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ABSTRACT

Routinely acquired hydrochemical analyses of Edwards aquifer well water from the Edwards Plateau (Edwards-Trinity aquifer system) of west-central and west Texas is used to identify preferential recharge zones and flow paths, and to estimate local recharge volumes. Rainfall and wet chloride deposition data were integrated with groundwater chloride data and estimates of dry chloride deposition in an ArcGIS environment to produce fine-scale maps of preferential recharge areas and recharge volumetric estimates based on a chloride mass-balance approach. Groundwater chloride, calcium, magnesium, and sodium data were also imported into ArcGIS and manipulated to select wells that produced relatively youthful ground water as suggested by simultaneously low values of chloride concentration, Mg/Ca, and low extents of cation-exchange reactions. Maps based on these data showed reasonable patterns of implied rapid flow oriented normal to potentiometric trends in areas with higher potentiometric gradients.

INTRODUCTION


Identification of preferred aquifer recharge areas and reliable recharge estimates are critical for informed management of groundwater resources. Recharge areas must be protected from pollution or establishments of impervious cover. Groundwater resources must be protected from over-exploitation so that plants, animals, and people who depend on groundwater, whether by production from wells, transpiration along seeps, or uptake at springs can continue to thrive indefinitely. Often estimates of recharge volumes are based upon measurements of discharge at springs and by base flow along streams. Estimates of discharge based on these criteria are assumed to reflect a similar rate of recharge, a conclusion based upon a steady-state view of aquifer performance. This approach does not recognize the potential transience of recharge rates and the possibility that modern discharge rates reflect recharge during times when the climate was significantly dissimilar to that observed recently. Such estimates also depend on a complete accounting of all forms of discharge, including groundwater production from wells. Further, identification of preferential recharge areas may be based on extensive high-resolution soil-type and thickness analyses on a regional scale. Finally, the nature of local recharge avenues in the aquifer rock is usually very poorly known. This is certainly true of the Edwards-Trinity aquifer system of west-central and west Texas. The most recent attempts to model groundwater recharge and flow in the Edwards-Trinity aquifer system (Kuniansky, 1989; Kuniansky and Holligan, 1994) used discharge estimates and assumptions of steady-state conditions. 


Delineation of preferential pathways for groundwater flow is also important for intelligent resource management. Reliable interpretations of preferential flow paths can facilitate efficient siting of production wells and provide a basis for siting groundwater remediation measures in the unfortunate event of contamination.


Hydrochemistry may provide independent methods of identifying recharge areas, estimating recharge rates, and delineating preferential flow paths. Groundwater carries the chemical signatures of recharge precipitation and of interactions along flow paths with aquifer rock. Knowledge of the sources of hydrochemical constituents and rates of hydrochemical development can provide constraints on interpretations of groundwater history. Groundwater undergoes somewhat predictable evolutionary stages over time. By identifying the locations of wells where groundwater appears to have undergone the least amount of evolution we may be able to map likely areas where recharge and flow are the most rapid.

STUDY AREA, DATA AND METHODS


The Edwards-Trinity (Plateau) aquifer system is a major Texas aquifer (Ashworth and Hopkins, 1995) and provides a valuable natural laboratory for exploring the potential viability of using hydrochemical methods to resolve issues of groundwater recharge and flow (fig. 1). The Plateau aquifer system is located in the Edwards Plateau and encompasses an area of 24,000 sq. mi (62,000 sq. km). Elevation ranges from 1000 ft (305 m) in the southeast to 3,300 ft in the northwest. From east to west its climate ranges from sub-humid to semi-arid. Mean annual rainfall ranges from 34 to 14 in. Precipitation events tend to be flashy. Soils are generally thin and stony but are better developed along streams. The aquifer system is developed in Lower Cretaceous sedimentary rocks and consists of a lowermost interval of Trinity Division siliciclastic (Antlers and associated sandstones) and carbonate rocks (Glen Rose and associated limestone and dolomite). Fredericksburg and Washita Division carbonate rocks (so-called Edwards and associated limestones) overlie the Trinity section (Barker and Ardis, 1996a; fig. 2). Minor gypsum occurs in the Edwards and provides an economic resource very locally. Stratal attitudes (dips) are generally low (several degrees down toward the southeast) but steepen (up to 27 degrees) in the south toward the Rio Grande. The system is more-or-less confined at its base by more steeply dipping strata of pre-Cambrian to Triassic age (Barker and Ardis, 1996b). Locally, some of these strata also produce ground water. Rocks of Neogene (Ogallala Fm.) to recent age overlie the Plateau system. The Trinity aquifer is generally hydraulically confined (data from TWDB, 1969) and more saline than the generally unconfined Edwards interval.


The potentiometric surface subtly reflects both topography and stratal attitude (fig. 3). A groundwater and surface drainage divide trends northwest-to-southeast along the crest of the Plateau. Approximately 75% of drainage is toward the Colorado River and its tributary streams (Walker, 1979). Groundwater exploitation is accomplished by three area-specific strategies (fig. 4) that reflect the position of the potentiometric surface. In the southeastern half of the aquifer wells are completed in the Edwards interval. In the northwestern one-quarter of the area wells are completed in the Antlers interval. Wells are completed in both intervals in areas intermediate to the Edwards and Antlers completion areas. 


The Edwards aquifer interval is the focus of this report. Recharge is mainly from precipitation. The Edwards is fractured and karstified (Freeman, 1968); Wermund and others, 1978; Webster, 1982; Elliot and Veni, 1994; Kastning, 1983). Sub-vertical fractures in the Edwards carbonates probably provide the most efficient avenues for 
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recharge. Flow in the Edwards is probably concentrated in its lowermost strata (Rose, 1972). Carbonate dissolution has produced stratiform flow conduits in particularly solution-susceptible intervals and along bedding planes. These features probably focus most groundwater advection.


Well locations and associated hydrochemical data was provided on-line by the Texas Water Development Board. The records span a time from the late 1930’s to the present. Most of the data dates from the late 1960’s to the late 1980’s. A survey of the hydrochemical histories of several sufficiently monitored well suggests that water quality has not changed over time to an extent that would preclude using data of mixed vintage for the present analysis. Precipitation hydrochemical (mean annual wet chloride deposition) data was provided by the NADP (2003) and represents over 20 years of record ending in 2002 (figure 1). The data for mean annual rainfall is from Bomar, 1995 (fig. 5). Potentiometric surface data is from Kuniansky, 1990 (fig. 3).


Identification of recharge areas and recharge volumes are based on a chloride mass-balance approach (fig. 6). Chloride is concentrated in the soil by wet (rain) and dry deposition. Numerous rain events deliver water and solutes to the soil where they remain as the water evaporates. Chloride is extremely soluble and percolates through the unsaturated zone and toward the saturated zone during sufficiently large rainfalls or during longer periods of rainy weather. The slug of chloride that arrives at the water table, therefore, represents chloride deposition from numerous rainfalls and dry depositional events. Assuming that chloride contributions from the saturated aquifer matrix and from admixed groundwater is relatively negligible, the contributions of surface chloride and the concentration of groundwater chloride can be used to estimate the volume of rain required to produce the observed chloride concentration in ground water by solving the equation shown in figure 7. This method has been used convincingly by Eriksson and Khunakasem (1969) in the Israel coastal plain. In the present study dry chloride deposition was assumed to be equal to that of wet deposition. Dry deposition distribution values are unknown on the Plateau. However, limited studies in Arizona (Hope and others, 2001) indicate that dry deposition may vary from amounts that locally are less than half that of wet deposition to amounts that are more than twice as great as those provided by wet deposition. The assumption of equal contributions by both processes is a reasonable compromise for the present purpose. However, a comprehensive multi-year regional survey of chloride deposition by both processes is ultimately critical for the convincing used of the chloride mass-balance approach to estimate recharge.


For this project maps of mean annual rainfall (fig. 5) and wet chloride deposition (fig. 8) were digitized, loaded into ArcGIS, spatially interpolated by kriging, and converted to raster formats. Groundwater chloride data was loaded into ArcGIS, kriged, and converted to raster format (fig.9). Raster calculations (division) were performed between the groundwater chloride and wet deposition rasters to produce a recharge percentage map (fig. 10) that was corrected to reflect a dry deposition contribution that was assumed to be equal to that of the wet deposition. The percentage recharge raster was then multiplied with the mean annual recharge raster to produce a map of mean annual recharge (fig. 11).


For the delineation of preferred flow paths wells were selected whose analyses reflected three attributes that are assumed to reflect relative youth of ground water. The 
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most recently recharged, fastest flowing waters should also be younger than slower moving waters that have resided longer in the aquifer. Over time groundwater increases in chloride concentration that is caused by diffusion of chloride from aquifer rocks. Ground water also generally exhibits increases in Mg/Ca (Freeze and Cherry, 1979) that is caused by the slow dissolution of dolomite (MgCaCO3)2, Mg-calcite, and de-dolomitization (dolomite converted to calcite in the presence of water with high Ca/Mg) (Moore and others, 1968; DeGroot, 1967). Finally, fresh ground water increases in Na concentration by cation exchange whereby Ca2+ and Mg2+ substitute for Na+ on grain surfaces, especially clay particles. The extent of cation exchange has been characterized by an operational parameter LOG(Ca+Mg)/(Na)2. and mapped for two sandstone aquifers in Montana by Henderson (1984) who demonstrated its relationship to groundwater flow direction. In Henderson’s study the value of the operational parameter decreased (cation exchange extent increased) along flow paths that were interpreted from potentiometric data. In the present study, therefore, ground water with simultaneously low values of chloride, Mg/Ca, and LOG(Ca+Mg)/(Na)2 should generally be younger than waters with significantly higher values for these parameters. For this analysis three attributes were overlain on a single map: (1) chloride values less than 20 mg/L, (2) Mg/Ca values of less than 0.5, and (3) LOG(Ca+Mg)/(Na)2 values that were above average for their corresponding Mg/Ca values. The third attribute was determined in the following way. A cross plot was generated in Excel of Mg/Ca values and the corresponding LOG(Ca+Mg)/(Na)2 values. A best-fit (regression) line was generated. Then, samples that exhibited LOG(Ca+Mg)/(Na)2 values greater than the values along the regression line were selected. In other words, samples with Mg/Ca values less than 0.5 were selected that exhibited apparently lesser extents of cation exchange. The map showing distribution of the wells for which groundwater youth was interpreted from these criteria is shown in figure 12.

RESULTS


The results of the recharge estimates are shown in figures 10 and 11. Recharge ranges from 8% to less than 2% of mean annual rainfall, generally decreasing from east to west. The areas with highest recharge percentages occur in the southern and southeastern parts of the area. The patterns of recharge largely reflect the distribution of groundwater chloride values shown in figure 9. The calculated values for mean annual recharge range from 2 in (50.8 mm) in the southeast part of area to less than 0.5 in (12.7 mm) in the west and northwest. The patterns of recharge volumes reflect the patterns of recharge percentage, of course, coupled with the pattern of regularly decreasing rainfall volumes from east to west over the region. The volume estimates allow a first approximation of the volumes of ground water than can be produced from a specified area without lowering the potentiometric surface. However, knowledge of actual distributions of dry chloride deposition volumes will significantly enhance the viability of recharge estimates produced by the chloride mass-balance approach.


The interpreted flow path map is shown in figure 13 where an envelope has been drawn around the well locations that exhibit the three hydrochemical criteria. The linear trends of low Mg/Ca wells generally trend perpendicular to potentiometric contours in the west-central and western part of the area and suggest a relationship between low Mg/Ca and flow paths. In areas in the south where most of the wells exhibit low Mg/Ca the cation-





exchange criteria provide some guidance for flow path interpretation and also suggests trends that run perpendicular to potentiometric contours. The digitate patterns in some areas suggest that groundwater flow may be locally channelized. This is a reasonable expectation in karstic terrain where dissolution will continue most aggressively in areas where water may have been focused along a lithologic discontinuity (e.g., a fracture) early in the aquifers history. The directions of the interpreted flow paths in the southwest part of the area (along the Rio Grande) parallel dominant fracture trends (Wermund and others, 1978; Webster, 1982) and cavern trends (Kastning, 1983; Elliot and Veni, 1994) in the southern part of the Plateau.


Figure 13 depicts interpreted flow patterns mainly in areas with higher potentiometric gradients. Wells in areas with lower gradients generally do not meet the Mg/Ca or cation exchange criteria for inclusion in flow path depictions, although chloride values are sufficiently low. These circumstances probably reflect relatively slower flow and longer residence times for water in lower-gradient areas.

DISCUSSION AND CONCLUSIONS


Determining in detail groundwater recharge areas, recharge volumes, and preferential flow paths is generally limited severely by data that is insufficiently focused to satisfactorily resolve critical features in the four dimensions. Wells that provide hydrochemical and hydrodynamic information are often completed over depth intervals that include several hydrogeologically distinct flow units. In these cases waters from multiple sources may be intermingled and characteristics that are potentially diagnostic of flow conditions for any given unit are obscured. A partial solution to this issue is a well-designed survey of selected wells whereby packer tests are conducted to ascertain the distribution of hydrochemical and hydrodynamic heterogeneities in the aquifer system. This is an ambitious undertaking but perhaps the only way to significantly reduce the “educated” guesswork that is a mainstay of hydrogeological analysis. 

The economics of ground water production have also been insufficient to stimulate comprehensive surveys of hydrochemical constituents, (namely, the radio-isotopes 14C and 3H), that potentially reveal preferential recharge areas and flow paths by demonstrating groundwater-age distributions. Such analyses cost hundreds of dollars apiece in the commercial marketplace and groundwater entrepreneurs are hard pressed to make such investments.

Pending the attainment of transcendental social enlightenment concerning the real-world importance of environmental investigation (it is undoubtedly more critical than going to Mars) we must squeeze maximum benefit from the commonly acquired data that is available. Abundant routine hydrochemical analyses that are available for many aquifer systems have not been fully exploited to broaden our insights into the hydrogeological behavior of aquifers. The Edwards-Trinity aquifer system is a perfect example.

With the chloride mass-balance approach we combine readily available information about rainfall distribution and chloride with groundwater chloride data we can make first approximations at a fairly local scale of the most effective recharge areas and also constrain the range of probable recharge volumes. This information can provide guidance to resource managers for regulating groundwater production such that the resource is maintained indefinitely. The chloride mass-balance approach is apparently limited by poor information about the distribution of dry chloride deposition- critical data for the adjustment of groundwater chloride values to allow estimation of recharge volumes from rainfall. A regional survey of the relative contributions of wet and dry chloride deposition is highly desirable and need not be expensive because high-tech equipment is not required and chloride analyses are not expensive. Although diffusion of chloride from aquifer rocks is also an unknown factor, the aquifer has been bathed in fresh meteoric water for millions of years and groundwater flow rates are probably sufficiently high to negate the relative importance of this potential input.

By using hydrochemical criteria that may allow the sorting of wells into groups that probably reflect relative ages of the ground water that they produce we may be able to resolve preferred flow paths at a finer scale than is usually attempted in a regional investigation. The results of the trial presented in this report are reasonable in that interpreted preferred flow paths are located in areas with higher potentiometric gradients where flow rates are potentially faster than elsewhere. Also, where narrow paths are interpreted the digitate patterns shown on the flow-path map (fig. 13) trend normal to potentiometric contours. This is an encouraging indication that the approach is reasonable. This method can be extended into more up-gradient areas where flow is probably slower, as evidenced by lower potentiometric gradients toward the crest of the potentiometric surface. By raising the Mg/Ca criteria to higher cutoff values patterns similar to those produced with an Mg/Ca cutoff value of 0.5 are revealed. Continued work along these lines is in progress but is insufficiently complete for inclusion in this report. Ultimately, application of isotopic age-dating techniques to selected areas is desired to corroborate the approach reported here for the delineation of groundwater flow paths.
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Figure 1. Edwards Plateau study area and location of NAPD sample sites








Figure 2. Schematic cross section of the Edwards-Trinity aquifer system and upper and lower bounding units.





Figure 3. Potentiometric surface, Edwards-Trinity aquifer system








Figure 4. Well completion intervals, Edwards-Trinity aquifer system
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Figure 7. Equation for mean annual recharge estimation from chloride data and attributes used to select wells located along preferential flow paths.





Figure 5. Mean annual rainfall, 1960-1990 (from Bomar, 1995).





Figure 6. Diagrams of hydrochemical concepts used in recharge area identification, recharge volume estimates, and delineation of flow paths.
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Figure 8. Contour map of wet chloride deposition (data from NADP, 2003).
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Figure 9. Map of chloride concentration in ground water (data from TWDB, 2003).





Figure 10. Map of recharge percentage produced by raster division of figure 8 by figure 9 and subsequent correction (see text) for dry chloride deposition.





Figure 11. Map of mean annual recharge produced by raster multiplication of figures 5 and 10.
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Figure 13. Interpreted preferential flow paths defined by wells that produce relatively youthful waters defined by low values of chloride concentration, Mg/Ca, and extent of cation exchange reactions.





Figure 12. Figure 12. Distribution of wells characterized by hydrochemical criteria interpreted to represent relatively youthful age: chloride less than 20 mg/L (blue spots), Mg/Ca < 0.5 (pink spots), and below average values of LOG(Ca+Mg)/(Na)2 (blue dots on blue or pink spots, reflecting low extent of cation exchange reactions).
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