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Abstract

:

A previously completed mineral resources assessment of the Texas Coastal Plain indicated the potential for the future discovery of uranium resources. Geoenvironmental assessments that include the hydrogeologic framework can be used as a tool to understand the potential effects of mining operations. The hydrogeologic framework for this study focused on the composite hydrogeologic unit of the tract permissive for the occurrence of uranium consisting of the upper part of the Miocene-age Fleming Formation/Lagarto Clay, Pliocene-age Goliad and Pleistocene-age Willis Sands, Pleistocene-age Lissie and Beaumont Formations, and Holocene-age alluvial sediments (fluvial alluvium and eolian sand deposits). This composite hydrogeologic unit, which contains the Chicot and Evangeline aquifers of the Gulf Coast aquifer system, is intended for inclusion in a regional-scale geoenvironmental assessment of as yet undiscovered uranium resources. This article provides (1) a brief literature review describing the geologic and hydrogeologic settings, (2) the methodology used to develop a composite hydrogeologic framework, and (3) descriptions and maps of the land-surface altitude, composite hydrogeologic unit base and midpoint depth, water-level altitude, depth of water, unsaturated and saturated zone thickness, and transmissivity and hydraulic conductivity. A composite hydrogeologic unit, created by combining geologic and hydrogeologic data and maps for individual geologic and hydrogeologic units, is intended for use as a tool in a geoenvironmental assessment to evaluate potential contaminant migration through various avenues. Potential applications include using the hydrogeologic framework as an input into a geoenvironmental assessment to help estimate the potential for (1) runoff of contaminants into surface water, (2) infiltration of contaminants into the groundwater (aquifers), or (3) movement of contaminants from the mining area through wind, groundwater-flow, or streamflow in a given permissive tract. The procedures outlined in this paper also provide a method for developing hydrogeologic frameworks that can be applied in other areas where mining may occur.
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1. Introduction


In 2015, the U.S. Geological Survey (USGS) completed a mineral resources assessment of the Texas Coastal Plain [1]. Results from this assessment indicated there is an estimated 100 million kilograms of recoverable uranium oxide remaining within geologic regions, or tracts, that are referred to as “permissive” because of their perceived favorable characteristics for the occurrence of undiscovered uranium (U) resources (Figure 1). Three permissive tracts were identified based on the extents of the selected geologic units in the Texas Coastal Plain: (1) the Eocene-age Claiborne and Jackson Groups, (2) the Oligocene-age Catahoula Formation and Miocene-age Oakville Sandstone, and (3) the Pliocene-age Goliad Sand and Pleistocene-age Willis Sand and Lissie Formation (Figure 2).



A geoenvironmental assessment may serve as a preliminary tool to predict the potential environmental effects of future mining sites. Historically, uranium deposits in the Texas Coastal Plain were mined in shallow open pits beginning in 1960 [2]. Since 1975, there has been a transition from open-pit mining to in situ recovery (ISR) where uranium is extracted from deeper sandstone-hosted uranium deposits, and currently (2022), all uranium in Texas is produced using ISR [2,3]. ISR is a form of solution mining which uses a chemical solution (lixiviant) to dissolve the uranium orebody in the subsurface (in situ) within a permeable, saturated aquifer, and then the dissolved mixture (pregnant or loaded solution) is pumped to the surface where the uranium can be recovered through further processing [4]. Assuming that future uranium mining reflects the current extensive use of ISR, the following contaminant pathways are prioritized within a given permissive tract for ISR uranium extraction operations: (1) accumulation of radon in air, (2) runoff of contaminants into surface water, (3) infiltration of contaminants into the groundwater (aquifers), and (4) movement of contaminants from the mining area through groundwater-flow or streamflow.
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Figure 2. Geologic and hydrogeologic units of the Texas Coastal Plain and the three geologic regions, or tracts, that have favorable characteristics for the occurrence of undiscovered uranium resources, or permissive tracts, as delineated by [1]. Geologic units are modified from [5,6,7,8,9]. Hydrogeologic units are modified from [5,6,10,11]. Permissive tracts are modified from [1]. The Fleming Formation and Lagarto Clay are considered equivalent throughout the study area [9]. The Bigford Formation, El Pico Clay, and Laredo Formation are geologic units of the Rio Grande embayment. 
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An understanding of the hydrogeology is needed to better understand the potential for effects of mining on water resources. A hydrogeological framework can be used as input into a geoenvironmental assessment to help estimate the potential for (1) runoff of contaminants into surface water, (2) infiltration of contaminants into the groundwater (aquifers), or (3) movement of contaminants from the mining area through groundwater-flow or streamflow in a given permissive tract. The hydrogeologic framework consists of the lithology, hydrostratigraphy, structural features, and hydraulic properties of one or multiple hydrogeologic units. Because a given permissive tract may consist of multiple geologic and hydrogeologic units, it is useful to build a “composite hydrogeologic unit” that encompasses all hydrogeologic units in a given permissive tract.



1.1. Purpose and Scope


The hydrogeologic framework contains spatial data in the form of maps of land-surface altitudes, thicknesses of geologic units, depths of the hydrogeologic units, water-level altitudes, unsaturated and saturated zone thicknesses of hydrogeologic units, and hydraulic properties (transmissivity and hydraulic conductivity). The purpose of this study was to develop a composite hydrogeologic framework that can be incorporated into a geoenvironmental assessment of the permissive tract consisting of the Pliocene-age Goliad Sand, Pleistocene-age Willis Sand, and Pleistocene-age Lissie Formation that contain the Chicot and Evangeline aquifers of the Gulf Coast aquifer system (Figure 2) [1]. The upper part of the Miocene-age Fleming Formation/Lagarto Clay is included in the composite hydrogeologic unit because this geologic unit has a relatively large sand content and is included as a hydrogeologic unit that contains part of the Evangeline aquifer according to Young et al. [5,6,12]. The Pleistocene-age Beaumont Formation and Holocene-age alluvial sediments (fluvial (water transported) alluvium and eolian (wind-blown) sand deposits) are included in the composite hydrogeologic unit for the permissive tract because of the similarity of their permeabilities to the other units that contain the Chicot aquifer [7]. The collective geologic units of the upper part of the Fleming Formation/Lagarto Clay, Goliad and Willis Sands, the Lissie and Beaumont Formations, and the alluvial sediments that contain the Chicot and Evangeline aquifers, are hereinafter referred to as “permissive tract 3” (Figure 2). The specific objectives of this paper are to provide the following for permissive tract 3: (1) a brief literature review describing the geologic and hydrogeologic settings, (2) the methodology used to develop a composite hydrogeologic framework, and (3) descriptions and maps of the land-surface altitude, composite hydrogeologic unit base and midpoint depth, water-level altitude, depth of water, unsaturated and saturated zone thickness, and transmissivity and hydraulic conductivity.




1.2. Geologic and Hydrogeologic Setting


The Texas Coastal Plain is in a broad, flat region of southeastern Texas bordering the Gulf of Mexico (Figure 3). Geologic and climatic factors combine in this region to create conditions favorable for the occurrence of mineable quantities of U hosted by Eocene through Pliocene sandstones [2]. The Texas Coastal Plain features two embayments (Houston and Rio Grande embayments) separated by the San Marcos arch, a subsurface geologic high (Figure 3). The Houston embayment is a subsidence trough centered in southeast Texas, whereas the Rio Grande embayment is a subsidence trough centered on the modern Rio Grande in south Texas. Of the two embayments, the sediments that compose the Rio Grande embayment are thickest. [5,6]. U mineralization in the Texas Coastal Plain occurs in Tertiary-age sandstones that form a curvilinear belt about 600 km (km) long and as much as about 170 km wide (Figure 3). The Texas Coastal Plain includes 254 identified probable U occurrences, including 169 deposits, 79 prospects/showings (73 and 6, respectively), and 4 anomalies [2]. Deposits in the Texas Coastal Plain are generally roll-front deposits hosted in late Eocene to early Pliocene sandstones and are located mostly southwest of the San Marcos arch, in the Rio Grande embayment (Figure 3) [2]. U ore bodies in the Texas Coastal Plain are described as deposited in C-shaped (Figure 4) roll fronts when viewed in cross-section, although individual ore zones have a complex geometry controlled by sand facies variations and background geochemistry [2].



Stratigraphic units in the Texas Coastal Plain form a monocline dipping gently toward the Gulf of Mexico (Figure 4). Tertiary-age sandstones in the Texas Coastal Plain that host U occurrences were deposited either in fluvial-deltaic environments or in marginal marine areas that are collectively part of a more than 14 km thick Tertiary-age wedge of sand, silt, and clay sediments derived from episodic continental scale mountain building and erosion over geologic time [15]. Rapid, massive sediment loading triggered the development of syndepositional growth faults which are associated with both structurally controlled hydrocarbon accumulations and U mineralization [16]. U deposits in the Texas Coastal Plain also are often related to unconformities because they commonly occur within the lower portions of generally porous, regressive units and above impermeable transgressive units that serve as confining units [16].



Permissive tract 3 includes Tertiary to Quaternary-age deposits ranging from the Miocene to the Holocene (Figure 2). Historically, delineation of the geologic units within this age range is difficult because of the lithologic similarity of the sediments and the lack of paleontological control [7]. More recent interpretations have delineated the geologic units with greater confidence using chronostratigraphic correlation [5,6,12,17]. These geologic units include the following formations, from oldest to youngest (Figure 2): the upper part of the Fleming Formation/Lagarto Clay, Goliad Sand, Willis Sand, Lissie Formation (Bentley and Montgomery Formations), Beaumont Formation, and alluvial sediments (fluvial alluvium and eolian sand deposits) (Figure 2). Although the percentage of sand is relatively large in each of these units and no unit definitively functions as a confining unit (the Beaumont Formation might be an exception), there are extensive clay lenses in each unit that may act as confining units at local scales.
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Figure 4. Simplified cross section of a uranium roll front showing the upgradient oxidized and downgradient reduced zones (modified from [18]). 
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1.2.1. Fleming Formation/Lagarto Clay


The middle to late Miocene-age Fleming Formation/Lagarto Clay contains thick sandstone in the south and northeast and in the near offshore area with relatively less sandstone in the broad middle coast (Figure 2) [5,6]. The Fleming Formation and the Lagarto Clay are equivalent naming designations for the same geologic unit [9]; the Fleming Formation is the more widely used designation, but this paper includes the Lagarto Clay because of the historical use of “Lagarto Clay” in the region, more specifically by Young et al. [5,6,12]. The Fleming Formation/Lagarto Clay is hereinafter referred to as the “Lagarto Clay.” The Lagarto Clay forms a relatively thick low-sand interval in most of the outcrop and near outcrop areas. In the onshore area, the Lagarto Clay is relatively more mud-rich. The Lagarto Clay is part of a major fluvial-deltaic depositional episode where the Lagarto Clay overlies the lower progradational part and forms the upper retrogradational part [5,6]. The Lagarto Clay ranges from about 210 to 430 m thick at outcrop to about 610 to 910 m thick near the coast [5,6]. The Lagarto Clay dips towards the coast at about 10 to 11 m per kilometer (m/km) [5,6]. The Lagarto Clay contains several large fluvial systems ranging from bed-load channel filled sandstones to finer-grained mixed load channel-fill sandstones with varying percentages of sand content of as much as 80 percent in some areas [5,6]. The Lagarto Clay is split into three parts: upper, middle, and lower. The upper part of the Lagarto Clay is of interest because it has more sandstone than the middle part of the Lagarto Clay and has been included as one of the units that contains the Evangeline aquifer [5,6].




1.2.2. Goliad Sand


The Pliocene-age Goliad Sand consists of clay, sandstone, marl, caliche, limestone, and conglomerate [19]. Fluvial deposits within the Goliad Sand consist of very fine to medium sand, gravelly coarse sand, sandy gravel, and pebble-to-cobble-sized gravel depending on location within the fluvial interfingering sequences or facies (Figure 2) [5,6,20]. The Goliad Sand is bound by regional unconformities at the base of massive fluvial sandstones at outcrop and in the shallow subsurface [5,6]. Downdip, the Goliad Sand is bounded by marine transgressive shales [5,6]. The Goliad Sand ranges in thickness from 60 m (m) at outcrop to about 730 m near the modern coastline [5,6]. The Goliad Sand strata dip coastward about 2 to 4 m/km [5,6]. Channel-fill facies are typically composed of 40 to 60 percent sand, whereas interchannel facies are typically composed of less than 20 percent sand, except in the Houston embayment where interchannel facies are often composed of more than 25 percent sand [5,6]. The Goliad Sand is one of the geologic units that contains the Evangeline aquifer (Figure 2).




1.2.3. Willis Sand


At outcrop, the underlying Goliad Sand is erosionally downcut and locally truncated by the Pleistocene-age Willis Sand, and the Willis Sand is in turn eroded and locally onlapped by the overlying Lissie Formation (Figure 2) [5,6,21,22]. At outcrop, in the Houston embayment and along the San Marcos arch, the Willis Sand consists of cuesta-forming erosional remnants, whereas the unit does not crop out into the Rio Grande embayment, although Pleistocene-age deposits are present in the subsurface [5,6]. The sediments of the Willis Sand are described as reddish, coarse, and gravelly sands with subordinate clays that grade into the Goliad Sand in the southwest Gulf Coast of Texas [22,23,24]. The Willis Sand ranges in thickness from about 30 m at outcrop to 150 m near the coast and thickens to the northeast [5,6,25]. The Willis Sand strata dip coastward about 3 to 4 m/km [5,6]. The sand content in the Willis Sand of the central coast of the study area decreases downdip from 70 to 90 percent in the fluvial system to 30 to 70 percent in the deltaic and shore-zone systems [5,9]. The Willis Sand is one of the geologic units that contains the Chicot aquifer (Figure 2).




1.2.4. Lissie Formation (Montgomery and Bentley Formations)


The middle Pleistocene-age Lissie Formation is unconformably contained between the underlying Willis Sand and overlying Beaumont Formation (Figure 2) [5,6,24,26]. North of the Brazos River (Figure 3), the Lissie Formation has been mapped as distinct subunits (the Montgomery and Bentley Formations) (Figure 2) [5,6,27]. In southeast Texas, the Montgomery and Bentley Formations are approximately equivalent to the Lissie Formation, and therefore, the extents of the Montgomery and Bentley Formations are expressed as the extents of the Lissie Formation [7,28]. The Lissie Formation sediments consist of red, orange, and gray fine- to coarse-grained, cross-bedded sands [24], and the formation contains relatively less conglomerate compared to the underlying Goliad Sand [24]. The Lissie Formation ranges in thickness from about 30 m at outcrop to greater than 210 m at the coast [5,6,25]. The Lissie Formation dips coastward about 1 to 4 m/km and is 150 to 300 m deep at the modern coastline [5,6,21,25]. In the central coast of the study area, the sand content in the Lissie Formation is about 50 to 70 percent in the updip fluvial system and about 30 to 70 percent in the downdip shore-zone systems [5,9]. The Lissie Formation is one of the geologic units that contains the Chicot aquifer (Figure 2).




1.2.5. Beaumont Formation


The late Pleistocene-age Beaumont Formation is composed of clay-rich sediments transected by sandy fluvial and deltaic-distribution channels and includes isolated segments of sandy beach ridges parallel to the coast known as the Ingleside barrier/strandplain system (Figure 2) [5,6,26,29]. Although interbedded muddy/shale intervals are generally of similar thickness to the sands, the thickness of individual sands increases updip, whereas the thickness of individual shales increases downdip [5,6]. The Beaumont Formation is contained between the underlying Lissie Formation and overlying Holocene-age alluvial sediments (fluvial alluvium and eolian sand deposits) north of the Brazos River. The Beaumont Formation ranges in thickness from a thin veneer in updip areas to about 150 m near the modern coast and thickens to the northeast [5,6,9]. The Beaumont Formation dips coastward up to 2 m/km [5,6,9]. Fluvial channels exist within the Beaumont Formation, and the sand content in these channels ranges from 50 to 65 percent [5,6,9]. These fluvial channels are separated by sand-poor floodplain, delta-plain, and bay-lagoon systems [5,6]. The Beaumont Formation is one of the geologic units that contains the Chicot aquifer (Figure 2).




1.2.6. Holocene Alluvial Sediments


Within the last 11,700 years, Holocene alluvial sediments consisting of fluvial alluvium and eolian sand were deposited and consist mainly of isolated river valley fills that merged coastward with bays, lagoons, and barrier islands except in south Texas where wind-blown sand is more prominent [5,6,26]. The base of the Holocene is an erosional surface that formed at the end of the Pleistocene (Figure 2); the pre-existing Beaumont Formation was deeply incised by rivers where the valleys were filled slowly with bay-estuary muds as the sea level rose [5,6]. The Rio Grande and Brazos River have substantial Holocene fluvial sand deposits, and local sand thickness may be as much as 9 m [5,6,30]. Near the mouth of the Rio Grande, Holocene deltaic sands mixed with silts and clays are 30 to 90 m thick [5,6,31]. Where present and saturated, alluvial deposits are one of the geologic units that contain the Chicot aquifer (Figure 2).






2. Materials and Methods


A composite hydrogeologic unit was created by combining geologic and hydrogeologic data and maps for individual geologic and hydrogeologic units. The composite hydrogeologic unit consists of the combination of all hydrogeologic units included in the permissive tract. A review of available data in the permissive tract was done to assess the quantity and quality of data pertaining to the hydrogeologic framework. Data used for the permissive tract were from regional and national datasets so that the applicability of the methodology documented herein can be used in other locations. Furthermore, the most complete and most current datasets were used. Data for each of the hydrogeologic units within the permissive tract were obtained and compiled into composite maps to describe the hydrogeologic framework of the entire permissive tract. A composite hydrogeologic unit is warranted for the geoenvironmental assessment because (1) aquifer units in permissive tract 3 are not separated by confining units or other relatively impermeable units, therefore migration of contaminants originating from any hydrogeologic unit may flow into units below or above the source of contamination and (2) U resources are thought to exist within the permissive tracts; the location of the U resources are unknown because the U resource assessment provided estimates of undiscovered U resources and did not assess the potential locations for these estimated resources. Mapping hydrogeologic information such as composite hydrogeologic unit altitudes and depths, water-level altitudes and depths of water, unsaturated and saturated zone thicknesses, and transmissivity and hydraulic conductivity was carried out as part of the geoenvironmental assessment. Although the resulting surfaces of the hydrogeologic information are displayed in a two-dimensional space for the purpose of presentation, they can be readily depicted in a three-dimensional space for visualization and interpretation.



2.1. Land Surface


A digital elevation model (DEM), the Three-Dimensional Elevation Program dataset (3DEP), was obtained from the National Map [32] for the area containing permissive tract 3 [33]. The 3DEP DEM was converted from geographic coordinates in decimal degrees to Universal Transverse Mercator projected coordinates (zone 14), in meters, with both projections based on the North American Datum of 1983 (NAD 83), using Geosoft’s Oasis montaj software package [34]. The altitude data remained in its native units of meters above the North American Vertical Datum of 1988 (NAVD 88). NAVD 88 is a geodetic datum based on the local mean sea level height value at Father Point in Rimouski, Quebec, Canada. Tidal datums such as mean sea level are used as local vertical references and demonstrate variations in sea surface topography between tidal benchmarks [35]. Because of these variabilities between tidal benchmarks, a fixed refence datum such as NAVD 88 was used. The land-surface altitudes are based on a 10 m cell resolution. Vertical positional accuracy of the DEM is about 3.04 m at a 95% confidence level in terms of the National Standard for Spatial Data Accuracy, but accuracy may vary substantially across the study area because of differences in source information quality, terrain relief, land cover, and other factors [36].




2.2. Composite Hydrogeologic Unit Base and Midpoint


Geologic unit altitude surfaces were obtained from Young et al. [5,6,12] which contained the grid mosaic, or meshing of multiple surface grids into one surface grid, surfaces for the altitudes of the bases for the upper part of the Lagarto Clay, Goliad and Willis Sands, and Lissie and Beaumont Formations; the geologic units that contain the Chicot and Evangeline aquifers. This paper is focused on permissive tract 3, so the base and midpoint are for the composite unit containing the upper part of the Lagarto Clay (as included in the Evangeline aquifer by Young et al. [5,6,12]), Goliad and Willis Sands, and the Lissie and Beaumont Formations, as well as any alluvial sediments [33]. Each geologic unit altitude surface was converted from Albers projected coordinates, in feet, to Universal Transverse Mercator projected coordinates (zone 14), in meters, with both projections based on the NAD 83, using Geosoft’s Oasis montaj software package [34]. The altitude data were converted from feet above NAVD 88 to meters above NAVD 88.



The lowest altitude for each coincident grid cell associated with the raster data defining the altitudes of the bases of the upper part of the Lagarto Clay, Goliad and Willis Sands, and Lissie and Beaumont Formations was selected to create the composite hydrogeologic unit base altitude of permissive tract 3 [33]. A composite hydrogeologic unit midpoint altitude of permissive tract 3 was calculated by taking the average of the land-surface altitude and the composite hydrogeologic unit base altitude surfaces for each grid cell. Hydrogeologic surfaces showing depth of composite hydrogeologic unit base and depth of composite hydrogeologic unit midpoint were calculated by subtracting both the composite hydrogeologic unit base altitude surface and the composite hydrogeologic unit midpoint altitude surface from land-surface altitudes, respectively.




2.3. Compilation and Gridding of Water-Level Altitude Data


Water-level altitude data were compiled, evaluated, and gridded to construct surfaces of water-level altitudes and depths of water below land surface for permissive tract 3. Water-level altitude data compiled from the Texas Water Development Board’s (TWDB) groundwater database (GWDB) [37] were quality checked and used to construct the water-level altitude surface [33]. Because variations in land-surface altitudes can occur in short distances resulting in variable depths across these distances, all measurements of the depths of water in meters below land surface were converted to water-level altitudes in meters above NAVD 88 to account for these variations and to result in a smoother surface during the kriging process. To represent the recent water-level altitudes, only water levels from the ten-year period prior to the start of the study (1 January 2007, to 31 December 2016) were used. The accuracy of each measurement was evaluated based on measurement method, well status such as condition of the well at the time of measurement, and the measurement status such as surrounding conditions (nearby groundwater withdrawals) that could affect the measurement (reported as comments in the dataset) [33]. If the measurement method, well status, or measurement status indicated that a water level was less accurate than what was reported, the measurement value was rounded to a reevaluated accuracy (for example, a change in accuracy could be reduced from centimeters to decimeters). To eliminate bias resulting from multiple measurements made at any individual well, the median value for all measurements at an individual well during the selected ten-year period of record was used. Prior to calculating the median water-level altitude for each well, all suspect data (for example, water levels affected by groundwater withdrawals at or near the well or measurements noted as “questionable” because of spotty tape readings) were excluded. The water-level altitude measurements were separated by aquifer from which the measurement was made, which is identified based on the aquifer code from the well information table in the TWDB database [33,37]. To ensure all variations of aquifer code designations for geologic and hydrogeologic units within the permissive tract were obtained, the first three numbers in the aquifer code were used to aggregate the data. For permissive tract 3, all water-level measurements with aquifer codes having a “112” (typically contained in the Pleistocene-age units) or a “121” (typically contained in Pliocene-age units) numerical designation that were located within the geographic extent of the permissive tract were used to construct the water-level altitude surface.



After the water-level altitudes were compiled and evaluated for quality, a gridded water-level altitude surface [33] was created using kriging interpolation techniques in Oasis montaj [38]. Kriging is a statistical gridding method of interpolation that uses the variance of the dataset to estimate the data values for the cells of the grid [39]. Knowing the cell size and the variogram model, a grid can be created. To determine the grid cell size, the distance to the nearest neighboring data location was found. One-half of the median distance value was used for the grid cell size. A variogram model was created to optimize the kriging results. A variogram is a statistical analysis chart showing variance against distance between each paired point within the selected dataset [39]. Based on the observed data, a model (variogram model) is fitted to best represent the data (Figure 5). 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 correlations of the data, may occur within a dataset. Any anisotropy within the selected dataset was identified and accounted for during the kriging process. Seequent [38] contains a complete description of the kriging methods used for grid interpolation.



Preliminary grids were used to identify outliers and areas requiring review. To aid in identifying outliers, the residual was calculated as the difference between the median water-level altitude at each well and the interpolated grid value [40]. All locations with a residual greater than an absolute value of 1.8 m (6 feet (ft)) were evaluated through a correlation process to determine data-point uncertainty. The correlation process involved the comparison of the water-level altitude at a given site to the water-level altitude at nearby sites to determine if it “correlated” with the nearby water-level altitude. If the water-level altitude varied by more than 1.8 m from the nearby water-level altitudes and seemed to not coincide with the overall water-level altitude surface of the area, it was removed from the final grid.



After the initial correlation process was finished, all water-level altitudes were reevaluated based on their necessity, which is dictated by the need to fill any data gaps. The need to fill data gaps is determined by evaluating the standard variance grid created during the gridding process [38]. The standard variance of water-level altitudes indicates the degree to which water-level altitudes in a given area are similar [39,41]. The standard variance grid shows the variance of the gridded water-level altitudes where relatively small variances are typically located near the water-level altitude measurement location and relatively large variances are typically located equidistantly between water-level altitude measurement locations. All locations with a standard variance greater than 1.4 square meters (m2) (15 square feet (ft2)) and a residual less than 9.1 m (30 ft) (to reduce the inclusion of extreme outlying data) were evaluated through the data necessity process to dictate inclusion of the data to fill data gaps. If the water-level altitude was located where the standard variance was greater than 1.4 m2 (15 ft2), differed by less than 9.1 m (30 ft) from the nearby water-level altitudes, and seemed to coincide with the overall water-level altitude surface of the area, it was included in the final grid. Throughout the process, all median water-level altitudes were reviewed and revised as needed to provide a better understanding of the recent (2007–2016) water-level altitudes. The final resulting grids are referred to as the water-level altitude surface and standard variances of the water-level altitude. A grid showing depth of water was calculated by subtracting the water-level altitude surface from land-surface altitude.
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Figure 5. Variogram showing the correlation between the variance of all paired data values and the spatial distance between those paired values for the observed (black line in top panel) and simulated (variogram model; red line in top panel) water-level altitude data as well as the number of sampled value pairs compared to distance between paired values (black line in bottom panel). The nugget describes the small-scale variability of the data over short distances [42]. The sill describes the maximum variability between point pairs and the range describes the distance at which point pairs are no longer spatially correlated [41,43]. 
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2.4. Unsaturated and Saturated Zone Thickness


Once the water-level altitude surface was created, the unsaturated zone thickness [33] was calculated by subtracting the water-level altitudes from the land-surface altitudes for each grid cell [37]. The difference between the land-surface altitude and the water-level altitude equals the depth of water. Unsaturated zone thickness values of zero were assumed to represent areas where water levels were very near land surface. Conversely, saturated zone thickness [33] was calculated for the permissive tract by subtracting the altitude of the composite hydrogeologic base of the permissive tract from the water-level altitudes for each grid cell [37]. Saturated zone thickness values of zero were assumed to represent dry (unsaturated) geologic conditions (at least for the geologic units within the permissive tract). Furthermore, river drainages within the permissive tract were not evaluated for their connection with the water table nor were the water-surface altitudes in the rivers used during the kriging of the water-level altitudes. Kriging of the water-level altitudes without water-level altitudes available from wells near river drainages to serve as control points may result in water-level altitudes that are higher than land surface. Water-level altitudes near river drainages were adjusted after the kriging process to ensure no water-level altitudes were above land surface.




2.5. Transmissivity and Hydraulic Conductivity


Understanding the hydraulic properties (transmissivity and hydraulic conductivity) of an aquifer is critical to understanding the ability of groundwater to pass through it [44,45,46]. Transmissivity is defined as the rate water is transmitted through a unit thickness of an aquifer under a unit hydraulic gradient (Figure 6). The hydraulic conductivity of an aquifer is the transmissivity divided by the aquifer thickness (or saturated zone thickness if unconfined). Hydraulic conductivity is a measure of the ability of a porous material to allow fluids to pass through it. Higher hydraulic conductivity values correlate with higher yields and less drawdown in a well [45].



The USGS Source Water Assessment Program (SWAP) [47,48] provides a dataset of hydraulic property information for much of the study area. The SWAP dataset was explored to determine if the hydraulic property information that it contains could be applied to the composite aquifer. Raster datasets with 60 m resolution were used to create grids representing the transmissivity (T) and saturated zone thickness (B) of the Chicot and Evangeline aquifers in order to determine transmissivity and hydraulic conductivity for the composite hydrogeologic unit in permissive tract 3.



For each aquifer, hydraulic conductivity (K) was derived by dividing the T grids by the B grids. Then, Equation (1) was used to calculate a single representative K for the composite hydrogeologic unit:


   K  e q   =   ∑   m = 1  n     K m   b m   b  ,  



(1)




where Keq is the equivalent conductivity, Km is the conductivity for aquifer m, and bm is the thickness for aquifer m. This equation is specifically for horizontal conductivity (parallel, not perpendicular, to areal extent of the aquifer) and assumes each aquifer is homogeneous and that the horizontal hydraulic gradient is the same for both aquifers. Once calculated, the equivalent conductivity was multiplied by the total saturated zone thickness of both aquifers to obtain an equivalent transmissivity.





3. Results


The composite hydrogeologic unit for permissive tract 3 consists of the geologic units that contain the Chicot and Evangeline aquifers. Data pertaining to the geologic units that contain each of the aquifers were compiled into composite maps describing the hydrogeologic framework of the entire permissive tract as part of a geoenvironmental assessment of the undiscovered uranium resources in the upper part of the Lagarto Clay, Goliad and Willis Sands, Lissie and Beaumont Formations, and alluvial sediments in the Texas Coastal Plain [33]. Wherever possible, existing data were used to build the hydrogeologic framework. These data included a land-surface DEM used to determine land-surface altitudes; geologic unit surface altitudes (base and midpoints of the composite hydrogeologic unit); and the water-level measurements used to determine water-level altitudes and the locations of unsaturated and saturated zones [33]. In addition, the amount and spatial coverage of the existing data was sufficient to determine transmissivity within most of permissive tract 3.



3.1. Topographic Features


The topography of permissive tract 3 is characterized by flat low-lying expanses dissected by relatively slow-moving rivers throughout most of the Texas Coastal Plain; higher terrain characterized by steeper topographic features are found along the edges of the permissive tract to the north and west (Figure 7). Compared to flat low-lying terrain, higher terrain with relatively steep topographic features can often lead to differences in the depths of hydrogeologic units and depths of water. Land-surface altitudes in the Houston embayment range from 185 m above NAVD 88 in some areas in the uplands in the north to 0 m above NAVD 88 in the coastal regions; altitudes less than 90 m above NAVD 88 are common in most (about 90 percent) of the Houston embayment (Figure 7) [33]. The overall topography of the Rio Grande embayment is steeper than the topography of Houston embayment (Figure 7). Most of the Rio Grande embayment (about 90 percent) is less than 150 m above NAVD 88; exceptions are mostly found in the western part of the embayment where the land surface is as high as 288 m above NAVD 88 (Figure 7) [33]. Compared to the Houston embayment, river drainages are less prominent topographic features in the Rio Grande embayment, reflecting the increasingly arid environment moving from east to west across the study area [49,50]. There are no large river drainages in the southern and southwestern parts of the Rio Grande embayment except for the Rio Grande; several large river drainages (Guadalupe, San Antonio, and Nueces Rivers) are in the eastern part of the Rio Grande embayment southwest of the San Marcos arch (Figure 7).




3.2. Analysis of Composite Hydrogeologic Unit Base and Midpoint


The depths of the base of the composite hydrogeologic unit of permissive tract 3 are similar between the two embayments (Figure 8A). Depths of the base of the composite hydrogeologic unit range from 0 m at land surface (outcrop areas) to 1804 m below land surface in the Houston embayment and 2799 m below land surface in the Rio Grande embayment with an exceptionally deep area in the southeastern part of the embayment (Figure 8A) [33]. As a result of the coastward dip of the hydrogeologic units in the Texas Coastal Plain, the base of the composite hydrogeologic unit becomes progressively deeper towards the Gulf of Mexico. Throughout most of permissive tract 3 (about 90 percent), the depths of the base of the composite hydrogeologic unit are less than 1300 m below land surface (Figure 8A) [33].



Because depths pertaining to the composite hydrogeologic unit are referenced to land surface, and the top of the composite hydrogeologic unit is equivalent to the land surface, the depths of the midpoint of the composite hydrogeologic unit are essentially one-half of the depths of the base of the composite hydrogeologic unit. For these same reasons, the midpoint altitudes of the composite hydrogeologic unit trend in a similar way compared to the base altitudes of the composite hydrogeologic unit. Depths of the midpoint of the composite hydrogeologic unit range from 0 m at land surface (outcrop areas) to 902 m below land surface in the Houston embayment and 1400 m below land surface in the Rio Grande embayment with a deep area in the southeast part of the embayment (Figure 8B) [33]. Throughout most of permissive tract 3 (about 90 percent), the depths of the midpoint of the composite hydrogeologic unit are less than 650 m below land surface (Figure 8B) [33].



The base and midpoint altitudes of the composite hydrogeologic unit exhibit similar trends to those in the depths of the base and midpoint of the composite hydrogeologic unit. Therefore, a description of the base and midpoint altitudes of the composite hydrogeologic unit is not necessary. The base and midpoint altitudes of the composite hydrogeologic unit are available in the companion data release [33] for applications needing altitude data.




3.3. Analysis of Water-Level Altitudes and Depth of Water


The standard variance of water-level altitudes ranged from 0.0 to 8.5 m2 in permissive tract 3 (Figure 9) [33]. The standard variance was minimal in most of the Houston embayment, ranging from 0.0 to 3.0 m2. The standard variance was generally the highest along the edges of permissive tract 3, especially in the extreme southeastern part of the Houston embayment. The standard variance of the water-level altitudes in the Rio Grande embayment ranged from 0.0 to 6.8 m2 (Figure 9) [33]. The standard variance increased towards the southwestern part of the Rio Grande embayment and ranged from 3.1 to 6.0 m2 in many parts of this embayment. The standard variance exceeded 6.0 m2 along the edges of permissive tract 3 within the Rio Grande embayment. Large standard variance values (greater than 4.5 m2) were indicated for water-level altitudes in the southern part of permissive tract 3, an area where water-level altitude data are scant. Because of the scant amount of available data and the large grid variance in this area and along the edges of permissive tract 3, the water-level altitude surface produced for the southern part of permissive tract 3 may not represent recent (2007–2016) water-level altitudes.



For permissive tract 3, there were 970 wells used in the final water-level altitude surface (Figure 10A) [33]. As with the land-surface altitudes, water-level altitudes tend to be higher along the northern and northwestern margins of the permissive tract. Water-level altitudes in the Houston embayment ranged from 124 m above NAVD 88 in some areas in the uplands to the north to −40 m above NAVD 88 in the coastal regions (Figure 10A) [33]. A prominent feature in the water-level altitude surface is an area of low water-level altitudes, or cone of depression, that is evident in the greater Houston area where major groundwater withdrawals have occurred; this area also has undergone land-surface subsidence [51]. Major river drainages are identified in both embayments based on water-level altitudes except in the greater Houston area, where the cone of depression overshadows the major river drainage (Figure 10A). Based on water-level altitudes, horizontal hydraulic gradients in the Rio Grande embayment are steeper than the Houston embayment, especially in the western part of permissive tract 3 (Figure 10A). Water-level altitudes in the Rio Grande embayment range from 225 to −11 m above NAVD 88, with most of the embayment (about 90 percent) having water-level altitudes less than 120 m above NAVD 88 (Figure 10A) [33]. River drainages are less prominent in the Rio Grande embayment to the south, mainly because of a more arid environment in the south and southwest [49,50]. Several river drainages are prominent southwest of the San Marcos arch (Figure 10A).



The depth of water within the Houston embayment ranges from land surface to 76 m below land surface (Figure 10B) [33]. The northeastern third of the Houston embayment (east of the Trinity River) includes large areas with shallow groundwater depths ranging from 0 to 15 m below land surface (Figure 10B). The cone of depression in the greater Houston area noted previously is reflected by deeper depths of water than the surrounding areas because of large groundwater withdrawals [51]. Prominent river drainages are easily identified in the depth of water map (Figure 10B). The depths of water within the Rio Grande embayment range from land surface to 90 m below land surface (Figure 10B) [33]. Throughout most of the Rio Grande embayment (about 90 percent), depths of water are less than 40 m below land surface (Figure 10B) [33]. Several river drainages are prominent southwest of the San Marcos arch (Figure 10B). In addition, there are several areas in the southwestern and western parts of the Rio Grande embayment where the groundwater is relatively deep. Compared to other parts of permissive tract 3, the depth of water tends to be larger in this part of permissive tract 3 where the climate is arid and the terrain is relatively steep [49,50].




3.4. Analysis of Unsaturated and Saturated Zone Thickness


For most of permissive tract 3, the water table is relatively near the land surface, resulting in relatively thin unsaturated zone thicknesses of the composite hydrogeologic unit in permissive tract 3. The unsaturated zone thicknesses of the composite hydrogeologic unit range from 0 (or completely saturated) to 90 m within the Houston embayment, but the unsaturated zone thicknesses of the composite hydrogeologic unit throughout most of the embayment (about 90 percent) are less than 40 m (Figure 11A) [33]. The unsaturated zone thickness of the composite hydrogeologic unit is greater than 40 m in the greater Houston area, reflecting the large groundwater withdrawals and resultant lower water-level altitudes described previously (Figure 10A). The unsaturated zone thicknesses of the composite hydrogeologic unit are generally smallest northeast of Houston near the edge of the permissive tract, a region that typically receives more precipitation (average annual precipitation ranges between 150 and 180 cm (cm), annually) and has a smaller population and thus less groundwater demand [50]. The unsaturated zone thicknesses of the composite hydrogeologic unit within the Rio Grande embayment range from zero (complete saturation) to 90 m, but the unsaturated zone thicknesses of the composite hydrogeologic unit throughout most of the embayment (about 90 percent) are less than 40 m, which is greater than the unsaturated zone thicknesses of the composite hydrogeologic unit in the Houston embayment (Figure 11A) [33]. The southwestern part of permissive tract 3 is very arid (average annual precipitation ranges between 40 and 60 cm, annually), so less water is available for potential recharge [50]. Prominent river drainages, which are potential sources of recharge to underlying aquifers, can be seen in Figure 11.



For permissive tract 3, the saturated zone thicknesses of the composite hydrogeologic unit in permissive tract 3 are typically lower on the northern and western extent of the permissive tract with thicknesses increasing to the southeast towards the Gulf of Mexico (Figure 11B). The thickest area of saturation is in the southeastern tip of permissive tract 3. The saturated zone thicknesses of the composite hydrogeologic unit of permissive tract 3 range from no saturation to 1794 m within the Houston embayment, with most of the saturated zone thicknesses of the composite hydrogeologic unit (about 90 percent) being less than 1300 m thick (Figure 11B) [33]. The saturated zone thicknesses of the composite hydrogeologic unit range from no saturation to 2786 m within the Rio Grande embayment; however, most of the Rio Grande embayment saturated zone thicknesses of the composite hydrogeologic unit (about 90 percent) are less than 1200 m, which is less than that which occurs in the Houston embayment (Figure 11B) [33].




3.5. Analysis of Transmissivity and Hydraulic Conductivity


The SWAP dataset described previously in the Transmissivity and Hydraulic Conductivity section of the Material and Methods section did not cover all permissive tract 3 (Figure 12). Consequently, historical transmissivity, hydraulic conductivity, and storativity values from previous studies were compiled and used to supplement the SWAP dataset (Table 1). Porosity values for the Texas Coastal Plain are not widely reported, but Young et al. [12] reported porosity results ranging between 20 and 45 percent. This porosity range was reported from multiple geophysical logs measured in wells completed in aquifers above the Catahoula Formation (Chicot, Evangeline, and Jasper aquifers). Young et al. [12] observed a gradual decrease (0.0033 percent per meter) in porosity with depth despite the considerable amount of scatter in the porosity results. They estimate that average porosity values near land surface are around 36.64 percent [12]. Using this average porosity at land surface, the observed porosity gradient with depth, and the depth of the base of the composite geologic unit, the average porosity ranges between 30.72 and 36.64 percent within the composite hydrogeologic framework. The storativity and porosity values are presented herein as supplemental data that can be used to estimate the volume of water in the aquifer using the saturated thickness in a given area. The hydraulic gradient as determined from changes in water-level altitude, transmissivity or hydraulic conductivity, the storativity, and porosity are useful aquifer characteristics to estimate contaminant transport. The storativity and porosity values are not further evaluated or interpreted in this paper.



Transmissivity values in the Houston embayment are between 0 and 4181 square meters per day (m2/d), but throughout most of the embayment (about 90 percent), transmissivity values are less than 1800 m2/d (Figure 12A). A prominent area characterized by large transmissivity values is present southwest of Houston. In terms of available transmissivity values, the Rio Grande embayment has less spatial coverage than the Houston embayment (Figure 12A). In areas where data are available, transmissivity values tend to be smaller than the transmissivity values in the Houston embayment. Transmissivity values in the Rio Grande embayment range from 0 to 1871 m2/d, but throughout most of the embayment (about 90 percent), transmissivity values are less than 1500 m2/d (Figure 12A).



Hydraulic conductivity values in the Houston embayment are between 0 and 15 m per day (m/d) (Figure 12B), but throughout most of the embayment (about 90 percent), hydraulic conductivity values are less than 7 m/d. As with the transmissivity data, there is a prominent area characterized by large hydraulic conductivity values southwest of Houston. Similarly, and as with the extent of available transmissivity values, the Rio Grande embayment has less spatial coverage than the Houston embayment, and the available hydraulic conductivity values in the Rio Grande embayment tend to be smaller than the hydraulic conductivity values in the Houston embayment (Figure 12B). Hydraulic conductivity values in the Rio Grande embayment range from 0 to 9 m/d (Figure 12B), but throughout most of the embayment (about 90 percent), hydraulic conductivity values are less than 7 m/d.




3.6. Comparison of the Hydrogeologic Framework to Technical Reports


To help evaluate the potential usefulness of the hydrogeologic framework to future U mining geoenvironmental assessments, key results from the hydrogeologic framework were compared to historical technical reports at selected U mining operations in permissive tract 3 (Figure 13, Table 2) [62,63,64,65,66,67,68,69,70,71,72]. The location of the U mining operation and the topography at the site were noted. The technical reports were reviewed for data pertaining to geologic unit thickness or depth that can be used to approximate the depth of the composite hydrogeologic unit at the operation. Any data pertaining to the depth of water were noted as well. Comparison of transmissivity and hydraulic conductivity values between the hydrogeologic framework and historical technical reports was not carried out because these data were scant for the Rio Grande embayment within the hydrogeologic framework and the technical reports rarely reported transmissivity and hydraulic conductivity values. One reported transmissivity value (404 m2/d) was at the Mt. Lucas operation [69] which corresponds closely to the nearest transmissivity values (about 200–300 m2/d) (Figure 12A). All data obtained were approximated for the area of mining operation, which often encompassed several square kilometers. Large variations of topography, base to geologic unit, and depth of water can occur within areas of this size. In all of the technical reports, the bases of geologic units were not verified with the well data. Typically, regional geologic assessments were used to estimate the depths of formations at the operation. There were accurate well data for the individual sand layers containing the U deposits, but all of the well data did not penetrate the base of the Goliad Sand.



Even though the altitudes in the technical reports were reported in mean sea level and the altitudes in this paper are in NAVD 88, there is little difference (less than 10 percent) between the approximated land-surface altitudes from the technical reports and the estimated land-surface altitudes from the hydrogeologic framework (Table 2). Some of this variation can be attributed to the different vertical datums. Another contributing factor could be because of large variations of altitude at the mining operation. Altitude changes of as much as 27 m were observed at some mining operations such as at the Palangana mining operation (Figure 13) [70,71].



There were notable differences between the approximated depth of the base of the composite hydrogeologic unit from the technical reports and the estimated depth of the base of the composite hydrogeologic unit from the hydrogeologic framework (Table 2). These large differences can be a result of multiple factors. The geologic information obtained from the technical reports was already a generalized description of the formations at the operation and the geologic information was not verified with well data (at least not to the base of the Goliad Sand). Furthermore, the composite hydrogeologic unit in this paper includes the sandy upper part of the Lagarto Clay, which may not have been included as part of the Goliad Sand in the geologic setting of the technical reports. As a result, the composite hydrogeologic unit in this paper should be deeper than the composite hydrogeologic unit in the technical reports, and this was consistently the case except at the Alta Mesa mining operation (Figure 13, Table 2). Given that there were expected differences between the approximate depth of the base of the composite hydrogeologic unit from the technical reports and the estimated depth of the base of the composite hydrogeologic unit from the hydrogeologic framework, the differences were relatively small (the percent differences were less than 70 percent at most of the mining operations) (Table 2).



The approximate depth of water from the technical reports and the estimated depth of water from the hydrogeologic framework were relatively similar with differences of 10 m or less except at Kingsville Dome mining operation, where the difference was 24 m (Figure 13, Table 2). The large difference at Kingsville Dome is a result of the limitations of the hydrogeologic framework. Kingsville Dome is next to a bay southwest of Corpus Christi (Figure 13). As stated in the “Analysis of Water-Level Altitudes and Depth of Water” section of this paper, the amount of available data is scant for this part of Texas, which resulted in large grid variances (Figure 9) in the area and estimated water-level altitudes that may not represent recent (2007–2016) water-level altitudes. As stated in the “Analysis of Unsaturated and Saturated Zone Thickness” section of this paper, river drainages were not evaluated for their connection with the water table nor were the water-surface altitudes in the rivers used during the kriging of the water-level altitudes. Because the Kingsville Dome mining operation is near a bay (Figure 13), the same principle applies in that water-surface altitudes for groundwater under the bay were not available for use during the kriging of the water-level altitudes. Because of the scant data in the area and because of the proximity of Kingsville Dome to the bay, large differences are seen between the approximate depth of water from the technical report and the estimated depth of water from the hydrogeologic framework. The variations seen in the other operations can be a result of the dates at which the depth of water was measured. The more recent (2007–2016) technical reports [62,65,66] have closer results than the older (1981–1985) technical reports [67,68,69], which is expected because water-level altitudes are in constant flux and the depth of water surface in this paper was from recent (2007–2016) water-level measurements.





4. Discussion


A hydrogeologic framework for the study area was developed to gain a better understanding of the potential effects of mining undiscovered uranium resources in the study area by using available data from regional and national datasets; a similar approach could be applied to other areas of undiscovered mineral resources. Large-scale regional datasets can be evaluated as a first step, such as the hydrogeologic units and water-level measurements compiled for this study. Many areas have historical hydrogeologic information available, including data in the preferred form of grid surfaces [5,6,12,17,37]. For this study, data obtained from water-level measurements were used to obtain water-level altitude and depth of water surfaces [33,37]. Water-level measurements are typically reported to State and Federal agencies and readily available. When large-scale regional datasets were not available or were lacking sufficient spatial data for the study area evaluated herein (permissive tract 3), national datasets were used such as the land-surface DEM and SWAP data for this study [32,47,48]. The land-surface DEM from the 3DEP is a mosaic grid of the best resolution data for the compiled area [32]. This can range from 1 m to 60 m of resolution but is typically 10 m resolution. The SWAP dataset, which is a large national dataset, was used to help supply aquifer hydraulic properties, but the lack of sufficient areal coverage for the study area meant that this dataset needed to be supplemented with other data to fill in data gaps [47,48]. The saturated thickness surfaces with estimated hydraulic conductivity values could be used in place of a transmissivity surface.



The relative abundance and diversity of the available data for the Chicot and Evangeline aquifers of the Texas Coastal Plain [5,6,12,17,32,37,47,48] made the development of the hydrogeologic framework of a composite hydrogeologic unit for permissive tract 3 possible without the need to collect additional data; the data available for other areas may not be as abundant or diversified. Whereas regional and national datasets facilitated the development of hydrogeologic frameworks describing composite hydrogeologic units, such datasets may be lacking in other areas. If a hydrogeologic framework is to be developed using the methods documented herein for other areas, evaluating the available datasets would be a useful first step. Documenting the limitations of compiled datasets aids in assessing the resolution of the final hydrogeologic framework. When the existing data are deemed inadequate, additional data may need to be collected.



As inherent with all assessments, there are limitations and assumptions that apply to the data compiled for this assessment. The resolution of the DEM will dictate the resolution for each layer calculated by using land-surface altitudes. There were varying degrees of horizontal resolution associated with each dataset ranging from 10 to 1250 m in the land-surface altitude and water-level altitude surfaces, respectively [32,33]. When a dataset was evaluated on an individual basis, its original resolution was retained, but when multiple datasets were compared or interpreted together, the dataset with the lowest resolution was used to dictate the resolution of the composite dataset. The geologic unit surfaces were interpreted to represent the “true” geology, but interpretation techniques may differ between geologists [5,6,7,8,9,10,11]. The aquifers from which water-level measurements were obtained for this study were assumed to be correctly identified, the well locations were assumed to be correct, and the water-level measurements were assumed to be attributed correctly in terms of the accuracy of the measurement and the potential for interference from nearby groundwater withdrawals [37]. Although the kriging technique is based on geostatistical interpolation [38,39], the resulting gridded data can be spatially distal from actual water-level measurements. Because the areas between actual measurements lack constraint, the water level may be higher or lower than that which is depicted. The spatial separation between gridded and actual water-level measurements initially resulted in some negative depth of water values that needed to be corrected when constructing the unsaturated zone thickness map, especially in river drainage areas. All negative depth of water (unsaturated zone thickness) values were adjusted to be 0 m. The transmissivity and hydraulic conductivity data are scant for permissive tract 3, especially in the Rio Grande embayment [47,48]. All interpretations presented in this paper represent a regional-scale approximation and, as such, are not intended for use in local or small-scale engineering or other design applications. Users evaluating the findings provided in this paper should exercise discretion when drawing conclusions or making policy decisions.



The hydrogeologic framework consists of the lithology, hydrostratigraphy, structural features, and hydraulic properties of one or multiple hydrogeologic units. Although this paper discussed the methods of developing a hydrogeologic framework for a composite hydrogeologic unit, a similar methodology can be applied to a singular hydrogeologic unit. Effectively, the purpose of combining multiple hydrogeologic units is to simplify the hydrogeology into a singular composite hydrogeologic unit to effortlessly include hydrogeologic framework interpretations into a geoenvironmental assessment.



For the purpose of in situ uranium recovery, confining units are typically required to reduce the potential for hydraulic connection between aquifers [4]. Although none of the individual geologic units composing the composite hydrogeologic unit constructed for this study are considered confining units (except possibly the Beaumont Formation), extensive clay lenses in each unit may locally act as confining units. Furthermore, the Evangeline aquifer is considered by some researchers to be a confined unit in the sense that it has a different hydraulic head compared to the overlying Chicot aquifer, most likely a result of multiple interbedded clays [73], although, as previously mentioned, migration of contaminants originating from any formation may flow into units below or above the source of contamination.




5. Conclusions


The composite hydrogeologic framework presented herein, which contains the Chicot and Evangeline aquifers of the Gulf Coast aquifer system, provides three-dimensional insights into the land-surface altitudes, composite hydrogeologic unit altitudes and depths, water-level altitudes and depths, unsaturated and saturated zone thicknesses, and transmissivity and hydraulic conductivity in a region with the potential for undiscovered uranium resources. Although the original hydrogeologic data and maps are informative for each individual geologic and hydrogeologic units [5,6,12,17,32,37,47,48], combining these data to create a depiction of a composite hydrogeologic unit, as presented here, could inform the potential for the migration of contaminants through various avenues. Maps associated with the composite hydrogeologic unit are intended for inclusion in a regional-scale geoenvironmental assessment of undiscovered uranium resources where locations are unknown. Potential applications include using the hydrogeologic framework as an input into a geoenvironmental assessment to help estimate the potential for (1) runoff of contaminants into surface water, (2) infiltration of contaminants into the groundwater (aquifers), or (3) movement of contaminants from the mining area through wind, groundwater-flow, or streamflow in each permissive tract. Land-surface altitudes can be used to identify drainages and depressions which could indicate potential runoff-flow paths. The water-level altitudes and depths of water can be used to identify locations where the water table is shallow; depending on local recharge rates, areas where the water table is shallow could coincide with areas of rapid infiltration of surface water (including runoff) into the soils and rapid groundwater recharge. Composite hydrogeologic unit properties such as land-surface altitude, water-level altitude, depth of water, saturated zone thickness, transmissivity, and hydraulic conductivity provide physical indicators of the potential for the transport of contaminants. The water-level altitudes can also be used to identify groundwater-flow paths, which when coupled with other types of data such as transmissivity values, saturated zone thickness values, and hydraulic conductivity values, would make it possible to estimate the direction and rate of the groundwater flow. The procedures outlined in this paper also provide a method for developing hydrogeologic frameworks that can be applied in other areas where mining may occur.
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Figure 1. Map depicting the Texas Coastal Plain, and the three geologic regions, or tracts, that are referred to as “permissive” because of their perceived favorable characteristics for the occurrence of undiscovered uranium resources as delineated by [1], and the Rio Grande and Houston embayments separated by the San Marcos arch. The three permissive tracts are delineated based on the extents of selected geologic units in the Texas Coastal Plain: permissive tract 1 contains the Eocene-age Claiborne and Jackson Groups, permissive tract 2 contains the Oligocene-age Catahoula Formation and Miocene-age Oakville Sandstone, and permissive tract 3 contains the Pliocene-age Goliad Sand and Pleistocene-age Willis Sand and Lissie Formation. 
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Figure 3. Geologic map and known uranium occurrences in the Texas Coastal Plain (modified from [2]). The Fleming Formation and the Lagarto Clay are considered equivalent throughout the study area [9]. Because the Claiborne Group as shown is undivided and the Vickburg Formation and Jackson Group are displayed together, there is not a one-to-one relation between the hydrogeologic units and the geologic units. The Queen City and Sparta Sands of the Claiborne Group contain the Queen City and Sparta aquifers, respectively, and the Jackson Group and the Yegua Formation of the Claiborne Group contain the Yegua-Jackson aquifer. In situ recovery refers to the process of recovering minerals through wells drilled into the deposit. Since the deposits may occur at depth, the symbol color associated with the host geologic unit may not relate to the surficial geologic unit. The base is modified from [5,6]. The Catahoula Formation is modified from [13]. The Vicksburg Formation and Jackson Group and Claiborne Group are modified from [14]. 






Figure 3. Geologic map and known uranium occurrences in the Texas Coastal Plain (modified from [2]). The Fleming Formation and the Lagarto Clay are considered equivalent throughout the study area [9]. Because the Claiborne Group as shown is undivided and the Vickburg Formation and Jackson Group are displayed together, there is not a one-to-one relation between the hydrogeologic units and the geologic units. The Queen City and Sparta Sands of the Claiborne Group contain the Queen City and Sparta aquifers, respectively, and the Jackson Group and the Yegua Formation of the Claiborne Group contain the Yegua-Jackson aquifer. In situ recovery refers to the process of recovering minerals through wells drilled into the deposit. Since the deposits may occur at depth, the symbol color associated with the host geologic unit may not relate to the surficial geologic unit. The base is modified from [5,6]. The Catahoula Formation is modified from [13]. The Vicksburg Formation and Jackson Group and Claiborne Group are modified from [14].



[image: Minerals 12 00420 g003]







[image: Minerals 12 00420 g006 550] 





Figure 6. Schematic of transmissivity and hydraulic conductivity. 






Figure 6. Schematic of transmissivity and hydraulic conductivity.



[image: Minerals 12 00420 g006]







[image: Minerals 12 00420 g007 550] 





Figure 7. Land-surface altitudes [32] in permissive tract 3 within the Texas Coastal Plain. 
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Figure 8. Depths of the (A) base and (B) midpoint of the composite hydrogeologic unit (modified from [5,6,12]) of permissive tract 3 within the Texas Coastal Plain. 
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Figure 9. Standard variances of water-level altitudes from kriging within permissive tract 3 within the Texas Coastal Plain. 
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Figure 10. Recent (2007–2016) (A) water-level altitudes and (B) depth of water (modified from [37]) for permissive tract 3 within the Texas Coastal Plain. 
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Figure 11. (A) Unsaturated and (B) saturated zone thickness of the composite hydrogeologic unit based on recent (2007–2016) water-level altitudes within permissive tract 3 within the Texas Coastal Plain. 
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Figure 12. Equivalent (A) transmissivity and (B) hydraulic conductivity values derived from the U.S. Geological Survey Source Water Assessment Program (SWAP) dataset [47,48] for permissive tract 3 within the Texas Coastal Plain. 
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Figure 13. Uranium mining operations in permissive tract 3 within the Texas Coastal Plain. 
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Table 1. Historical transmissivity, hydraulic conductivity, and storativity values within permissive tract 3. (m2/d, square meters per day; m/d, meters per day; NA, not available).
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	Aquifer
	Transmissivity (m2/d)
	Hydraulic

Conductivity (m/d)
	Storativity

(Unitless)
	Location
	Source





	Chicot
	280 to 4650
	NA
	0.0004 to 0.1
	Almost full extent (missing southern tip)
	[52]



	Chicot
	1140 to 6320
	NA
	NA
	Jasper, Newton, Orange, and Hardin Counties
	[53]



	Chicot
	465 to 2320
	NA
	0.004 to 0.06
	Houston Area Groundwater Model
	[54]



	Chicot
	NA
	0.001 to 12.2
	0.002 to 0.156
	38 counties in north part of Coastal Lowlands
	[51]



	Chicot
	0 to 7150
	NA
	0.0001 to 0.2
	38 counties in north part of Coastal Lowlands
	[55]



	Chicot
	0 to 3720
	0 to 240
	0.0001 to 0.1
	Middle part of Gulf Coast Aquifer in Texas
	[56]



	Chicot
	280 to 2320
	NA
	0.0004 to 0.1
	Houston area
	[57]



	Chicot
	NA
	6 to 52
	NA
	Entire study area
	[58]



	Chicot
	NA
	2 to 161
	0.0311 to 0.239
	Matagorda and Wharton Counties
	[28]



	Chicot
	NA
	0.09 to 550
	NA
	Lower Rio Grande Valley
	[59]



	Chicot
	NA
	0.6 to 31.1
	0 to 0.0044
	Entire study area
	[60]



	Evangeline
	280 to 1390
	NA
	0.00005 to 0.1
	Almost full extent (missing southern tip)
	[52]



	Evangeline
	200 to 1380
	NA
	0.00063 to 0.0015
	Jasper, Newton, Orange, and Hardin Counties
	[53]



	Evangeline
	465 to 2320
	NA
	0.004 to 0.08
	Houston Area Groundwater Model
	[54]



	Evangeline
	NA
	0.12 to 9.39
	0.001 to 0.182
	38 counties in north part of Coastal Lowlands
	[51]



	Evangeline
	0 to 4000
	NA
	0.00004 to 0.2
	38 counties in north part of Coastal Lowlands
	[55]



	Evangeline
	0 to 1580
	0.3 to 2.1
	NA
	Middle part of Gulf Coast Aquifer in Texas
	[61]



	Evangeline
	0 to 2090
	0 to 8.38
	0.0001 to 0.1
	Middle part of Gulf Coast Aquifer in Texas
	[56]



	Evangeline
	280 to 1390
	NA
	0.001 to 0.01
	Houston area
	[57]



	Evangeline
	NA
	6 to 18
	NA
	Entire study area
	[58]



	Evangeline
	NA
	2.7 to 14
	0.00000628 to 0.889
	Matagorda and Wharton Counties
	[28]



	Evangeline
	NA
	0.015 to 975
	NA
	Lower Rio Grande Valley
	[59]



	Evangeline
	NA
	2.1 to 9.4
	0 to 0.0049
	Entire study area
	[60]
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Table 2. Land-surface altitudes, depth of composite hydrogeologic unit, and depth of water approximated from technical reports and estimated from the hydrogeologic framework and the percent difference between the approximated value and the estimated value for uranium mining operations in permissive tract 3. (MSL, mean sea level; BLS, below land surface; NAVD 88, North American Vertical Datum of 1988; NA, not available).






Table 2. Land-surface altitudes, depth of composite hydrogeologic unit, and depth of water approximated from technical reports and estimated from the hydrogeologic framework and the percent difference between the approximated value and the estimated value for uranium mining operations in permissive tract 3. (MSL, mean sea level; BLS, below land surface; NAVD 88, North American Vertical Datum of 1988; NA, not available).





	
Site Information

	
Approximated from

Technical Reports

[62,63,64,65,66,67,68,69,70,71,72]

	
Estimated from

Hydrogeologic Framework

	
Percent Difference 1 between the

Approximated Technical Report Value and the Estimated Hydrologic Framework Value




	
Uranium Mining Operation

	
Latitude (Decimal Degrees)

	
Longitude (Decimal Degrees)

	
Land-Surface Altitude (Meters above MSL)

	
Depth of the

Base of the

Composite

Hydrogeologic

Unit (Meters BLS)

	
Depth of Water (Meters BLS)

	
Land-Surface Altitude (Meters above NAVD 88)

	
Depth of the

Base of the

Composite

Hydrogeologic Unit (Meters BLS)

	
Depth

of Water (Meters BLS)

	
Land-

Surface

Altitude

(Percent)

	
Depth of the

Base of the

Composite

Hydrogeologic Unit (Percent)

	
Depth

of Water (Percent)






	
Alta Mesa

	
26.9022

	
−98.3150

	
85

	
445

	
29

	
84

	
294

	
37

	
2.0

	
40.9

	
22.3




	
Burke Hollow

	
28.2638

	
−97.5176

	
35

	
320

	
NA

	
33

	
641

	
13

	
5.1

	
66.8

	
NA




	
Goliad

	
28.8686

	
−97.3433

	
64

	
152

	
14

	
68

	
239

	
20

	
5.4

	
44.3

	
38.8




	
Kinsgville Dome

	
27.4183

	
−97.7860

	
12

	
366

	
24

	
10

	
1180

	
0

	
17.1

	
105.4

	
200.0




	
Mt. Lucas

	
28.1842

	
−97.9637

	
46

	
174

	
16

	
48

	
211

	
6

	
4.4

	
19.5

	
86.9




	
Palangana

	
27.6272

	
−98.4061

	
137

	
168

	
NA

	
118

	
299

	
26

	
14.6

	
56.4

	
NA




	
Salvo

	
28.2645

	
−97.7898

	
64

	
187

	
NA

	
66

	
416

	
26

	
2.7

	
75.7

	
NA








1 Percent difference is calculated as the absolute difference between two numbers divided by the average of the two numbers multiplied by 100.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
EXPLANATION

et saoce s 0 D e

shoveNorb Aol |
DmmdOADEIOS % dws

Gedes Survm 23
ey

=

"

] Houston antupmen
ooy
Ssabrcaror

B mastastont Gooes Sovey 250 s S 52
R e L o v e
Mot Ao Do of 1S OATEY





media/file4.png
Reduced
(unaltered)
permeable
sandstone

Oxidized core

B I L1 1 1
Oxidized  Alteration Ore-stage Ore-stage Reduced  semi-permeable
core envelope uranium pyrite sandstone sandstone or shale
hematite, siderite, uraninite, pyrite, FeS, diagenitic pyrite, Important
magnetite, goethite, pitchblende, molybdenite, marcasite, calcite, mF:"nera I
clays ferroselite coffinite, calcite, jordisite, organic hases
pyrite, FeS, Se  jordisite material P
Oz{aq} HCO. Fe? Fe®* Fe® Important
3 SO,> HCO, HCO, HCO, dissolved
SO U(Vvl) U(v1) groundwater

4
U(VvI) Fe2* components





media/file18.png
Base modified from U.S. Geological Survey 1:2 500,000-scale digital data
Albers equal-area projection, Texas mapping system
North Amesican Datum of 1983 (NADS3)





media/file21.jpg





media/file26.png
EXPLANATION
[ Houston embayment
"1 Rio Grande embayment
=== San Marcos arch

[ Uranium mining operation

danpy SN

Base modified from U.5. Geological Survey 1:2,500,000-5cale digital data
Albers equal-area projection, Texas mapping system
North American Datum of 1983 [NADB3)





media/file3.jpg
Reduced
(unaltered)
permeable
sandstone.

Oxidized core

O s O 0O -

Oridized  Alteration ~ Ore-stage ~ Ore-stage  Reduced _semi-permeable
coe  emelope  uranium pyrite sandstone _sandstone or shale
hematte,  siderite, uraninite, pyrite, FeS, diageniticpyrite,
magnelds,  gosi,  pichblonde,  moybdents, marcaste,cace, "R
cays femoselte  coffinte, calcte, jordisite, organic il
pyite, FeS, Se  jordisite material Lo
Oxa HCO, Fer Fer Fer Important
HCO; 50,7 HCO, HCO, HCO, dissolved
S0, Uiy UV groundwater
Uiy Fer components





media/file22.png
EXPLANATION 9
Unsaturated zone thickness of the

Saturated zone thickness of the 0

composite hydrogeol ogic unit, in composite hydrogeol ogic unit, in | —l
meters meters 1]

- High:90 i

["""1 Houston embayment
[ Rio Grande embayment
e San Marcos arch

Base modified from U.S. Geological Survey 1:2/500,000-scale digital data Base modified from U S. Geological Survey 1:2,500,000-scale digital data
Albers equal-area projection, Texas mapping system Albers equal-area projection, Texas mapping system
Morth American Datum of 1383 (NADE3) Morth American Datum of 1383 |NADS3)

(A) (B)





media/file19.jpg





media/file7.jpg
EXPLANATION
rogion vith favorable

£ Houston ombayment
1 Rio Gran

=i
e

ot





media/file10.png
EXPLANATION

Hydrogeologic Unit Geologic Unit .
Alluvial sediments and Beaumont Formation 95
Chicot aquifer Lissie Formation
Willis Sand 337
Evangeline aquifer Goliad Sand
Fleming Formation/Lagarto Clay (upper part)
Burkeville confining unit ' Fleming Formation/Lagarto Clay (middle part)

' Fleming Formation/Lagarto Clay (lower part)

HRpEraqNNEr Oakville Sandstone
Catahoula confining unit Catahoula Formation
Yegua-Jackson aquifer? ?Vicksburg Formation and Jackson Group
Queen City and Sparta aquifers * * Claiborne Group (undivided)

Uranium occurrence--Symbal color Uranium occurrence--Symbol shape
represents host geologic unit (Hall represents occurrence type (Hall et
etal., 2017) al., 2017

o (Goliad Sand Open pit

@ Qakville Sandstone In situ recovery®
@  Catahoula Formation : Unknown deposit
® Jackson Group Prospect/showing
@ Claiborne Group #+  Anomaly

' The Fleming Formation and the Lagarto Clay are considered equivalent throughout the study area (Solis, 1981)

*Because the Claiborne Group as shown is undivided and the Vickburg Formation and Jackson Group
are displayed together, there is not a one-to-one relation between the hydrogeologic units and the
geologic units. The Queen City and Sparta Sands of the Claiborne Group contain the Queen City
and Sparta aquifers, respectively, and the Jackson Group and the Yegua Formation of the
Claiborne Group contain the Yegua-Jackson aquifer.

® In situ recovery refers to the process of recovering
minerals through wells drilled into the deposit. Since
the deposits may occur at depth, the symbol color
associated with the host geologic unit may not relate 2g°
to the surficial geologic unit.

30°

0 100 KILOMETERS
I

Base modified from Young et al. (2010, 2012)
Catahoula Formation modified from U.S. Geologica Survey (2013)
Vicksburg Formation and Jackson Group and Claiborne Group
modified from (Schruben et al., 1994)

Universal Transverse Mercator Projection, zone 14

North American Datum of 1983





media/file14.png
EXPLANATION

Altitude of land surface, in meters
above North American Vertical
Datum of 1988 (MAVD 88) (U.S.
Geological Survey, 2013}

- High : 300
X5
- 150
_§
Low: 0
|:| Houston embayment

Rio Grande embayment
San Marcos arch

al 100 KILOMETERS
I

| |
a0l MILES

= e

9

Base modified from LS. Geological Survey 1:2 500,000-scale digital data
Albers equal-area projection, lexas mapping system
Morth American Datem of 1983 (NADS3)





media/file11.jpg
water table

o g
= e
& == = 5
§€
o
s
oo .

I meter

Note: Hydraulic gradient is the relation between hydraulic head (vertical
change) and horizontal distance.





media/file6.png
3500

- EXPLANATION
uE: 3000 Observed
e | Simulated
£ 2500
- | Nugget 0 square meters
© 2000 Sill 1350 square meters
= Range 600,000 meters
o |
£ 1500—
o i
e
< 1000
2 _
= 500-
u T T T T
0 100,000 200,000  300.000 400,000 500,000  600.000 700,000  800.000
Distance, in meters
£ 25000
© |
O
©® 20,000
E_ |
£ 15,000
m -
‘S 10,0004
| - -
S 5000
g i
= 0 T T T T
0 100,000 200,000  300.000 400,000 500,000  600.000 700,000  800.000

Distance, in meters






media/file15.jpg





nav.xhtml


  minerals-12-00420


  
    		
      minerals-12-00420
    


  




  





media/file16.png
EXPLANATION
Depth of the base of the composite 0 50 100 KILOMETERS Depth of the midpoint of the 0 50 100 KILOMETERS
geologic unit, in bel I T — composite geologic unit, in meters | T —
land sudace (modified from Young 5 below land surface (modified from o 50 MILES
etal. (2010, 2012, 2016)) Young etal. (2010, 2012, 2016))
h: 2400 High : 2400
1800 1800
1200 1200
600 600
Low:0 Low:0
["] Houston embayment
|| Rio Grande embayment
=== San Marcos arch

Base modified from U 5. Geological Survey 1:2.500,000-scale digital data Base modified from U.5. Geological Survey 1:2.500,000-scale digital data
Albers equal-area projection, Texas mapping system Albers equal-area projection, Texas mapping system
North American Datum of 1983 (NADE3)

North American Datum of 1383 {NADE3)
(A)

(B)





media/file2.png
Geologic timescale

Geologic units'

Hydrogeologic units’

Composite hydrogeologic
unit favorable for the

occurrence of

System Series Major units Minor units 3
undiscovered uranium
Alluvial sediments
Holocene _ _ _ _
(fluvial alluvium and eolian sand deposits)
B tF ti
Quaternary o orma T on . Chicot aquifer — Permissive
) o i Montgomery Formation Permissive
Pleistocene Lissie Formation : tract 3
Bentley Formation tract 3 _
p .. (this paper)
Willis Sand Gulf Coast (original
Pliocene Goliad Sand aquifer system/ Evangeline |designation)
Fleming Formation/Lagarto Clay (upper part)* Coastal lowlands aquifer
Fleming Formation/ aquifer system Burkeville
Miocene Lagarto Clay (middle part)* confining unit
. . 4
Fleming FormatlolT/Lagarto Clay (lower part) Jasper aquifer
Oakville Sandstone
\ Catahoul Permissive tract 2
_ Catahoula Formation a. a. o _
Oligocene confining unit
Vicksburg Formation confining unit
Whitsett Formation
Manning C1 Vicksburg-Jackson
anning Cla
Jackson Group &4y confining unit Yegua-Jackson
aquifer
Wellborn Sandstone
Tort Caddell Formation
eriaty Yegua Formation
Cook Mountain . _
_ confining unit o
Laredo Formation Permissive tract 1
Formation’ )
Eocene Sparta Sand Sparta aquifer
Claiborne Wechos F " — n
Group Bl Pico eches Formation ; . ccg mmg(g: tm
exas coasta
Clay’ Queen City Sand | Heen
uplands aquifer aquifer
Bigtord _ system o _
s Reklaw Formation confining unit
Formation
Carrizo Sand
Carrizo-Wilcox
Wilcox Group aquifer
Paleocene

"Modified from Eargle (1968), Baker (1979), Solis (1981), and Young et al. (2010, 2012)
*Modified from Ryder (1996), Young et al. (2010, 2012), and George (2011)
*Modified from U.S. Geological Survey Assessment Team (2015)

“The Fleming Formation and Lagarto Clay are considered equivalent throughout the study area (Solis, 1981)

*Geologic units of the Rio Grande embayment






media/file20.png
EXPLANATION

Altitude of water level, in meters
above North American Vertical

0 50 100 KILOMETERS
I I land suface (modified from Texas | — —
Datum of 1988 (NAVD 88) (modified 7 50 MILES Water Development Board (2017)) pi 50 MILES
from Texas Water Development - High:90
Board (201 - 15
- High ! 80 " L w®
- 120 - 45
60 - 30
N
Low: -60 L Low:D

["1 Houston embayment
[ Rio Grande embayment
== San Marcos arch
‘Water-level altitude contour--
Contour interval 60 meters. Datum
—— is NAVD 88. (modified from Texas
Water Development Board (2017)) |

100 KILOMETERS
I

=N ol = |

EXPLANATION
Depth of water, in meters bel ow

D Houston embayment
["] Rio Grande embayment
m= San Marcos arch

Base modified from U S. Geological Survey 1:2 500,000-scale digital data
Albers equal-area projection, Texas mapping system

Base modified from U.S. Geological Survey 1:2,500,000-zcale digital data
Morth American Datum of 1983 (NADE3)

Albers equal-area projection, Texas mapping system
Morth American Datum of 1983 {NA D83

(A) (B)





media/file23.jpg





media/file5.jpg
3500
EXPLANATION
£ 997 observed
i . Simulated
E Nugget 0 square meters.
2 ool SU 1350 square meters
2 Range 600,000 meters
< 150
8
£ 100
2
% iodbe 2000 300000 00000 50000
Distance, in meters.
£ 2500
o 200
£ 15000
5 1000
g oo
El

100000 200000 300000 400000 ~ 500000 ~ 600000 700000 800,000
Distance, in meters





media/file24.png
EXPLANATION
Equivalent transmissivity, in 0 50 100 KILOMETERS
square meters per day (modified | ' —
from Strom et al. (2003a, 2003h)) 0 i 50 MILES

- High : 4500
3600
210
1800
900
Low:0

D Houston embayment
"1 Rio Grande embayment
s San Marcos arch

[ =] -1 '

i 0
in meters per day (modified from | ' :
Strom et al. (2003a, 2003b)) 0 i 50 MILES
- High:15
- 12

Base modified from U 5. Geological Survey 1:2,500,000-scale digital data Base modified from U S. Geological Survey 1:2500,000-scale digital data
Albers ﬂlﬂ"ﬂlﬂﬁ projection, Texas mapping system Albers equal-area projection, Texas mapping system
Morth American Datum of 1983 (NADE3| MNorth American Datum of 1983 (NADE3)

(A) (B)





media/file1.jpg
omposli By drogroge

[ i’ o
ot et
s wiorents | Ve
2 | ol s s o)
vy Bl gt ] Femisie
WiSand G g [(52)
T Cotndsint st stent [ dgnten)
Tt Tomsttapts o gy Covtl b | e
Fening oty R
g et gt Cay o o ==
s ko
— e— Coros | o2
Vo Conimnganit
W o
ey | Vet
b Grop | contnngans | Yoo
o e
ot | mton | e
e | spasd e
e e -
e [t Toma T
. = Tosscontal [ QuenCiy
a wniysind
ey s st | st
e I B —
G
Wi Grup qer

T

o o B (1568 Bt (1979 S (1980, Yo 1 (300, 2078

N Ryder (1996, Yo 3,010 2012, and oo (01)
N from S, Gsogcl Sy Ascsmet Team (2015)

e eming ormaton ad agari Cly e consfsd vl thrmghen the sty r (o






media/file25.jpg





media/file12.png
- - water table

.55',\4@ P e
y - -""
ﬁ'& -~ )
-
e |
,

saturated zone
thickness (b)

1 meter

Note: Hydraulic gradient is the relation between hydraulic head (vertical
change) and horizontal distance.





media/file9.jpg
PPt s Oy ot o By a5 1961
Blen ity et e et e -

B et s sy )
e e i
s T e ot w6






media/file0.png





media/file8.png
Assessment Team, 2015)
~ Permissive tract 1
o> Permissive tract 2
Permissive tract 3 A f
"1 Houston embayment

[ Rio Grande embayment
— San Marcos Arch

EXPLANATION a7

Geologic region with favorahle Y, ,f} A
characteristics for the occurrence .
of undiscovered uranium ., Tyler 7 /4

ieei — NN X7
resources, or permissive tract 7 f}g_ﬁ, 7 fx 7
(U.S. Geological Survey \ VLK, S

.-" L
r. P

50 100 Miles
| |

L= =]

| ]
50 100 Kilometers

Baso modifed from LS. Gelogical Survey 1:1,000,000-scale dugptal data
Adbers Equal Area Propaction, Texas Mapping System
Marth Amercan Datum of 1950





media/file17.jpg





