate concentrations. As previously mentioned, the NURE groundwater 
dataset contains sulfate concentrations (SO42-) but not concentrations of hydrogen sulfide 
(H2S). We investigated possible H2S concentrations using an equilibrium equation (Equa-
tions 4 and 5) between sulfate and hydrogen sulfide which allows calculation of the 
amount of H2S present in equilibrium with reported concentrations of sulfate [34].  We 
also calculated equilibrium concentrations for bisulfide (HS-)[34]; Equations 6 and 7). 

SO42− + 10H+ +8e− = H2S(aq) + 4H2O  (4)

[H2S(aq)] = K [SO42−] [ e− ]8 [H+]10  (5)

Where K= 1041 [28] 

SO42− + 9H+ +8e- = HS−(aq) + 4H2O  (6)

[HS−(aq)] = K [SO42−] [ e− ]8 [H+]9  (7)

Where K= 1038 [38] 
Calculations using this equation require a pe value, which as previously discussed is 

a challenging task. Examination of pe-pH diagrams for sulfur (Figure S4E, F) and Figures 
S5 and S6 were used to constrain the best estimate of pe for the line between SO42− and H2S 
[28]. For this calculation we used a pe of −3. Based on the pe-pH diagrams (Figure S4E, F), 
you would expect reduced sulfur in a pe range of 5 to −15 and a pH range of 0 to 14. If the 
environmental condition of a sample is in this range, then the possibility of precipitation 
of sulfides with cations should be considered.  

The total concentration of all sulfur species in these samples is not known. Calculated 
H2S concentrations range from 10−40 mol/L (10−36 mg/L) to 1032 mol/L (1036 mg/L). Eleven 
percent of these samples have greater H2S concentrations than SO42− concentrations (Fig-
ure S9) and these H2S concentrations plot from pH 3 to 6.5 indicating that H2S is likely 
important to element mobility at lower pH values. HS− equilibrium concentrations range 
from 10−33 mol/L (10−29 mg/L) to 1032 mol/L (1036 mg/L). Approximately 15% of the HS- con-
centrations are greater than the SO42− concentrations indicating that HS- is also likely im-
portant to element mobility at lower pH values. Therefore, based on these calculations, 
reduced sulfur may exist along the Texas Coastal Plain.  

Reducing conditions were not identified as a common redox condition along Permis-
sive Tract 3. Since As, Mo, and Se can form sulfides under reducing conditions, the re-
duced sulfur species may not be a concern for these COPCs in this study area. 
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Figure S9. Plot of NURE groundwater SO42- concentrations in mol/L versus pH and calculated equi-
librium H2S and HS- concentrations in mol/L versus pH. 

4.2. Neither Sulfate or Hydrogen Sulfide Concentrations or Odor Are Reported  
In cases where neither SO42- or H2S concentrations or odor were reported, the pe-pH 

and speciation diagrams were consulted (Figure S4). We noted that the concentrations of 
total sulfide could be influenced by the precipitation or dissolution of metal sulfides or 
sulfate-bearing minerals. Recall, in the South Texas Coastal Plain groundwater system, 
pyrite has been invoked as a possible electron donor that could explain the reductive pre-
cipitation of aqueous uranyl ions to form the sandstone hosted uranium deposits 
[12,35,11].  Considering the Fe-S-H2O system pe-pH diagrams along with the measured 
range of pH in our datasets and a range of pe values (+/−15) in Figure S4G and H, the 
dominant sulfide solid species is pyrite. However, there may be other sulfide solid species 
along the South Texas Coastal Plain. Using PHREEQC [36] and equilibrium constants for 
likely sulfides pyrite (log K= −18.479) and mackinawite (log K= −4.648) and from gypsum, 
the equilibrium concentrations of H2S were calculated over the range of pe and pH of py-
rite stability from Figure S4. If pyrite is present, total dissolved sulfide (as hydrogen sul-
fide, bisulfide and/or sulfide) could range from 3.11 × 10−4 mg/L (8.47 × 10−9 mol/L) to 165 
mg/L (5.1 × 10−3 mol/L) (Table S4). The H2S concentration could range from 1.28 × 10−6 mg/L 
(3.76 × 10−11 mol/L) to 0.476 mg/L (1.4 × 10−5 mol/L). Furthermore, sulfate could range from 
1.8 × 10−29 mol/L to 1.24 × 10−9 mol/L. When mackinawite is present, total reduced sulfide 
could range from 0.020 mg/L (6.39 × 10−7 mol/L) to 15.9 mg/L (4.98 × 10−4 mol/L). The equi-
librium sulfur concentrations from gypsum are all in the oxidized form.  
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Table S4. Equilibrium aqueous concentrations of sulfur species from pyrite, mackinawite, and gypsum modeled in PHREEQC. 

 pH pe Total S 
(mol/L) 

Total S 
(mg/L) 

S-2 (total of reduced sulfur 
species) (mol/L) S-2 (mg/L) H2S (mol/L) H2S (mg/L) HS- 

(mol/L) HS- (mg/L) SO42- (mol/L) SO42- (mg/L) 

Py
ri

te
 3 -2 1.41 × 10–5 4.51 × 10−1 1.41 × 10−5 4.51 × 10−1 1.41× 10−5 4.79 × 10−1 1.68 × 10−9 5.53 × 10−5 5.34 × 10−23 5.13 × 10−18 

7 0 9.71 × 10–9 3.11 × 10−4 8.47 × 10−9 2.71 × 10−4 3.86 × 10−9 1.31 × 10−4 4.48 × 10−9 1.48 × 10−4 1.24 × 10−9 1.19 × 10−4 
12 -10 5.15 ×10−3 1.65 × 102 5.15 × 10−3 1.65 × 102 3.76 × 10−11 1.28 × 10−6 2.73 × 10−6 9.02 × 10−2 1.82 × 10−29 1.75 × 10−24 

M
ac

ki
-

na
w

ite
 3 -2 4.98 × 10−4 1.59 × 101 4.98 × 10−4 1.59 × 101 4.94 × 10−4 1.68 × 101 1.78× 10−6 5.87 × 10−2 1.19 × 10−27 1.14 × 10−22 

7 0 6.39 ×10−7 2.04 × 10−2 6.39 × 10−7 2.04 × 10−2 5.65 × 10−8 1.92 × 10−3 4.85 × 10−7 1.60 × 10−2 5.07 × 10−17 4.87 × 10−12 
12 -10 9.15 × 10−5 2.93 × 100 9.15 × 10−5 2.93 × 100 2.36 × 10−13 8.02 × 10−9 2.89 × 10−8 9.54 × 10−4 6.23 × 10−26 5.98 × 10−21 

G
yp

su
m

 

3 -2 1.59 × 10−2 5.08 × 102 1.77 × 10−6 5.66 × 10−2 1.77 × 10−6 6.01 × 10−2 4.34 × 10−10 1.43 × 10−5 1.03 × 10−2 9.93 × 102 
7 0 1.57 × 10−2 5.01 × 102 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 0.00 × 100 1.56 × 10−2 1.50 × 103 

12 -10 1.65 × 10−2 5.29 × 102 2.21 × 10−8 7.06 × 10−4 6.22 × 10−17 2.12 × 10−12 7.21 × 10−12 2.38 × 10−7 1.13 × 10−2 1.09 × 103 
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In general, the reduced sulfide concentrations indicated by these three evaluations 
are relatively low, 10−6 mol/L, 10−40 mol/L and 10−8 mol/L, with the exception of the higher 
concentrations noted in the equilibrium calculations between sulfate and hydrogen sul-
fide/hydrogen bisulfide and the equilibrium aqueous concentrations of sulfide from 
mackinawite. The higher H2S and HS− equilibrium concentrations occur at pH values 
lower than 6.5 in this system, which is where sulfide may be a controlling factor on mo-
bility. Therefore, it will be challenging to make broad statements about the effect of re-
duced sulfur on element mobility given the limited data. However, individual samples or 
regions can be evaluated on a case-by-case basis. 

Figure S10 shows variograms of 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.  
Figure S11 shows variograms of 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 dis-
tance between paired values 
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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 (A) 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 Develop-
ment 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. 

The location of data used for Piper diagrams and Piper diagrams of NURE ground-
water data are shown in Figure S12. 
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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 da-
tasets 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 shows the distribution 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 shows the distribution 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.  Table 
S5 lists the NURE groundwater constituent of potential concern data compared to the de-
tection limit and Table S6 lists 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 in both Table S5 and S6. 
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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. 
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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. 

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. 

    EC2 EC3 EC4 EC6 EC7 EC10 EC11 EC12 

A
ll 

sa
m

-
pl

es
 u

ra
-

ni
um

 >0.2 55 1068 31 3 64 18 154 2 
%>0.2 59 79 78 38 65 72 73 67 

n= 93 1349 40 8 99 25 211 3 

H
ou

st
on

 
em

ba
y-

m
en

t 
ur

an
iu

m
 

n>0.2 19 376 0 0 11 7 71 0 
%>0.2 35 66 0 0 44 58 58 - 

n= 55 572 6 2 25 12 122 0 

Ri
o 

G
ra

nd
e 

em
ba

y-
m

en
t 

ur
an

iu
m

 

n>0.2 34 692 31 1 21 16 115 3 
%>0.2 94 88 89 100 70 89 86 75 

n= 36 785 35 1 30 18 134 4 

A
ll 

sa
m

-
pl

es
 a

r-
se

ni
c >0.5 54 1132 31 4 66 23 149 2 

%>0.5 26 71 66 44 57 45 55 67 
n= 206 1596 47 9 116 51 273 3 

H
ou

st
on

 
em

ba
y-

m
en

t a
r-

se
ni

c n>0.5 30 448 0 1 14 11 77 0 
%>0.5 18 55 0 50 52 28 39 - 

n= 167 809 9 2 27 39 197 0 

Ri
o 

G
ra

nd
e 

em
ba

y-
m

en
t a

r-
se

ni
c n>0.5 24 688 31 1 26 14 98 2 

%>0.5 62 86 82 100 87 78 73 50 
n= 39 797 38 1 30 18 135 4 



22 
 

A
ll 

sa
m

-
pl

es
 m

o-
ly

b-
de

nu
m

 >4 36 608 39 1 45 15 129 3 
%>4 17.5 38.1 83 11.1 38.8 29.4 47.3 100 
n= 206 1596 47 9 116 51 273 3 

H
ou

st
on

 
em

ba
y-

m
en

t 
m

ol
yb

-
de

nu
m

 >4 24 204 3 0 7 7 64 0 
%>4 14 25 33 0 26 18 32 - 
n= 167 809 9 2 27 39 197 0 

Ri
o 

G
ra

nd
e 

em
ba

y-
m

en
t 

m
ol

yb
- >4 12 407 36 0 10 9 93 4 

%>4 31 51 95 0 33 50 69 100 
n= 39 797 38 1 30 18 135 4 

A
ll 

sa
m

-
pl

es
 se

le
-

ni
um

 >0.2 114 993 29 4 73 34 189 3 
%>0.2 55 62 62 44 63 67 69 100 

n= 206 1596 47 9 116 51 273 3 

H
ou

st
on

 
em

ba
y-

m
en

t s
e-

le
ni

um
 n>0.2 82 397 5 1 8 30 132 0 

%>0.2 49 49 56 50 30 77 67 - 
n= 167 809 9 2 27 39 197 0 

Ri
o 

G
ra

nd
e 

em
ba

y-
m

en
t s

e-
le

ni
um

 n>0.2 32 598 24 1 20 8 102 4 
%>0.2 82 75 63 100 67 44 76 100 

n= 39 797 38 1 30 18 135 4 

A
ll 

sa
m

-
pl

es
 v

a-
na

di
um

 

>4 59 628 12 3 32 11 40 3 
%>4 29 39 26 33 28 22 15 100 
n= 206 1596 47 9 116 51 273 3 

H
ou

st
on

 
em

ba
y-

m
en

t v
a-

na
di

um
 

>4 42 170 0 1 6 5 12 0 
%>4 25 21 0 50 22 13 6 - 
n= 167 809 9 2 27 39 197 0 

Ri
o 

G
ra

nd
e 

em
ba

y-
m

en
t v

a-
na

di
um

 

>4 17 458 12 1 18 7 36 0 
%>4 44 57 32 100 60 39 27 0 
n= 39 797 38 1 30 18 135 4 

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. 

NURE surface water constituent of potential concern comparison to the element detection limit in μg/L 
  EC2 EC3 EC4 EC6 EC7 EC8 EC10 EC11 

U
ra

ni
um

 

>0.2 1 465 46 8 83 8 1 3 
%>0.2 12.5 75.9 70.8 66.7 48.5 50.0 33.3 50.0 

n= 8 613 65 12 171 16 3 6 

M
ol

yb
-

de
nu

m
 >4 0 123 19 3 18 7 1 3 

%>4 0.0 19.6 29.23 25.0 10.4 43.8 33.3 50.0 
n= 11 626 65 12 173 16 3 6 

A
rs

en
ic

 

>0.5 3 535 61 6 158 15 1 6 
%>0.5 27.3 85.6 92.4 50.0 91.3 93.8 33.3 100 

n= 11 625 66 12 173 16 3 6 

Se
le

-
ni

um
 >0.2 4 132 14 4 31 1 2 1 

%>0.2 36.4 21.1 21.2 33.3 17.9 6.25 66.7 16.7 
n= 11 625 66 12 173 16 3 6 

V
an

a-
di

um
 >4 5 219 42 6 92 8 2 3 

%>4 45.5 35.0 64.6 50.0 53.2 50.0 66.7 50.0 
n= 11 626 65 12 173 16 3 6 

Figure S15 shows a comparison of NURE and TWDB groundwater data by environ-
mental condition. 
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Figure S15. TWDB groundwater data by EC compared to NURE groundwater data by EC. 

5. Constituents of Potential Concern Oxidation States and Species 
The species and oxidation states of the COPCs were modeled using PHREEQC. Pe 

values of +11, 0, and −8 were used for oxic, mixed, and anoxic samples, respectively. Re-
sults for U, As, and Se can be modeled using the wateq4f database and Mo and V using 
the minteqv4 database. The ternary complexes that are known to affect U mobility (Stewart et 
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al., 2010 (37)) were not included in the model but are noted as an important mechanism. A site-
specific use of the geochemical framework presented in this study could warrant an evaluation of 
the U ternary complexes. Results reveal that in the Rio Grande embayment, U(6) was the 
dominant oxidation state of U for oxic and mixed redox conditions and U(4) was the dom-
inant oxidation state for anoxic redox conditions (Table S7). The dominant oxic and mixed 
samples species were UO2(CO3)2−2 and UO2(CO3)3−4 and anoxic samples species U(OH)4.    

Table S7. Oxidation state and dominant species for relevant environmental conditions in the Rio 
Grande embayment. 

Rio Grande Embayment 
 U As Mo Se V 

EC2 
U(6), 

UO2(CO3)2−2, 
UO2(CO3)3−2 

As(5), HAsO4−2, 
H2AsO4− Mo(6), MoO4− 

Se(6), HSeO3−, 
SeO4−2 V(5), H2VO4− 

EC3 
U(6), 

UO2(CO3)2−2, 
UO2(CO3)3−2 

As(5), HAsO4−2, 
H2AsO4− 

Mo(6), MoO4− Se(6), SeO4−2 V(5), H2VO4− 

EC4 U(6), 
UO2(CO3)3−2 

As(5), HAsO4−2 Mo(6), MoO4− Se(4), SeO3−2, 
HSeO3− 

V(5), HVO4−2, 
H2VO4− 

EC6 U(4), U(OH)4 As(3), H3AsO3 no data Se(−2) V(3), V(OH)3 
EC7 U(4), U(OH)4 As(3), H3AsO3 Mo(6), MoO4− Se(−2), V(3), V(OH)3 

 
U(6), 

U02(CO3)2−22,   Se(−2) and Se(4),  

EC10 U02(CO3)3−44, 
U02CO3 

As(3), H3AsO3 Mo(6), MoO4− HSeO3− V(3), V(OH)3 

EC11 
U(6), 

UO2(CO3)2−2, 
UO2(CO3)3−4 

As(3) and As(5), 
HAsO4−2, H2AsO4−, 

H3AsO3 
Mo(6), MoO4− 

Se(4), SeO3−2, 
HSeO3− V(3), V(OH)3 

EC12 
U(6), 

UO2(CO3)3−4 As(5), HAsO4−2 Mo(6), MoO4− 
Se(4), SeO3−2, 

HSeO3− no data 

The PHREEQC modeling of data from the Rio Grande embayment revealed that 
As(5) was the dominant oxidation state in all of the oxic water samples and 68% of the 
mixed redox samples. Arsenic 3+ was the dominant oxidation state for the remainder of 
the mixed redox samples and all of the anoxic samples. The primary species of As mod-
eled in PHREEQC in the oxic samples were HAsO4−2 and H2AsO4−. The mixed redox sam-
ples have modeled As species of HAsO4−2, H2AsO4−, H3AsO3, and H2AsO3−. The As species 
of the anoxic samples was primarily as H3AsO3. 

Results of the PHREEQC model from the Rio Grande embayment reveal that 98% of 
the oxic and mixed samples had a Se(6+) oxidation state and 2% had a Se(4+) oxidation 
state. The Se oxidation state of the anoxic samples was Se(−2). The majority of the oxic 
samples have a primary Se species of SeO4−2. The primary Se species from the mixed redox 
samples were HSeO3− and SeO3−2. The primary species of the anoxic samples was HSe-.  
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