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Abstract

:

A fit for purpose (FFP) framework has been developed to evaluate the suitability of brackish water resources for various competing uses. The suitability or the extent of unsuitability for an intended use is quantified using an overall compatibility index (OCI). The approach is illustrated by applying it to evaluate the feasibility of the Dockum Hydrostratigraphic Unit (Dockum-HSU) as a water supply alternative in the Southern High Plains (SHP) region of Texas. The groundwater in Dockum-HSU is most compatible for hydraulic fracturing uses. While the water does not meet drinking water standards, it can be treated with existing desalination technologies over most of the study area, except perhaps near major population centers. The groundwater from Dockum-HSU is most compatible for cotton production, but not where it is currently grown. It can be a useful supplement to facilitate a smoother transition of corn to sorghum cropping shifts happening in parts of the SHP. Total Dissolved Solids (TDS), Sodium Absorption Ratio (SAR), sodium, sulfate, and radionuclides are major limiting constituents. Dockum-HSU can help reduce the freshwater footprint of the Ogallala Aquifer in the SHP by supporting non-agricultural uses. Greater regional collaboration and more holistic water management practices are however necessary to optimize brackish groundwater use.
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1. Introduction


Groundwater-dependent agriculturally dominant environments (GRADEs) are mostly arid and semi-arid regions that are heavily dependent on existing groundwater resources for agricultural and livestock production [1]. GRADEs can be seen in many parts of the world and are important to ensure global food security [2]. However, intensive agriculture and livestock breeding activities in GRADEs have led to severe declines in water levels in aquifers and have threatened the sustainability of these regions [3,4]. Global food security is critically affected, as groundwater withdrawals continue to exceed the replenishment rates in GRADEs [5]. The variability in climatic conditions (e.g., increased droughts) further exacerbates water scarcity in arid and semi-arid economies [6]. Water demands for municipal and industrial uses are also increasing in GRADEs, further intensifying the competition for water in these areas [7]. Balancing the short-term water needs while ensuring long-term water availability for future generations is, therefore, a critical water management challenge in GRADEs, and it directly impacts the viability of rural areas.



Less than 6% of all groundwater available in the upper two kilometers of the earth’s crust is fresh [8], which means that a significant portion of subsurface water is of poor quality. As many GRADEs lack adequate and reliable surface water resources, the extraction of water from deeper geological units becomes necessary despite its relatively inferior quality [1,9]. The ability to use water of poor quality varies widely among water user groups. For example, farmers growing salt-tolerant crops such as cotton could potentially blend fresh and brackish groundwater to meet their irrigation water quality needs. However, those cultivating crops needing water of higher quality (e.g., corn) may not be able to exploit this resource as easily. Similarly, while municipal water quality requirements are very stringent, large municipalities can install expensive treatment trains to bring water from deeper geological units to comply with mandated water quality regulations. On the other hand, the ability of smaller communities and individual households to do so is greatly limited due to cost considerations.



In addition to the heterogeneity in user demands, the quality of groundwater also varies within an aquifer due to the differences in hydrogeological and geochemical characteristics [10]. As the water in these deeper aquifer formations is much older, its quality is affected by the mineral composition of the aquifer sediments with which these waters are in contact. Therefore, the nature and extent to which groundwater in deeper aquifers can be used to substitute freshwater resources also varies spatially. From a water quality standpoint, the effectiveness of a brackish groundwater unit to act as a substitute for dwindling freshwater resources hinges on the match between the quality of the supply and the requirements of the demand. A detailed assessment of the local water needs, groundwater quality, and treatment options is vital to inform brackish groundwater development [11]. This understanding is also necessary in order to develop scientifically credible and risk-informed policies governing the use of this resource [12].



The “fit for purpose” (FFP) decision-making technique is gaining popularity in many fields in recent years [13,14]. FFP assessment seeks to evaluate whether products and policies aimed to bring about an intended outcome are good enough to do so (i.e., fit for the purpose for which they are designed). In the context of water resources, the FFP approach has been used to understand factors that increase the use of recycled water [15], evaluate the adequacy of the integrated water management paradigm [16], identify the complexity of the mathematical models used in policy studies [17,18], assess the sustainability of water utilities [19], develop water and wastewater treatment technologies [20,21,22], and evaluate flood reinsurance pools [23]. FFP is also shown improve the understanding of the decision makers and thus help operationalize adaptive governance and water management strategies [24].



In this study, the “FFP” paradigm is extended to assess the best use of brackish groundwater resources. As a finite resource, it is imperative that brackish groundwater resources not be overexploited the way many freshwater aquifers have been. Understanding how fit the groundwater in a brackish geological unit is for a given water need helps identify those uses that can be shifted from freshwater to brackish groundwater resources. A FFP assessment is, therefore, useful to allocate brackish groundwater in an optimal manner to various competing needs. In a regional context, shifting some of the water users to this alternative source ameliorates the stresses on freshwater resources and helps prolong the useful life of freshwater aquifers. Therefore, FFP is consistent with Sustainable Development Goal 6, which emphasizes the need to evaluate the freshwater footprint and improve the useful life of scarce freshwater resources [25].



It is likely that brackish groundwater may not be readily suitable for any application within a region. However, brackish groundwater resources can be made suitable for an intended use by treating the water to lower the levels of unwanted constituents. Therefore, in addition to adopting a binary evaluation of whether brackish groundwater is either “fit” or “unfit” for a given application, the relative closeness of a water source to being “fit for a given purpose” also needs to be evaluated. The closer the source water is to an intended use requirement, the easier it is to make it fit for that purpose (i.e., with lower costs and minimal environmental impacts) [26].



Brackish groundwater resources exhibit considerable geochemical variability within an aquifer [11]. Therefore, it is essential that “FFP” assessments capture this spatial variability. For most uses, the acceptable quality of water depends upon the concentrations of multiple constituents that are present in the water. The source water must be within the acceptable thresholds of several relevant parameters that define the suitability of the water for an intended use. Therefore, FFP assessments for source water categorization must effectively reconcile the variability of multivariate water quality constituents.



This paper develops a multi-criteria decision-making (MCDM) framework for conducting spatially explicit “FFP” brackish groundwater resource assessments. The proposed framework is illustrated by applying it to evaluate the usage potential of a brackish groundwater resource (i.e., the Dockum Hydrostratigraphic Unit or Dockum-HSU) in the agriculturally intensive Southern High Plains (SHP) region of Texas. Brackish groundwater resources are actively being explored in SHP to reduce the existing and projected stresses on the overexploited Ogallala Aquifer while meeting municipal, agricultural, and unconventional oil and gas production water demands [27]. Therefore, the study area provides an ideal testbed for illustrating the developed FFP assessment procedure. While the results from this study are of direct relevance to water users in the region, the methodology is generic and can be broadly applied to evaluate the substitutability of deeper (brackish) geological units to reduce the global freshwater use footprint.




2. Materials and Methods


A source of water is regarded as fit if the quality of water is considered acceptable for that specific use. The quality of water required for a specific use is defined using a set of relevant set of physical, chemical, and biological characteristics of water. Therefore, a water source with a set of i water quality constituents (i = 1, 2, 3, …, I) at location j is considered fit for a given purpose, k, if the concentrations of the constituents meet the water quality criteria for the given purpose. The required criteria identify the range of values a constituent can take without causing problems in use. In municipal applications, water quality criteria (standards) are derived to ensure there are no deleterious health effects and that the water is aesthetically pleasing (i.e., taste, color, odor considerations). In agricultural applications, water quality guidelines are often stated to ensure there is no toxicity or other harmful effects on the plants that will reduce crop yields. In industrial applications, water of a certain quality is necessary to avoid the deterioration of machinery (e.g., prevent scale formation) or otherwise hamper production processes. The water quality criteria (standards or guidelines) for given applications are known a priori and provide a benchmark to evaluate the fitness of a source water for an intended purpose.



Given the possibility that a source water may not be originally fit for a given purpose but can be made fit through treatment, it is also useful to evaluate the extent of departure from fitness when a water source is determined to be unfit. Therefore, any proposed FFP evaluation measure must (1) indicate whether the water is fit or unfit for a given purpose (i.e., conjunctive analysis) and (2), if the water is unfit for a given purpose, enumerate the degree of departure from fitness (prioritization analysis). To address the above two requirements, it is proposed that the fitness of a source water be measured using the distance between its concentration and the required water quality standard (criteria). A new indicator called the standard compatibility rating (R) is defined based on the distance between the concentration of the target indicator in the source water and its water quality standard. R is given a value of zero when the water quality standard is met at a given location for a specific use; otherwise, the minimum distance from the acceptable standard is measured. As different water quality parameters are measured using different units, it is imperative that R be rendered dimensionless prior to being used in any MCDM model. The rating R is, therefore, standardized by dividing the distance by the water quality standard to eliminate the differences arising from the use of specific units and render R dimensionless.



For a water quality constituent, i, at a location, j, for a purpose, k, the standard compatibility rating Ri,j,k is defined as:


   R  i , j , k   = 0   ∀  C  i , j   ≤  C  i , s t d , k      or     R  i , j , k   =    C  i , j   −  C  i , s t d , k      C  i , s t d , k       ∀  C  i , j   >  C  i , s t d , k   ,  



(1)




where, C denotes the concentration and the subscript, std denotes the corresponding water quality requirement. Equation (1) is applicable for constituents having an upper threshold limit above which the constituent becomes incompatible or the standard is not met.



When the water quality parameter has a lower threshold limit—say, for example, the Langelier Saturation Index (LSI) for corrosivity—the following expression is used:


   R  i , j , k   = 0   ∀  C  i , j   ≥  C  i , s t d , k      or     R  i , j , k   =    C  i , s t d , k   −  C  i , j      C  i , s t d , k       ∀  C  i , j   <  C  i , s t d , k   .  



(2)







When the standard for a water quality constituent is given as a range (e.g., pH), the minimum distance from either the upper limit (UL) or the lower limit (LL) is estimated and then normalized using the average of the UL and the LL values to get the R value. If the concentration of the chemical constituent is greater than or equal to the LL and less than or equal to the UL, then R is given a value of zero.


   R  i , j , k   = 0   ∀  C  i , j   ≥  C  i , LL , k      and    ∀  C  i , j   ≦  C  i , UL , k   ,  



(3)




or


   R  i , j , k   =   min ( [  C  i , j   −  C  i , LL , k    ] , [   C  i , UL , k   −  C  i , j   ] )    (   C  i , LL , k   +  C  i , UL , k    )  / 2   .  



(4)







In the conjunctive FFP analysis, a source water is categorized as “FFP” from a quality standpoint when all of its constituents have zero R values or are “not fit for purpose” otherwise (see Equation (5)).


     FFP   j , k   =  IF    (  R  1 , j , k      ∪     R  2 , j , k     ;    ∪     R  I , j , k   = 0 )  THEN     (  Fit  )     ELSE     (  Unfit  )     ∀ i = 1 , I ,   



(5)




where FFPj,k is the conjunctive FFP score of the jth location for the kth water use purpose.




3. Prioritizing Not Fit for Purpose Water Sources


When a water source does not meet the standards and, therefore, is not fit for a given purpose, it can be treated to meet the required water quality criteria. Water treatment costs escalate with the number of problematic constituents that have to be treated to bring the water to compliance [1,28]. Furthermore, technological limitations arise at higher concentrations. For example, high ion concentrations can increase membrane scaling during the brackish water desalination process and render reverse osmosis ineffective [29]. Therefore, source waters closer to the recommended water quality criteria should be prioritized over sources that are further away from the acceptable limits. Additionally, constituents with more stringent standards are generally harder to comply with than those with less strict requirements.



The R value (Equations (1)–(4)) considers all these aspects. Higher R values are obtained when the source water quality is far from the acceptable limit and/or the water quality standard is stringent (small value). There are several other considerations that decision makers must weigh during practical decision-making settings. For example, parameters affecting public health must be prioritized over those constituents whose water quality standards are based on non-health considerations [30]. The availability of the treatment method, associated costs, and site availability are a few other aspects that play a role in defining the relative importance of constituents.



Assigning criteria weights is an important step in multi-criterion decision-making (MCDM) approaches [31]. In a MCDM approach, weights reflect the relative importance of the variables and can be ascertained in several different ways. Most often, weights are subjectively assigned to capture decision maker preferences. There are several methods proposed in the literature to guide subjective weight elicitation from decision makers [32]. Weights can also be obtained objectively from rating data. In particular, entropy-based methods have been proposed to objectively determine weights from rating data [33,34,35,36]. Ratings that exhibit a greater variability across alternatives are assigned a higher weight than those that have similar values across alternatives [37,38].



The subjective specification of weights becomes challenging when there are a large number of variables, as decision makers find it difficult to differentiate the relative importance of different variables [39]. The objective weight determination procedure is also sensitive to the number of criteria [33]. It is also not easy to make a relative comparison of the constituents when they are all harmful. In such cases, all the attributes can be assigned equal weights following the Laplace principle of insufficient reason. Any of the three weighting schemes (subjective, objective, or equal weights) can be used with the FFP procedure presented in this study.



When all the alternatives (water sources) have the same performance rating for an attribute i, a weight of zero needs to be assigned, as it provides no information to distinguish and prioritize among alternatives [35]. Therefore, when all the alternative sources of water meet the acceptable limits for a constituent, it can be removed while calculating weights. As the standardized compatibility rating value R is zero when the water is fit for a given purpose, the degree to which the water is unfit for a given purpose is the weighted distance from the ideal value IV0,i and summed over all the criteria (Equation (6). By definition (Equations (1)–(4)), this ideal value is equal to zero. The weighted distance summation is referred to as the overall compatibility index (OCIj,k) at a location j for an intended use k (Equation (6)):


    OCI   j , k   =     ∑   i = 1  I     (   w  i , k    R  i , j , k   −   IV   0 , i    )   2     



(6)







Lower values of the Overall Compatibility Index, OCIj,k are preferred over higher values, with an ideal being equal to zero.



MCDM methods can suffer from problems of ambiguity, eclipsing, and rigidity [40]. The potential for these issues arising must, therefore, be evaluated prior to their implementation. Ambiguity arises when an index classifies the water as being unacceptable when it is in fact acceptable. Eclipsing presents the opposite problem, in that the index classifies the water as being acceptable even when the water is unacceptable for a few constituents. The problem of eclipsing and ambiguity are particularly common with weighted additive methods [41]. Rigidity is another problem that arises when the addition of new parameters can incorrectly alter the acceptability criteria [42].



The OCI score is never non-zero (unacceptable) when a source of water meets all the water quality criteria. Therefore, the proposed approach does not suffer from ambiguity. Furthermore, OCI has a positive value when one or more water quality constituents do not meet their standards. As such, the problem of eclipsing is also avoided. If the additional constituents do not meet the acceptable limits, the index value increases, but it never decreases if the constituents meet the standards. Therefore, rigidity problem is also avoided. OCI accounts for the relative risks posed by the constituents. In other words, if two constituents occur in the water with the same concentrations, then the constituent with a more stringent standard will impact the index more than the one having a lesser stringent standard. Therefore, the index proposed in this study overcomes all the challenges commonly associated with using MCDM methods in water quality assessments [43].



The computations associated with the FFP MCDM method are straightforward and can be carried out using spreadsheets or mathematical software. The methodology can be tightly coupled with a Geographic Information System (GIS) to visualize the suitability of an aquifer for a given use across a region. This spatial visualization is particularly useful in regional water resource planning and development endeavors, as well as in the development of suitable groundwater policies. The proposed approach comprehensively evaluates the suitability of the brackish groundwater sources based on water quality considerations.



While water quality is the primary driver for assessing the potential of a water source for an intended use, the amount of water that is available is also an important consideration. Therefore, the proposed methodology only focuses on the potential of the brackish unit to meet an intended use. The additional evaluation of how much water can be pumped from these units (e.g., well yields) is also warranted to determine the nature and extent of usage. In deeper brackish aquifers, the temporal variability is typically smaller compared to the spatial variability due to the long equilibration times. Therefore, the proposed work does not account for temporal variability. It also does not explicitly quantify the uncertainties associated with the mapping of water quality parameters. Nonetheless, the proposed methodology serves as a useful first step that can help eliminate those areas that are clearly unfit for a given purpose and prioritize water availability investigations to those areas that meet (or can be made to meet) the required water quality considerations.




4. Illustrative Case-Study


The Southern High Plains (SHP) region of Texas, shown in Figure 1, is located at the northwestern part of Texas and is part of the North American Great Plains ecosystem. The SHP is a semi-arid region with intense agricultural activity. The region is a major producer of cotton, corn, sorghum, winter wheat, and cattle [44], with over 31% of the study area being used for agricultural production (Figure 1a,b). The region has historically relied on the shallower, unconfined Ogallala Aquifer to meet its water demands. Extensive reliance on this aquifer has led to its overexploitation [45], and has caused severe declines in the groundwater table in many parts of the SHP [46]. This decline in water availability has spurred a search for alternative water sources. Surface water resources in this area are not reliable, and most streams are intermittent [47]. The deeper aquifers underlying the Ogallala Aquifer, therefore, represent the only other viable alternative water supply source.



The sediments of the Triassic age Dockum Hydrostratigraphic Unit (Dockum-HSU) underlie most of the Ogallala Aquifer in the SHP (Figure 1a). The Dockum-HSU in Texas consists of two major alluvial–lacustrine depositional sequences—(1) Santa Rosa–Tecovas and (2) Trujillo–Cooper Canyon Formations—and also the Dockum Group strata is divided into coarse-grained channel-related facies and fine-grained overbank facies [48] (Figure S1 in Supplementary Information for cross-sectional profiles along the N-S and E-W transects). Portions of Dockum-HSU have been designated as a minor aquifer in Texas, and groundwater from this geological unit has been used to meet some of the agricultural, municipal, domestic, and livestock demands, especially in the eastern portions of the SHP, where the water quality in this unit is significantly better [49]. There has been a growing use of the Dockum-HSU for meeting the demands of the oil and gas industry (i.e., hydraulic fracturing operations), especially in the southern portions of the aquifer (Figure 1d) [50]. While the water quality in the Dockum-HSU is brackish over large portions, there is also a growing interest in using this resource for municipal (Figure 1c for the location of communities in the region) and agricultural uses [27].




5. Data Compilation and Preprocessing


Groundwater quality data were compiled from the monitoring activities of the Texas Water Development Board (TWDB) and its regional collaborators. The field data collection procedure followed strict sample collection and preservation protocols [51]. The water quality analysis was carried out using accepted standard methods at a nationally certified environmental laboratory [52]. Due to fiscal and logistic reasons, the wells were not monitored each year. A total of 8480 groundwater quality records were extracted for 193 monitoring wells within the study area (Figure 1b). A preliminary analysis showed that the temporal variability of the water quality data was much lower than the observed spatial variation in the water quality. Therefore, the quality data from the years 2000 to 2016 were averaged to get representative values at the monitoring wells. A comprehensive multivariate dataset comprised of 35 inorganic chemical constituents and bulk parameters was compiled into a master database (see Table 1 and Tables S1 and S2 in Supplementary Materials for the set of constituents). The mass balance error was less than 5% in most of the wells. The mean mass balance error was 3.7% ± 0.394% (95% CI). No systematic errors were noted in the mass balance errors with respect to the major ions or total dissolved solids. Given the paucity of data and lack of any systematic error patterns and based on the literature guidance, only those samples that met the major ion charge balance within ±10% were included in the database to have reasonable mass balance errors and a good spatial coverage [53]. Two derived parameters—namely, the sodium absorption ratio (SAR) and the Langelier Saturation Index (LSI), a measure of corrosivity—were computed using the major ion data and incorporated into the database for a total of 37 constituents.



The natural neighbor interpolation technique [54,55,56,57] was adopted to regionalize the concentration measurements from individual wells. This approach is noted to perform well under sparse and heterogeneous sampling conditions that are common in deeper brackish aquifers and noted in this study as well. The heterogeneous spread of the sampling wells (Figure 1c) made the use of stochastic interpolation methods [58] such as kriging difficult, led to uneven standard errors, and as such were adopted here. Custom scripts were developed using R, the statistical programming environment [59], to perform natural neighbor interpolation. Natural neighbor interpolation is computationally expensive in interpreted languages such as R, therefore multicore threading and parallel processing were used to speed up the calculations. The concentrations of the selected constituents were estimated on a 1 mile × 1 mile grid following the American Public Lands Survey System (PLSS), and FFP assessments were carried out using custom scripts developed in the R programming language [59] (see Supplementary Information for R scripts).




6. Water Quality Considerations for Fit for Purpose Assessments


The three main uses of water in SHP are for meeting agricultural demands, municipal (drinking water) requirements, and oil and gas industry uses for hydraulic fracturing operations [27]. The FFP (FFP) assessments were carried out separately for each of these uses. The quality requirements of the water used for hydraulic fracturing varies depending upon whether slickwater fracturing or gel-based fracturing is used [60]. The former is water-intensive but uses fewer chemicals, and the latter has more stringent water quality requirements [50]. Therefore, FFP was carried out for both slickwater and gel-based fracturing. The FFP assessments were carried out separately for the four major crops—cotton, corn, sorghum and winter wheat—grown in the region, as the water quality requirements vary for each crop type.



The primary drinking water standards (maximum contaminant levels or MCLs) and the recommended secondary maximum contaminant levels (SMCLs) prescribed by the Safe Drinking Water Act [61] were used for carrying out FFP assessments for municipal water use and summarized in Table S1 (see Supplementary Information). While drinking water standards cover a broad range of constituents, the focus here was primarily on the inorganic constituents that are likely to arise from mineral dissolution and, therefore, are of prime concern in deeper brackish units. The MCL standards are based on the risks posed by these chemicals via ingestion and dermal contact exposure pathways. The secondary standards (SMCLs) are not based on health effects but are recommended from aesthetic considerations (i.e., color, taste, and odor). Municipalities often seek to meet these standards even though they are not legally mandated to do so, and as such are considered here as well. In particular, total dissolved solids (TDS) can cause the mineral fouling of membranes and affect water use, and as such the ambient TDS concentrations in source waters is a primary concern for many municipal operators in the region.



Water intensive hydraulic fracturing (HF) techniques such as slickwater and gel-based methods are commonly used in West Texas shale plays. Fracking fluid systems often include linear gels and crosslinked gels that reduce the friction of water [62]. Slickwater-based fracking generally uses friction reducers to assist the pumping of fluid into the production well at high speeds [61]; biocides and scale inhibitors are used to minimize the clogging of fractured pores due to microbial growth and inorganic precipitation. Surfactants are used to keep the proppant suspended. The required proppant concentration is generally low in slickwater-based hydraulic fracturing (HF) [63]. Slickwater-HF can use water with a TDS concentration greater than 100,000 mg/L and an iron concentration less than 130 mg/L with proper additives [64]. Gel-based HF uses less water than slickwater-based HF. Gel-based HF uses crosslinkers (generally borate or other metal compounds) to increase the viscosity of water and make it more stable at high temperatures [65]. Biocides, scale inhibitors, and buffers (to maintain pH) are also added. Therefore, the water quality for gel-based HF is an important consideration, as the chemicals in the water can interfere with the crosslinkers and other additives to make the water unusable. To avoid adverse reactions, bivalent cations must also be low in the water used for gel-based HF. The recommended water quality requirements for slickwater and gel-based fracturing were compiled from several sources and discussions with industry personnel to develop conservative water quality targets suitable for oil and gas operations in the SHP region [27,50] and are presented in Table S1 (see Supplementary Information).



Agriculture water quality requirements were compiled from the published literature [66,67] and corroborated with discussions with extension agents and other agricultural experts in the region. The water quality requirements for agricultural uses are also based on several factors, including the minimization of salinity hazards and sodium hazard (sodicity). Other constituents, such as pH, alkalinity, and specific conductance, have to be in appropriate ranges to ensure that the water supplied to the plant does not adversely affect the biochemical reactions taking place within the plant. Finally, some specific ions (e.g., boron) that cause chemical-specific toxicity in plants also need to be considered [68]. The concentration thresholds corresponding to various constituents of concern for four major crops grown in SHP are summarized in Table S2 (see Supplementary Information).



The regionalized concentrations and water quality standards presented in Tables S1 and S2 were used to carryout FFP analyses and compute the OCI scores. An equal weighting of all the constituents following the Laplace principle of insufficient reason was adopted given the large number of constituents that are all deemed important by water planners and managers in the region. The summary statistics of water quality parameters used in the study are presented in Table 1 and denote a high degree of variability in most cases. A flowchart depicting the workflow of the FFP assessment process is presented in Figure 2.




7. Results and Discussion


7.1. Fit for Purpose Assessment for Municipal Water Use


The conjunctive FFP analysis results based on the standardized compatibility rating (Equations (1)–(5)) indicated that the Dockum-HSU water is generally not fit for direct municipal use, as at least one constituent of concern is outside the acceptable range at any given location within the study area. A constituent wise analysis presented in Figure 3 indicated that over 95% of the aquifer area was incompatible due to the total dissolved solids (TDS) and total hardness (TH). Secondary constituents—sulfate, chloride, iron, manganese—exceeded their standards over a significant portion of the area. Two radionuclides, gross alpha particles and radium, were also important causes of incompatibility in over 50% of the study area. Nitrate was of concern in the outcrop areas of Dockum-HSU, where the aquifer is unconfined and overlain by agricultural activities. The Langelier Saturation Index (LSI) is an indicator of corrosiveness and did not meet the criteria over 40% of the aquifer. The concentrations of only five constituents—barium, chromium, copper, silver, and zinc—were noted to be below the threshold values throughout the geological unit.



Elevated levels of TDS decrease the water taste and render the water hard, especially when the calcium and magnesium concentrations are high. Hardness affects the effectiveness of soaps and detergents, and also causes scale formations in pipes [69]. Although TDS exceeded the SMCL standard of 500 mg/L over 95% of the area, saline water conditions (i.e., TDS between 10,000 mg/L and 35,000 mg/L) exist in roughly 12.5% of the study area. The groundwater in Dockum-HSU is categorized as brine (TDS > 35,000 mg/L) in about 1.3% of the study area.



The TDS values were below 10,000 mg/L over 85% of the study area, and the removal of TDS using existing desalination or membrane filtration technologies is, therefore, possible at these locations. The study area is predominantly rural and characterized by high winds throughout the year. As such, evaporative based concentrate management methods can be readily implemented [70]. However, given the scarcity of water, concentrate management technologies that allow water recovery and reuse are preferred but may substantially increase the costs of brackish groundwater treatment [71]. While less than 4% of the aquifer meets the SMCL of 500 mg/L, about 20.5% of the aquifer was below 1000 mg/L, which is designated as the acceptable upper limit for human consumption [72], indicating that while TDS is a major limiting factor, it is often not the only one. Explorations of Dockum-HSU for municipal use must, therefore, be carried out over a suite of constituents and not be based on TDS alone.



Prolonged exposure to radium in drinking water can lead to bone cancer [73]. Radium and gross alpha particles, which are also of concern over a significant portion of the area, can be treated with reverse osmosis and distillation processes as well [74]. The incompatibility assessed using LSI highlights the corrosive nature of the groundwater in Dockum-HSU. A high corrosivity potential can create problems during the conveyance of water from the well fields to treatment plants, likely warranting the need for pre-treatment near the source prior to its transport to the treatment plant.



As municipal FFP assessment entails multiple constituents, it is illuminating to evaluate the fraction of study area that has a given number of compatible constituents. Areas with a large number of incompatible constituents will likely require more expensive treatment technologies than those with fewer constituents. In particular, low-cost methods such as blending can be pursued if only a few constituents are of concern. Figure 4 depicts the cumulative fraction of the study area that is compatible with a given number of constituents. Water quality is compatible with 25 or more of the 28 constituents of concern for municipal use in nearly 22% of the study area. Low-cost treatment such as blending with freshwater may be possible at these locations. As TDS is the primary constituent of concern, omnibus technologies such as reverse osmosis are warranted at most locations. These technologies typically do remove most of the other contaminants considered here that also exhibit exceedances along with TDS and are, therefore, advantageous from that standpoint but can be expensive for small communities.



A spatial assessment of Dockum-HSU water’s fitness for municipal purpose was carried out using the OCI score, and the extent of incompatibility is depicted in Figure 5. Although no part of the Dockum-HSU is fully compatible with the municipal water needs, Figure 5 shows that groundwater in large portions of the aquifer is not very incompatible. The FFP score is less than 0.5 for over 65% of the study area, indicating the possibility of use with some treatment. However, the water is most incompatible in the Lubbock, Lynn, Garza, Terry, and Crosby counties, which surround the city of Lubbock (largest city in the study area), and in the Randall and Deaf Smith counties, which are near the city of Amarillo (second largest city in the study area). Thus, while the quality of Dockum groundwater is most incompatible around major population centers within the study area, they can serve many rural communities within the region. The transport of water to urban centers is also possible, as large-scale water conveyance infrastructure connecting the two major cities (Lubbock and Amarillo) exists in the region. From a water quality standpoint, the corrosivity of the Dockum groundwater must be given due consideration when planning such large-scale water transfer projects along with other relevant factors (e.g., aquifer hydrogeology and economics).



To summarize, the groundwater in Dockum-HSU is not directly fit for meeting municipal water needs. However, its incompatibility over a large area is relatively low, and water from this geological unit can be made fit for municipal purposes with suitable treatment over large areas within the study area. However, desalination technologies would be necessary, which tend to be expensive and subject to economies of scale. Therefore, small communities seeking to tap into this resource will benefit from regional cooperation.




7.2. Fit for Purpose Assessment for Hydraulic Fracturing


The results of the FFP analysis for hydraulic fracturing showed that Dockum-HSU water was entirely suitable across the whole study area for slickwater hydraulic fracturing (HF). Sulfate was the most problematic constituent in the Dockum-HSU water for gel-based HF (Figure 6). The elevated sulfate concentrations caused the groundwater from Dockum-HSU to be incompatible in over 78% of the study area for gel-based HF. Silica was problematic for over 17% of the aquifer (Figure 6). The two divalent cations—calcium and magnesium—made the Dockum water incompatible in over 10% of the aquifer area (Figure 6). In addition to calcium and magnesium, barium and strontium can also react with sulfate and form solids which have a very low solubility [75]. Elevated levels of sulfates lead to the precipitation of calcium sulfate (gypsum) or magnesium sulfate (epsom) salts. Dissolved silicate ion interferes with crosslinkers and reduces the efficiencies of water used for gel-based HF. Calcite can also form due to high calcium levels [75]. The concentrations of carbonate, sodium, barium, boron, and iron were generally below the threshold values and unlikely to cause large-scale compatibility issues over most of the study area.



The FPP analysis for gel-based HF indicates that some treatment would likely be necessary to make water compatible for HF operations. In addition to the treatment of water, slight modifications to operations and the use of alternative additives and chemical formulations could resolve certain water quality issues in HF operations. Again, the costs of water treatment or process modifications depend upon the nature and extent of incompatibility of the source water. Generally speaking, the lower the level of incompatibility, the less expensive the treatment is. Figure 7 indicates that the Dockum-HSU meets the required standards of at least 13 of the 15 constituents over 85% of the study area, with sulfate and dissolved silica generally being the two most problematic constituents. Therefore, the potential for use of Dockum-HSU for gel-based hydraulic fracturing is high and likely possible with minimal treatment over a large portion of the study area.



Dockum-HSU water’s fitness (or lack thereof) for HF use was spatially assessed using OCI and is depicted in Figure 8. The extent of incompatibility for gel-based fracking is only shown here, as the Dockum-HSU water was seen to be fully compatible for slickwater HF. About 9% of the area was deemed FFP for gel-based fracking and mainly occurs in the northern portions of the study area within or near the Palo Duro basin. Generally, the level of incompatibility is very low for over 70% of the study area.



The water quality was noted to be better in the north within the Anadarko Basin and in the south within the Permian Basin. The blending of Dockum-HSU water with water from Ogallala or Edwards-Trinity aquifers can likely make the water fit for HF purposes in these areas [50]. Poorer quality water was noted near the Lynn and Garza counties, which lie within the Palo Duro basin. However, there is limited hydraulic fracturing operations in these areas at the present time.



Controlling sulfate concentration is a key limitation in using Dockum-HSU waters for hydraulic fracturing operations. Sulfate can be selectively removed from water using ion-exchange resins or precipitating out gypsum and epsom salts [76]. In a similar vein, pre-treatment may also be used to precipitate out the barium and strontium salts of sulfate (i.e., barite and celestite). A variety of environmentally friendly inhibitors of gypsum scales are also available and are useful when the concentrations of sulfate are low [77]. Silica removal from water can be achieved using electrocoagulation methods. Higher dissolved silica often makes membrane processes ineffective [78].



To summarize, while Dockum-HSU is compatible for gel-based hydraulic fracturing activities over a relatively small portion of the study area, the water quality deviations from the required standards are low, and as such water can be made easily compatible either with process modifications or low-cost treatment technologies. Economies of scale can be obtained when more expensive treatment methods are warranted by setting up regional scale water supply facilities that cater to hydraulic fracturing operations within the study. The water from these facilities can be transported to sites via tankers or ad hoc conveyance networks made up of polyethylene pipes. Sulfate and silica are the two major constituents that cause incompatibility, but can be removed using ion-exchange and electrocoagulation methods. A significant amount of the brackish groundwater used for hydraulic fracturing is returned to the surface as either flowback or produced water. While these waters have much higher levels of TDS and other salts, they can be reused with minimal processing in slickwater fracturing applications [50]. The proper storage of these waters is however important to avoid the contamination of shallower freshwater aquifer resources.




7.3. Fit for Purpose Assessment for Agricultural Use


7.3.1. Cotton


Cotton is cultivated over a nearly 18,000 sq. km area [44] in the SHP and is the largest planted crop in this region. While cotton is fairly drought resistant and has a relatively high salt tolerance, it is susceptible to sodium toxicity, which is known to have a significant impact on cotton yields [79]. Sodium Absorption Ratio or SAR measures the sodium in groundwater relative to the calcium and magnesium concentrations [80]. The sodium hazard increases with an elevated SAR. Irrigation water with high SAR values can damage the soil physical structure and reduce the infiltration capacity of soils [81]. The FFP analysis indicated that SAR affected the FFP for cotton over 56% of the study area, followed by sodium, TDS, and chloride (Figure 9a). However, Dockum-HSU offers a high potential for cotton irrigation use, with about 40% of the study area fit for this purpose (Figure 10a). Furthermore, the water quality standards for four of the six constituents could be met over an additional 20% of the area where the water was deemed unfit (Figure 10a).



Given the high level of compatibility of Dockum-HSU with cotton water quality requirements, the groundwater from Dockum-HSU could potentially serve as a useful supplemental source for this purpose. However, as seen in Figure 11a, while the extent of incompatibility for cotton production is low over most of the study area, locations with higher levels of incompatibility coincide with areas where cotton is currently grown. Higher levels of incompatibility can be seen in the Lynn, Garza, Lubbock, and Crosby counties, which represent areas of intensive cotton production. Dryland cotton production is also on the rise in this area, and the crop yield risks can be substantially reduced even with some amount of irrigation [82], especially if the SAR and sodium levels can be brought down through gypsum amendments to soil and irrigation water. However, Dockum-HSU is unlikely to support cotton production in this area. Dockum-HSU can however serve as a useful source for cotton production in the northern counties where cotton is not currently being grown extensively but may have to be in the future due to diminished supplies from the Ogallala Aquifer.



Owing to its smaller size, sodium does not undergo significant ion exchange reactions in the subsurface as compared to bivalent cations such as calcium and magnesium. As such, elevated sodium concentrations are to be expected in deeper groundwater systems [83], which in turn lead to elevated SAR values. A high SAR can be reduced by adding gypsum to water, which increases the ratio of calcium to sodium and thus reduces the harmful effects of sodium toxicity [84]. As groundwater supplies from the Ogallala Aquifer dwindle in the Southern High Plains region, there will be an increased shift from higher valued water-intensive crops to less water-intensive crops. Areas where Dockum-HSU shows a high compatibility with cotton water quality requirements serve as prime candidates where such a transition can be facilitated.




7.3.2. Corn


Corn (Maize) is cultivated over approximately a 3000 sq. km area in the SHP [44]. Among the four major crops grown in the SHP, corn has the most stringent water quality requirement. Electrical conductivity (EC) and total dissolved solids (TDS) were the two primary constituents of concern for corn. As both of these variables are strongly correlated, they each caused an incompatibility over 80% of the study area. SAR accounted for roughly 56% of the incompatibility within the study area. Chloride and sodium were also of concern over a large area (Figure 9b). About 11.2% of the area is FFP for corn production (Figure 10b), with an additional 30% of the area where the water is compatible with at least four of the six water quality parameters (Figure 10b). Therefore, the water from Dockum-HSU is not as favorable for corn production as it is for cotton production.



Corn is largely grown in the northern parts of the SHP, which has relatively cooler weather and greater groundwater availability. The compatibility of Dockum-HSU water for use in corn production in areas where corn is currently being grown is high, with 30% of the current corn producing areas underlain by Dockum-HSU fully fit for meeting corn production needs (Figure 11b). However, the water availability in the Ogallala Aquifer is also high in these regions. The water in Dockum-HSU is also fairly good (if not fully fit) in the Randall and Deaf Smith counties, which also have a fairly high degree of corn production. The quality of the Dockum-HSU water deteriorates further down, and the water from the Dockum-HSU unit is not likely to be of much use for sustaining corn production in the Palmer, Castro, Swisher, and Bailey counties, where the Ogallala Aquifer is also depleting at a relatively fast rate.



Salinity hazard in crops increases with an increasing EC or TDS in irrigation water. Increased EC can decrease the seedling growth in corn [85]. Salinity also limits water availability to the plants. Salinity is often removed by leaching out salts from the root zone [86]. This procedure however requires greater amounts of irrigation (especially before planting) and the installation of subsurface drains to collect and remove the flushed-out salts. However, caution must be exerted, as too little EC in irrigation water can also promote the leaching out of calcium, which can break soils and cause problems with infiltration [87]. The increased irrigation requirements, necessary for EC management, limits the utility of Dockum-HSU water for corn production in the central and southern portions of the SHP.




7.3.3. Sorghum


While sorghum production is currently small compared to cotton and corn in SHP, its acreage has consistently increased over the last few years. Sorghum is another drought-tolerant crop [88] and can be grown in areas where water is limited or of poor quality for corn production [89,90]. Sorghum production is increasing in the SHP to meet the forage needs of increasing livestock demands [91,92]. It is cultivated over a 2000 sq. km area in the SHP [44]. The water quality requirements for sorghum are similar to the pattern of corn, but are generally less stringent (see Table S2 in Supplementary Information). Therefore, the compatibility of sorghum is controlled in a manner similar to corn (Figure 9c). TDS and EC are again the two major limiting constituents in over 75% of the study area. SAR is also another major limiting constituent in over 60% of the study area, followed by sodium and chloride. However, Dockum-HSU water is fit for growing sorghum at over 20% of the study area (compared to roughly 11% for corn). In addition, Dockum-HSU meets at least four of the six water quality standards in over 45% of the study area (Figure 10c).



Dockum-HSU was fully fit for sorghum production in the northern part of the SHP, especially the Dallam, Sherman, Hartley, and Moore counties, where sorghum is grown either continuously or in rotation with corn (Figure 11c). Dockum-HSU is reasonably good for sorghum production in the Deaf Smith, Randall, Armstrong, and Parmer counties, but likely has to be used in conjunction with the Ogallala Aquifer. However, the water from Dockum-HSU was relatively unfit for sorghum production in the central parts of the SHP (e.g., the Bailey, Cochran, Gaines counties) where sorghum is also grown, although not as extensively as in the northern regions due to limited water availability, often as a dryland or deficit irrigation crop.



TDS and EC are the two major factors that limit the use of Dockum-HSU for sorghum production. The concentrations of these can be controlled by mixing the brackish water of Dockum-HSU with fresher water from the Ogallala Aquifer where and when possible. Careful irrigation scheduling using fresh (Ogallala) and brackish (Dockum-HSU) resources could be used to periodically flush out accumulated salts and minimize salinity hazards. Dockum-HSU could play an important role in the future as farmers transition out of corn production due to diminished freshwater availability, particularly in the northcentral portions of the SHP where corn production is being threatened by dwindling freshwater supplies and the brackish water in Dockum-HSU is more compatible with the sorghum water quality standards than with those for corn.




7.3.4. Winter Wheat


Winter wheat is the second largest cultivated crop (nearly 7640 km2) in the SHP [44], and is both a forage and a grain crop [93]. Winter wheat is often grown as a dryland crop or with limited irrigation in the SHP [94,95]. The depletion of the Ogallala Aquifer is seen to significantly curtail winter wheat production, as many farmers, especially in the central and southern portions of the SHP, now only grow crops in the summer due to the limited water availability [96]. Increased droughts, especially during winter and early spring, have also increased the risks of dryland winter wheat farming [97].



The use of Dockum-HSU water for winter wheat production is limited by SAR (over 50%) and EC (over 40%) within the study area (Figure 9d). The Dockum-HSU water however meets the winter wheat standards for nearly 47% of the study area, and the water meets at least two of the three criteria in over 60% of the study area (Figure 10d). Therefore, the potential for using Dockum-HSU for winter wheat production is high.



The spatial assessment of Dockum-HSU’s fitness for irrigating winter wheat is high in the northern portions of the SHP, and the water is fully fit for use in about 47% of the area where winter wheat is currently being produced (Figure 11d). Again, much of this compatible area lies in areas where the water availability in the Ogallala Aquifer is also high. The Dockum-HSU can serve as a useful source in the Randall, Deaf Smith, and Parmer counties, where the water quality in the unit is either fully compatible or very close to being so for winter wheat production. Thus Dockum-HSU can play a useful role in sustaining double cropping (summer and winter) practices in this area. Unfortunately, the fitness of the Dockum-HSU deteriorates moving southward, where the need for alternative sources to the Ogallala Aquifer are the highest (Figure 11d).



The sodium hazards caused by elevated levels of SAR can be minimized by gypsum amendments to soil and water. Salinity hazards due to the high EC can be minimized by flushing out salts from the root zone, which requires additional irrigation using freshwater sources. The blending of Dockum-HSU with Ogallala Aquifer water would therefore be necessary in the central and southern portions of the study area. The viability of Dockum-HSU to prolong the useful life of Ogallala would therefore require a closer evaluation of the water quality in both these geological units, as they both exhibit significant geochemical spatial variability. It is unlikely that Dockum-HSU can help revitalize winter agricultural production in the southern portions of SHP, nor can Dockum-HSU serve as a complete alternative to the Ogallala Aquifer in this part of the study area.






8. Summary and Conclusions


Brackish groundwater resources are often the only alternative source of water in many agriculturally intensive arid and semi-arid regions of the world. Assessing the FFP of these geological units to serve as an alternative or at least a supplemental source of water is therefore critical to sustain agriculture-dependent rural economies with dwindling water resources. With the growing population and increased economic diversification, the competition for water between agriculture and municipal and industrial uses will increase in these areas and will likely be exacerbated by climate-induced stresses. A holistic assessment of how and to what extent brackish groundwater can be used to satisfy water demands and ameliorate stresses on freshwater resources is critical for the sustainable development of groundwater-dependent rural economies. The FFP (FFP) framework developed here provides an objective, spatially explicit, multivariate approach to evaluate the potential use of brackish water resources within a given region. The approach, especially when integrated within a GIS framework, can be useful to disseminate this information to a wide range of stakeholders and help facilitate water quality-informed collaborative water planning efforts. Understanding the availability and potential constraints on using these alternative sources of water is also critical in order to develop scientifically informed policies that seek to allocate and sustain scarce freshwater resources to the highest priority needs of the region.



The utility of the developed methodology is illustrated in this study by applying it to evaluate the feasibility of using Dockum-HSU as an alternative water source for the fast-depleting Ogallala Aquifer in the Southern High Plains (SHP) Region of Texas. The SHP is an agriculturally intensive area and a major producer of cotton, corn, sorghum, and winter wheat for both human and cattle consumption. In addition, the region is also rich in oil and gas reserves, which are increasingly being extracted using water-intensive hydraulic fracturing technologies. Separate FFP assessments were carried out to evaluate the fitness of the Dockum-HSU municipal, hydraulic fracturing, and agriculture uses. As water quality defines the intended use of the water, the focus here was assessing the compatibility of the water from a water quality standpoint.



While the Dockum-HSU water was not directly fit for meeting municipal water needs, it could be used for this purpose with some treatment. The potential of use is high across the SHP, especially in rural areas, but is somewhat limited around two major cities (Lubbock and Amarillo) within the study area. In most places, traditional desalination methods can be useful to make the water fit for municipal use purposes. The Dockum-HSU water is fully fit to meet the requirements of slickwater-based hydraulic fracturing. It also exhibits a high potential to meet the needs of gel-based hydraulic fracturing. The elevated levels of sulfate and bivalent cations limit its use in hydraulic fracturing applications, but they can be removed using low-cost treatment methods. The Dockum-HSU water is least compatible for hydraulic fracturing use in the Palo Duro basin, where the current oil and gas production is also low.



Cotton is a major crop grown in the SHP. While the groundwater from Dockum-HSU can be used over a large portion of the study area, its quality is limited by the elevated levels of SAR and sodium, especially in areas with intensive cotton production. The quality of Dockum-HSU for corn production is generally good in the northern portions but diminishes moving southward. Generally, the quality is good in areas where the water quality and availability are also good in the overlying Ogallala Aquifer. Dockum can serve as a supplemental source in the northcentral portions of the study area, where the Ogallala Aquifer is experiencing significant declines in recent years. The water from Dockum-HSU can be particularly helpful in managing the transition of certain corn production farms to sorghum production systems in these areas. The quality of Dockum-HSU is well suited for winter wheat production in the northern and north central portions, and can be an important resource to sustain double cropping (summer and winter) in these parts of the study area. However, the quality is poor in the southern portions of the SHP where the need for an alternative source is highest. In general, sodium toxicity and salinity hazards limit the direct use of Dockum-HSU for agricultural production.



While Dockum-HSU cannot serve as a direct source of water for current agricultural activities due to the mismatch between the quality of water supplies and the current demands, it can nonetheless play an useful role in reducing the freshwater footprint in oil and gas operations as well as help in meeting municipal water needs through appropriate treatment. These shifts indirectly help in increasing the freshwater availability for agricultural uses. While the potential for making Dockum-HSU water fit for municipal purposes is high, there is also a need for the installation of expensive desalination technologies. Regional cooperation among small rural communities is therefore critical in order to exploit the economies of scale and ensure the water in the deeper brackish unit is used in an optimal manner. The SHP case-study demonstrates the utility of the approach in regional water planning endeavors and illustrates how the developed GIS-based MCDM FFP assessments can be used to evaluate alternative (brackish) water sources. The developed methodology is, however, generic and can be readily implemented if water quality data at monitoring wells are available in a region. In brackish aquifers, the focus is largely on inorganic constituents. Other water quality parameters can be incorporated as necessary (e.g., to evaluate FFP of a shallow aquifer).
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Figure 1. Characteristics of the Southern High Plains (SHP) Region of Texas. (a) land use and major groundwater units; (b) locations of major crops and monitoring wells; (c) major population centers; and (d) oil and gas basins and hydraulic fracturing locations. 
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Figure 2. Flow chart of the fit for purpose (FFP) evaluation procedure. 
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Figure 3. Fraction of incompatibility per constituent of concern for municipal water use. 
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Figure 4. Area fraction of the number of compatible constituents within Dockum-HSU for municipal uses. 
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Figure 5. Overall Compatibility Index (OCI) for municipal water use. 
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Figure 6. Fraction of incompatibility per constituent of concern for gel-based hydraulic fracturing water use. 
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Figure 7. Area fraction of the number of compatible constituents within Dockum-HSU for gel-based hydraulic fracturing (HF). 
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Figure 8. Overall Compatibility Index (OCI) for gel-based hydraulic fracturing. 
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Figure 9. Fraction of incompatibility per constituent of concern for agricultural water use—(a) cotton, (b) corn, (c) sorghum, and (d) winter wheat. 
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Figure 10. Area fraction of the number of compatible constituents within Dockum-HSU for agricultural water use—(a) cotton, (b) corn, (c) sorghum, and (d) winter wheat. 
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Figure 11. Overall Compatibility Index (OCI) for agricultural use: (a) cotton, (b) corn, (c) sorghum, and (d) winter wheat. 
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Table 1. Summary statistics of water quality parameters in the Dockum Hydrostratigraphic Unit (HSU) (all the values are in mg/L, unless noted otherwise; IQR is Inter Quartile Range).
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	Chemicals
	Mean
	Median
	Standard Deviation
	IQR





	pH
	7.4
	7.3
	0.5
	0.6



	Total dissolved Solids (TDS)
	1818.5
	776.0
	4494.4
	1020.9



	TH (Total Hardness) mgCaCO3/L
	453.1
	269.0
	535.9
	384.5



	Chloride (Cl)
	508.9
	77.2
	2148.5
	229.4



	Fluoride (F)
	1.8
	1.6
	1.2
	1.5



	Bicarbonate (HCO3)
	316.9
	289.8
	131.9
	122.3



	Carbonate (CO3)
	8.2
	7.8
	5.5
	5.2



	Nitrate-Nitrogen (NO3)
	17.2
	5.5
	29.7
	19.7



	Sulfate (SO4)
	465.9
	177.0
	749.4
	456.9



	Aluminum (Al)
	58.7
	4.0
	439.5
	0.1



	Antimony (Sb)
	2.9
	1.0
	12.8
	0.0



	Arsenic (As)
	7.1
	2.8
	25.3
	2.5



	Boron (B)
	591.6
	284.8
	811.6
	613.4



	Barium (Ba)
	59.0
	39.2
	58.6
	64.3



	Beryllium (Be)
	2.9
	1.0
	12.8
	0.0



	Calcium (Ca)
	99.5
	65.4
	119.0
	82.4



	Cadmium (Cd)
	2.8
	1.0
	12.7
	0.0



	Chromium (Cr)
	5.2
	2.7
	12.7
	3.3



	Copper (Cu)
	8.7
	2.7
	27.2
	3.1



	Iron (Fe)
	330.2
	51.0
	920.0
	65.2



	Lead (Pb)
	3.0
	1.0
	12.7
	0.0



	Manganese (Mn)
	34.1
	3.7
	92.4
	18.1



	Sodium (Na)
	507.2
	118.0
	1841.7
	309.4



	Selenium (Se)
	17.8
	5.3
	52.8
	10.4



	Dissolved Silica (Si)
	27.2
	22.2
	16.9
	19.8



	Strontium (Sr)
	2.760
	1.295
	5.017
	1.915



	Silver (Ag)
	1.8
	1.0
	2.5
	0.0



	Thallium (Tl)
	2.9
	1.0
	12.8
	0.0



	Uranium (U)
	9.0
	7.5
	8.9
	8.1



	Zinc (Zn)
	64.5
	15.5
	150.8
	34.4



	Alpha particles (Alpha) in [pCi/L]
	14.7
	8.2
	26.6
	8.9



	Beta particles (Beta) in [mrem/year]
	16.4
	8.7
	32.0
	8.4



	Radium Ra = Ra-226 and Ra-228 (combined) in [pCi/L]
	13.6
	2.3
	34.6
	3.0



	Langelier Saturation index (LSI)
	−0.1
	−0.1
	0.3
	0.3











© 2020 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 (http://creativecommons.org/licenses/by/4.0/).
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