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Abstract

:

The purpose of this study is to evaluate the impact of hydraulic fracturing on groundwater quality in Ector, Midland, and Martin Counties located in the Permian Basin, West Texas. Chemical fluids used in hydraulic fracturing and groundwater quality parameters (chloride, fluoride, calcium carbonate, nitrate, pH, and total dissolved solids), were statistically analyzed assuming a normal probability function distribution and through a one-way analysis of variance of the parameters. Additionally, the depth of groundwater well versus water quality analysis as well as historical analysis of groundwater quality parameters of wells were performed. The result for each county was individually examined and contrasted with the other two counties, in order to make inferences about groundwater quality and oil and gas activities for the three counties. Potential risks to human health from the abnormal levels of the groundwater quality parameters studied were also discussed based on the Environmental Protection Agency’s (EPA) standards. This research provides important information on groundwater quality in the Permian Basin and contributes on understanding the response to development in hydraulic fracturing.
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1. Introduction


Groundwater in the United States is most commonly used for public water supply, and is the largest source of usable water, even more so than all of the county’s lakes combined (including the Great Lakes). Groundwater is also used for the main water supply in the United States since it is much more difficult to pollute than surface water, but when the groundwater is polluted it is harder to clean as well [1]. Considering the vast reliance on water for a multitude of living functions (human consumption, agricultural growth/irrigation, livestock consumption, and indoor purposes such as bathing etc.) it is imperative to keep water clean to protect the environment, ecosystems, and humans [1].



Pollution in groundwater has two sources. It is either caused by human activities, or it can happen naturally. A large number of human practices, like agriculture, industrialization, and mining can seriously affect groundwater quality. Located in West Texas, the main economic activity in the Permian Basin of the United States is oil and gas production [2]. This statement is also true for Midland, Martin, and Ector counties, which are located above some of the best oil and gas reservoirs in the Permian Basin [2].



As an active producer of hydrocarbon for more than a century, wells in the Permian Basin had produced more than 33.4 billion barrels of oil by September 2018. Its oil production represents a fifth of the total production of the country, and its reserves are estimated to be over five billion barrels of oil, consolidating this region of West Texas as one of the top producers in the United States and the world [3]. Due to its privileged location during the Paleozoic, the rocks layer formed in what are now Midland, Martin, and Ector counties, and became a store of organic matter. Organic matter deposited during the Paleozoic turned into hydrocarbons that were stored in reservoir rock due to geological processes [3]. The lack of porosity and permeability of reservoir rocks complicated the extraction of hydrocarbons for decades, until the incorporation of new technologies in the 2010s [4].



There are different techniques that have been helping oil and gas production through the years. But hydraulic fracturing has been the one that has most benefited the oil and gas economy in West Texas [5]. It enhances oil and gas production by creating fractures through the injection of a pressurized mixture of fluids in non-porous rock reservoirs [6]. As a relatively newer technique, the effects of hydraulic fracturing on groundwater quality are still being studied and are not totally understood. There has been speculation that hydraulic fracturing can cause pollution to groundwater aquifers [7,8]. Various States, like California, Wisconsin, Ohio, Minnesota, Pennsylvania, Arkansas, and Colorado have had studies discussing the changes to groundwater quality since hydraulic fracturing had been introduced to each area. Long (2014) studied some challenges for groundwater quality from the hydraulic fracturing industry in the States of Wisconsin and Minnesota. Even though it is challenging to determine the impact of oil and gas activities to groundwater aquifers, there is evidence that important parameters like pH and salinity are affected [9]. Therefore, major ions of chloride (Cl) should be monitored to ensure groundwater quality. In 2016, EPA also mentioned that levels of total dissolved solids (TDS) can be affected by hydraulic fracturing practices [10].



Fluoride (F) and nitrates (NO3) levels have also proven to be affected by oil and gas activities. Even though there has not been an extensive study to examine the relationship between these contaminants and hydraulic fracturing in depth, Marcus and Bonds (1999) analyzed the effects of hydraulic fracturing sand and contamination in aquifers of different depths. They determined that fluoride levels stayed close to their original values until the deeper depths of the aquifer, where those levels had increased, and nitrate levels had decreased [11]. The cause behind the decrease in nitrate levels was explained by reductive dehalogenation and metallic reduction reactions from the iron foam proppants. Not every well uses iron foam proppants to open fractures, which would explain any differences in values collected from each research. Shales have trace elements, such as arsenic, that are making up for the arsenic level naturally occurring in the groundwater [11].



Studies conducted by Hildenbrand et al. (2015) analyzed the connection between hydraulic fracturing and groundwater pollution after analyzing samples collected aquifers in Texas [12]. Although not a definitive connection between oil and gas activities and groundwater contamination, the finding of several different organic and inorganic compounds by Hildenbrand incentivizes further study on the topic. More recent studies conducted by Hildenbrand et al. (2016), this time in the Permian Basin, provided more evidence of groundwater quality and Hydraulic Fracturing [12]. Hildebrand’s temporal variation in groundwater quality found significant changes in Total Organic Carbon (TOC) and pH levels in groundwater in the 13 months of the study. In parallel, Backstrom (2018) has been analyzing the connection between oil and gas activities and groundwater pollution in the Permian Basin [13]. His descriptive analysis evidences that oil and gas operators are less likely to show detailed information about well stimulation where groundwater management plans exist. Backstrom also found that less information was found when volumes of hydraulic fluids used were higher. Backstrom’s findings raise concerns about a well-known relation between groundwater quality and hydraulic fracturing by some oil and gas operators.



Since there has been scientific evidences about the negative consequences of oil and gas production on groundwater reservoirs, an extensive study in the Permian Basin, where oil and gas production are prominent, as well as where groundwater resources are vital for the economy and health of their inhabitants, is imperative. Therefore, the objective of this study is to determine the impact of hydraulic fracturing to the groundwater quality in Ector County, Midland County, and Martin County.




2. Study Area


The study area is the counties of Ector, Midland, and Martin (Figure 1), which are located in the Permian Basin of the United States of America. The area of the three counties extends 2720 square miles in total. With an annual average precipitation between 10 and 20 inches a year, the climate in West Texas can be and categorized as semi-arid [14]. Precipitation is scarce, temperatures during late spring, summer, and early fall are high, and strong winds are common. The arid soil surface is formed mainly by lime and calcium carbonate [15]. According to the weather station located in The Midland International Airport, in 2016, the region presented a total annual precipitation of 8.78 inches. Most of this precipitation was in the form of thundershowers during the months of May and October (Figure 2). West Texas’ low precipitation level contributes to the lack of significant water bodies, making the utilization of groundwater, and its quality, vital for the area.



In the Permian Basin, the average depth of groundwater varies between 100 and 200 ft [16]. Due to their slow recharge rate, aquifers located in arid and semiarid areas are the most susceptible to contamination by natural processes and pollution by human activities [17]. The three main aquifers that provide groundwater to Ector, Midland, and Martin counties are the Edwards-Trinity Plateau, the Pecos Valley, and the Ogallala [18]. With the population increasing more than 15% in the three counties since 2008 [19,20], the principal economic activities are oil and gas production. Beginning in the early twentieth century, the hydrocarbon production in the Permian Basin has being escalating since the application of new technologies for the production of non-conventional reservoirs [4]. Starting to be widely used in the 2010s, the most remarkable of these technologies is hydraulic fracturing. In 2016, Ector, Midland, and Martin counties registered 85, 494, and 195 hydraulic fracturing jobs, respectively [21]. These numbers helped to consolidate the region as one of the top producers in the world [4].



Groundwater originating from within the study area is captured from four aquifers: Ogallala (major), Pecos Valley (major), Edwards-Trinity Plateau (major), and Dockum (minor) [18]. The Ogallala aquifer is the largest aquifer in the United States and is a major aquifer of Texas, underlying much of the High Plains region. It consists of sand, gravel, clay, and silt and has a maximum thickness of 800 ft. The Pecos Valley aquifer is one of major aquifer in West Texas. Water bearing sediments include alluvial and windblown deposits in the Pecos River Valley. The Edwards-Trinity Plateau aquifer is a major aquifer extending across much of the southwestern part of the state. Water quality ranges from fresh to slightly saline, and most of the groundwater is used for irrigation, municipal supplies, industrial use, and power generation. The Dockum aquifer is a minor aquifer found in the northwest part of the state. It is a sandstone aquifer and the basal member of the Dockum formation with the upper layers being predominantly siltstone and claystone.



The aquifers are a valuable source of water for ranchers, farmers, and the recovery of oil and gas in the region. The deepest groundwater well is within the Dockum at 1600 ft and the Ogallala contains the shallowest well at 70 ft. Average recharge of the aquifer is calculated to be 30,000 acre-feet per year and occurs primarily through infiltration of precipitation. Due to the high rate of evaporation in this arid region, very little reaches the water table. The recharge rate of this aquifer is lower than the depletion rate with variations from state to state. The study area in the Permian Basin is currently experiencing the highest depletion rate, whereas certain areas have seen a drawdown of as much as 100 ft [16]. Hydraulic characteristics that influence the effectiveness of an aquifer include transmissivity and storage coefficient. Average values for these characteristics are 365 square feet per day for transmissivity and 0.074 for storage coefficient [18]. Lateral movement of ground water from the Ogallala to the Trinity aquifer likely occurs along the northern edge of the region where the two formations abut. Hydraulic fracturing is also well known for its possible effects on groundwater reservoirs. During hydraulic fracturing, different chemicals are injected underground in order to create fractures and enhance the production of hydrocarbons in reservoirs with low porosity and permeability [22]. Even though the average oil and gas well depth in the Permian Basin varies between 5000 and 15,000 ft [3], studies show that infiltrations from fracturing jobs can affect groundwater bodies shallower than 1000 ft [12].



To develop a better understanding of the effect of hydraulic fracturing on groundwater quality in Ector, Midland, and Martin counties, information from 774 wells were analyzed from FracFocus [23]. It contains extensive information about 85 oil and gas wells in Ector county, 494 in Midland county, and 195 in Martin county. We collected all historically available data in the study area and checked the location of their wells. To understand the distribution of chemical fluids, the wells must be uniformly distributed throughout the study area. For this reason, we finalized the 30 wells per county to create an even distribution throughout the study area (Figure 1). The data on selected parameters were required to provide long-term data with a relatively dense observation network. Each well was mapped within the study area using its provided latitude/longitude coordinate and contaminant concentration level. In parallel, information provided by the Texas Water Development Board (TWDB) about groundwater wells located and studied in the study area in 2016 was analyzed [24]. The dataset provided extensive information about water quality of 21 samples taken from five wells located in Ector County, 10 wells located in Midland County, and six wells located in Martin County (Table 1).




3. Materials and Methods


3.1. Hydraulic Fracturing Information


For the 90 hydraulic fracturing wells chosen, the concentration of each substance used in each fluid mixture was extracted from the dataset, for the purpose of knowing which ones where the most commonly used in the area and likely to affect groundwater reservoirs. Additionally, the group mean (   X ¯   ), and standard deviation (δ) of the concentration of the most representative substances in the three groups of 30 wells were calculated. 95% confidence intervals for the population means were calculated Equation (1), assuming a normal probability distribution function, due to the relevant size of each group [25].


   X ¯  ±  Z   ∝ / 2     δ   n     



(1)




where  n  = Sample size;    Z   ∝ / 2      = Confidence coefficient for the confidence level.




3.2. Groundwater Quality Analysis


Levels of arsenic (As), fluoride (F−), chloride (Cl−), calcium carbonate (CaCO3), nitrate (NO3), pH and total dissolved solids (TDS) were collected from the TWDB dataset, since all of them are relevant water quality parameters that had proven to be affected by unconventional production of hydrocarbons in previous studies [5,26,27,28], and abnormal concentrations of them in water can lead to serious effects to human health and the environment [29]. For this study, the mean and standard deviation for the concentrations of each water parameter per county was calculated. In order to make statistical deductions due to the little information provided by the literature, a one-way analysis of variance (ANOVA) was performed. This analysis calculates an F0 value per each group of water parameters Equation (2), in which a critical value FCV with 2 and 11 degrees of freedom from an F-distribution is calculated, in order to determine the probability that the means of the level of water parameters, per county, will be statistically different to the rest [30].


   F 0  =   M S T R   M S E    



(2)




where   M S T R   = mean square treatment;   M S E   = mean square error.



Additionally, the concentration of As, Cl−, F−, CaCO3, NO3, TDS, and the level of pH vs depth of groundwater well, for the 22 wells previously mentioned, were graphed. The linear regression relation between depth and concentration of each groundwater parameter was also calculated in Equation (3) and graphed [31].


  y =  A 0  +  A 1  x + c  



(3)




where    A 0    = population y intercept;    A 1    = population slope coefficient;  c  = random error term.



Finally, the levels of   As  , Cl−, F−, CaCO3, NO3, TDS, and pH located in each county were also analyzed. With the intention of getting a better notion of the variation of the groundwater parameter overtime, a cubic Hermite interpolation Equation (4) was used, since it has proven to be an efficient technique to model changes of groundwater parameters in groundwater [32,33,34].


   f   ( t )  =   at  3  +   bt  2  + ct + d  



(4)




where:


  a =   −  f   (   t 1   )  + 3  f   (   t 2   )  − 3  f   (   t 3   )  +  f   (   t 4   )   2   



(5)






  b =  f   (   t 1   )  −   5  f   (   t 2   )   2  + 2  f   (   t 3   )  −    f   (   t 4   )   2   



(6)






  c =   −  f   (   t 1   )  +  f   (   t 3   )   2   



(7)






  d =  f   (   t 2   )   



(8)




and:


   t 1  <  t 2  <  t 3  <  t 4   



(9)









4. Results and Discussion


4.1. Hydraulic Fracturing


Table 2 summarizes the information obtained after analyzing the FracFocus hydraulic fracturing wells database [23]. It presents the concentrations of the most common substances found in the 30 wells chosen per each county. Similarly, Figure 3 graphically shows the concentration of each substance in relation with the rest of the mixture used for hydraulic fracturing purposes. This analysis led to the identification of the five main substances used in the hydraulic fracturing fluid of the three counties. Table 2 also shows the statistical analysis performed to each of the main five substances found in the 90 hydraulic fractured fluid logs scrutinized. This statistical analysis led to the determination of the 95% confidence intervals for the mean of each of the substances. Figure 4 shows a graphical comparison of the confidence intervals of each substance per county.



Hydraulic fracturing fluids compositions vary depending the zone where the procedure is performed [6]. While water and sand were the substances with the highest concentrations, the most common pollutants found in the hydraulic fracturing fluid database for the study area were guar gum, petroleum distillate, and hydrochloric acid. Even though the three counties are located next to the others, and the characteristics of oil and gas reservoirs are alike [35], considerable variations in the concentration of chemicals used for hydraulic fractured were observed.



Hydrochloric acid (HCl), a strong inorganic acid, is used because of its corrosive properties to remove cement particles present in the well from previous drilling stages and enhance the fracturing process [36]. HCl is extremely toxic to human health. Ingestion, as well as contact with body parts, can develop serious complications that might end in death [37]. Therefore, the presence of this dangerous chemical near water bodies that are used for human consumption represents an imminent risk. Concentrations of HCl proved to be much higher in Martin and Ector counties. Due to the wideness of the confidence intervals for the mean of the concentration of HCl for Martin County, compared to results for Midland and Martin counties, it is possible that the oil and gas wells chosen in Martin County for the purposes of the study were not statistically representative of the entire regional population of samples (Figure 4). However, since the value of the mean obtained for Martin County is more than twice the mean obtained for the county with the closed HCl concentration, it is possible to say that the hydraulic fracturing fluid used in Martin County during 2016 had a much higher concentration of HCl that the one in the other two counties.



Synthetized from a small bean named guar, guar gum is an organic substance used to increase the viscosity of hydraulic fracturing fluids, which makes hydraulic fracturing more effective by improving the results of the pressure pumping of fluids to the fractures made to the reservoir rocks [38]. Even though some allergic reactions have been associates with the ingestion of guar gum, no serious consequences to human health, nor environmental pollution hazards have been attributed to guar gum [39]. Ector County hydraulic fracturing wells presented the highest levels of guar gum. This can be explained, since Ector County hydraulic fracturing wells also presented overall highest concentration of sand. The viscosity of the hydraulic fracturing fluid is also important to suspend grains of sands to be carried more efficiently into the fractures [38]. When the content of sand for the fluid increases, the amount of guar gum used consequently increases.



Light petroleum distillates used in hydraulic fracturing fluids are often derivatives of diesel. They are friction reducers for the hydraulic fracturing fluids [40]. Petroleum distillates can contain toxic chemicals like benzene, toluene, ethylbenzene, and xylene. All of these chemicals have proven to be highly toxic for human consumption and be related with groundwater pollution through infiltration into groundwater reservoirs [41]. Ranging from 0.13% to 0.23%, Ector County presented the highest concentration of petroleum distillates in the hydraulic fracturing fluid (Figure 4). This result can be explained again by the high concentration of sand used in Ector County’s hydraulic fracturing fluid. Since petroleum distillates are used to reduce the friction produced by the passing of the fluid through the pipe system, a thicker substance that contains more grains of sand demands higher levels of friction reducers. Friction from the fluid can create extra pressure on surface that would affect the required pump rate during the process [40].




4.2. Groundwater Quality


Arsenic (As) is a toxic metalloid chemical element found in water, soil, and air. It is a naturally-occurring substance in groundwater that can be found in igneous and sedimentary rocks. Fluoride (F−), the ionic form of Fluorine (F), is an electronegative inorganic element that occurs naturally in drinking water. Nitrate (NO3) is an inorganic polyatomic ion that is naturally occurring in the environment from the nitrogen cycle. Chloride (Cl−), the ionic form of chloride (C), is an electronegative inorganic element, present both in fresh and saltwater, and commonly used in drilling mud. Calcium carbonate (CaCO3) is a chemical compound that is commonly used in drilling fluids like chloride. pH is the measure of hydrogen concentration using a scale and it reveals how acidic or basic the water is. Total dissolved solids (TDS) is a parameter that counts the amount of organic and inorganic materials present in water, which includes ions, salts, metals, and minerals [42,43,44,45].



Table 3 shows the average of the seven different groundwater quality parameters associated with pollution by hydraulic fracturing and other oil and gas extraction techniques for the 14 groundwater logs scrutinized. This information led to the creation of a comparison box plot of the data per each county (Figure 5). Figure 5 provides information about the median, 25th and 75th percentiles, and extreme data present in each dataset by county, which shows the distribution and dispersion of the groundwater quality data acquired [46]. All of the above are done with the intention to investigate what county presented higher pollution levels in 2016, and how each group of groundwater parameter was distributed around the mean obtained.



Through a One-Way Analysis of Variance,    F 0    and the evaluation of    F 0    in an F Cumulative Function Distribution (cdf) were calculated per each group of groundwater quality parameter (Table 4). cdf (   F 0   ) represents the percentage of the means of groundwater parameters per county to be different one another. The greater cdf (   F 0   ), the higher the chances for at least one of the means to be different to the other two [30]. Even though, through box diagrams, we can appreciate the differences between groundwater parameters per county (Figure 5), the results from the One-Way Analysis of Variance reflected which of the groundwater parameters per county were relevantly worth mentioning as significantly dissimilar (Table 4). The means of As, F−, and NO3 per county have more than 90% chances of representing some difference between the counties. Although the One-Way Analysis of Variance resulted in less than 55% chances for the rest of water quality parameters to be undoubtedly different one another, inferences from the mean and standard deviation per group can still be made (Table 3).



Cl− level is the highest in Midland County, where the hydraulic fracturing activity outnumbered the other two counties for more than 2.5 times more in 2016. Cl− level is also related with the use of HCl, since Cl− can be originated when HCl reacts with metals in water [47]. The variation of the CaCO3 per County (Figure 5) can be an evidence for the close relation of hard water, rich in inorganic minerals, with the formation of Cl−. The lowest average pH levels was observed in Midland and Martin counties (Figure 5), where hydraulic fracturing practices and consequent release of hydrochloric acid to the underground were the first and the second in numbers of hydraulic fracturing wells among the three counties [21]. Cl− in groundwater was also proven to be related to CaCO3 and TDS. Figure 5 shows a certain relationship between the three parameters. The fact that CaCO3 and Cl− are some of the main components of TDS can explain this correspondence [48]. In the same way, arsenic (As) level seemed to have a certain correlation, being the highest in Martin, and the lowest in Ector.



The higher hydraulic fracturing activity in Midland County and Martin County during 2016 can account for their higher levels of arsenic (As) and F− (Figure 5). Studies conducted in Barnett Shale region, Texas, mention that the vibrations produced by hydraulic fracturing can shake rust from pipe systems and transport arsenic (As) to groundwater aquifers [49]. Likewise, since arsenic is a natural occurring substance in rock deposits, fractures generated by hydraulic fracturing can transport arsenic-rich sediments to upper groundwater aquifers [50]. Since HCl is the main dissolvent agent used to produce fractures in oil and gas reservoirs [36], Martin County’s highest HCl levels (Figure 4) could be another reason behind the County’s highest arsenic levels. Fluoride, on the other hand, is mainly found in water due to direct human activities [51]. Hydrofluoric acid (HF), another corrosive agent used in hydraulic fracturing, could be a reason behind the high F levels in Midland County and Martin County [52]. However, since hydraulic acid (HF) was not considered as a main hydraulic-fracturing substance used in all three counties, more information is necessary to get a better understanding about the levels of F in the groundwater of the study area.



Ector County, the county with the lowest hydraulic fracturing activity during 2016, showed the highest levels of NO3 (Figure 5), being more than four times higher than the other two counties. Commonly, agriculture is the main reason behind NO3 pollution [53], however, Ector County is also the county with the lowest agricultural activity of the three counties studied [54]. Therefore, it is safe to determine that nitrate groundwater pollution in Ector County is not oil and gas related, and that there is a pollution source other than agriculture behind NO3 pollution in Ector County.



To have a better view of the relationship between depth and groundwater quality, levels of Cl−, F−, CaCO3, NO3, TDS, and pH for the 14 wells analyzed in 2016 versus time were plotted (Figure 6). Complementary to this, a linear regression line was calculated and graphed, to know if the concentration of pollutants versus well depth had an increasing or decreasing character. Groundwater contamination by human activities is usually worse in shallow aquifers [55]. Consequently, deep aquifers should present lower levels of pollution. Contradictorily, the linear regression lines graphed on Figure 6 are increasing, which suggests a direct relationship between concentration of pollutant and depth. This relationship shows that deep aquifers are expected to present higher levels of contamination. Hence, human activities performed in the underground, like hydraulic fracturing, might be the reason behind found the results.



In general, data of other years show relatively similar trends in Figure 6. Water depth can change over time due to changes in precipitation, streamflow amounts, and human-induced changes such as groundwater pumping and contamination [49]. The risk of contamination is greater in unconfined aquifers than confined aquifers because they usually are nearer to the land surface, and they lack an overlying confining layer impeding the movement of contaminants. Because groundwater moves slowly in the subsurface and many contaminants sorb to the sediments, restoration of a contaminated aquifer is difficult. In unconfined aquifers, contaminants from the soil or subsurface will directly affect the groundwater quality. The mutual influence of various chemical factors helps to evaluate hydrological processes responsible for changes in the groundwater quality. Groundwater tends to have much higher concentrations of most constituents than the surface waters do, and deep groundwater that has been in contact with the rock for a long time tends to have higher concentrations of the constituents than the shallow water.



The EPA primary water regulations list out all potential health effects from long-term consumption of the contaminants. As (Arsenic) can be present in water at the level of 10 ug/L, and prolonged consumption of arsenic could cause damage of skin, circulatory system, and possibly increase risks for cancers. F− (Fluoride) can be present in water at the level of 2 mg/L, and prolonged consumption can cause bone disease. NO3 (Nitrate) can be present in water at the level of 10 mg/L, and prolonged consumption can cause infants to become sick and in some instance’s death. Cl− (chloride) can be present in water at the level of 250 mg/L, and can cause liver problems and increases the risk of cancer. Although regulated by EPA, CaCO3, pH, and TDS do not have any recorded effects on human health. However, these substance do affect the taste and appearance of drinking water [29]. Groundwater quality information was analyzed in order to have a better perspective of how levels of As, Cl−, F−, CaCO3, NO3, TDS, and pH have been changing in the region overtime. While Table 5 shows the statistical mean of Cl−, F−, CaCO3, NO3, TDS, and pH per year, Figure 7 represents how they have been varying through the years, using a cubic hermit interpolation equation.



Groundwater contamination is the most severe and controversial concern of hydraulic fracturing development. Oil and gas development in the Permian Basin has increased dramatically since 2010s. Some studies suggested that hydraulic fracturing could lead to additional contaminations [56,57,58]. Fluids may leak from faulty casing and cementing, thus contaminating shallow aquifers. The causes of shallow fluid leakage and transport include casing damage that provides leaking channel and faulty cementing which provide flowing space. The water samples from drinking wells less than 1 km from shale gas wells have higher methane concentration [56]. In addition, damaged casing and flawed cementing could lead to natural gas leaking into shallow groundwater. Flowback contains multiple contaminants with complex composition, mishandling of which would lead to contamination. Further research is required to find out how the hydraulic fracturing activities would affect the transport of naturally occurring hazardous substances.





5. Conclusions


This study evaluated the relationship between groundwater contamination and hydraulic fracturing. Based on the data collected and analyzed, with a higher concentration of substances different to sand and water in the hydraulic fracturing used (HCL, petroleum distillates, and guar gum), Midland County presented the overall highest levels of groundwater contamination. Martin County presented the second highest levels on contamination, proving that the number of hydraulic fracturing wells was an important aspect to take into consideration for the purposes of this research. It was possible to find a relationship between groundwater contamination and oil and gas activities. The parameters indicative of the groundwater quality and their correspondent high levels triggered by hydraulic fracturing activities were studied. It was also possible to determine that higher contamination levels are expected to occur in deep aquifers. This depth–contamination correspondence also supports the idea of human activities, underground development, and polluting groundwater reservoirs.



Statistical methods proved to be helpful in analyzing datasets with information of different sizes. However, a more extensive dataset for groundwater wells in Midland, Ector, and Martin counties will be crucial for future studies. More information about groundwater quality in these three counties can give more definitive results about the evident relationship between hydraulic fracturing and groundwater contamination found in this study. This study contributes to the understanding of the response to groundwater contaminations associated with oil and gas production causes in the study area. Therefore, this research can provide significant information for the management of water resources in the Permian Basin and the response to development in hydraulic fracturing. Our study set a basis for the study of the relationship between hydraulic fracturing and groundwater quality, thus corrective and preventive actions can be taken in future once this relationship is fully understood.
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Figure 1. Location of wells and weather station in the study area: Ector County, Midland County, and Martin County. 
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Figure 2. Annual average temperature and annual total precipitation reported by the Midland International Airport Station in the study area. 
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Figure 3. Amounts of chemical fluids used in hydraulic fracturing in Ector County, Midland County, and Martin County. 
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Figure 4. Confidence intervals of chemical fluids used in hydraulic fracturing in Ector County, Midland County, and Martin County. 
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Figure 5. Box plots of groundwater quality parameter in Ector County, Midland County, and Martin County. 
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Figure 6. Groundwater quality parameters versus well depth in Ector County, Midland County, and Martin County. 
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Figure 7. Historical analysises of groundwater quality parameters with Environmental Protection Agency (EPA) levels in the Ector County, Midland County, and Martin County. 
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Table 1. Groundwater well numbers, locations, and depths (depth unit: ft. below land surface).
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Well Number

	
Latitude

	
Longitude

	
Well Depth






	
Ector County

	
2759503

	
32.0598611

	
−102.6697389

	
100




	
4503301

	
31.9594444

	
−102.6400000

	
120




	
4504120

	
31.9888889

	
−102.6152778

	
170




	
4505705

	
31.9151944

	
−102.4789167

	
140




	
2758902

	
32.0383340

	
−102.7875000

	
140




	

	

	
Average depth

	
134




	
Midland County

	
2858402

	
32.0635778

	
−101.8672833

	
77




	
2763901

	
32.0110306

	
−102.1407194

	
90




	
2764804

	
32.0358340

	
−102.0719440

	
150




	
2857703

	
32.0341670

	
−101.9980560

	
70




	
4507602

	
31.9225000

	
−102.1402780

	
89




	
4522604

	
31.6936940

	
−102.2800440

	
225




	
4516208

	
31.8526690

	
−102.0708250

	
131




	
4515801

	
31.7829360

	
−102.1674170

	
170




	
4417410

	
31.6922220

	
−101.9911110

	
250




	
4410809

	
31.7796610

	
−101.7927470

	
160




	

	

	
Average depth

	
141




	
Martin County

	
2850301

	
32.2322220

	
−101.7655560

	
39




	
2835205

	
32.4783330

	
−101.6916670

	
N/A




	
2748106

	
32.3738890

	
−102.1091670

	
218




	
2739901

	
32.3776389

	
−102.1391944

	
214




	
2842705

	
32.2888890

	
−101.8552780

	
122




	
2835401

	
32.4283330

	
−101.7402780

	
30




	

	

	
Average depth

	
125
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Table 2. Statistical analysis of chemical fluids used in hydraulic fracturing in Ector County, Midland County, and Martin County.
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Water (H2O)

	
Quartz and Sand (SiO2)

	
Petroleum Distillate

	
Guar Gum

	
Hydrochloric Acid (HCl)






	
Ector County

	
%Total

	
83.05%

	
15.61%

	
0.18%

	
0.19%

	
0.38%




	
X

	
83.05

	
15.61

	
0.18

	
0.19

	
0.38




	
Midland County

	
%Total

	
90.24%

	
9.41%

	
0.03%

	
0.05%

	
0.10%




	
X

	
90.24

	
9.41

	
0.03

	
0.05

	
0.10




	
Martin County

	
%Total

	
84.15%

	
14.39%

	
0.09%

	
0.05%

	
0.93%




	
X

	
84.15

	
14.39

	
0.09

	
0.05

	
0.93
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Table 3. Statistical mean of groundwater quality parameter in Ector County, Midland County, and Martin County.
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	As (ug/L)
	Cl− (mg/L)
	F− (mg/L)
	CaCO3 (mg/L)
	NO3 (mg/L)
	pH
	TDS (mg/L)





	Ector
	4.16
	696.32
	1.82
	693.89
	23.35
	7.14
	1726.90



	Midland
	20.76
	529
	2.25
	981.96
	0.89
	7.02
	2059.42



	Martin
	20.10
	302.50
	4.76
	654.10
	1.63
	7.08
	1178.99
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Table 4. One- way analysis of groundwater quality parameters in the study area.






Table 4. One- way analysis of groundwater quality parameters in the study area.










	
	F0
	cdf (F0)





	As
	3.5
	93.65%



	Cl−
	0.81
	53.22%



	F−
	11.81
	99.85%



	CaCO3
	0.25
	21.74%



	NO3
	13.13
	99.9%



	pH
	0.58
	42.36%



	TDS
	0.44
	34.30%
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Table 5. Historical variations of groundwater quality parameters in Ector County, Midland County, and Martin County.
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As (ug/L)

	
Cl− (mg/L)

	
F− (mg/L)

	
CaCO3 (mg/L)

	
NO3 (mg/L)

	
pH

	
TDS (mg/L)






	
Ector

	
1999

	
2.80

	
917

	
1.34

	
881

	
20.01

	
7.01

	
2237




	
2003

	
5.95

	
408.67

	
2.30

	
614.67

	
37.16

	
7.15

	
1431.33




	
2007

	
7.50

	
995.50

	
1.25

	
1233.50

	
16.38

	
6.915

	
2834




	
2011

	
4.07

	
387.83

	
1.49

	
528

	
20.17

	
7.24

	
1208




	
2016

	
4.59

	
853.50

	
1.98

	
789.77

	
17.34

	
7.14

	
2026.09




	
2019

	
4.27

	
266.10

	
1.11

	
544.73

	
58.23

	
7.11

	
1032.07




	
Midland

	
1998

	
7.21

	
73.86

	
2.21

	
518

	
24.45

	
7.17

	
915




	
2003

	
7.63

	
91.20

	
2.26

	
366.67

	
18.27

	
7.20

	
747




	
2007

	
5.00

	
83.40

	
2.64

	
551.40

	
23.46

	
7.11

	
990.20




	
2010

	
5.76

	
68.18

	
2.29

	
493.40

	
25.40

	
6.96

	
868.60




	
2015

	
4.10

	
99.46

	
1.89

	
620

	
22.96

	
6.88

	
986.40




	
2019

	
4.35

	
63.10

	
2.06

	
521.61

	
22.29

	
6.85

	
846.74




	
Martin

	
1996

	
23.70

	
713.95

	
4.435

	
1083.50

	
57.21

	
7.02

	
2117.50




	
2000

	
22.66

	
239.70

	
3.39

	
445.33

	
32.43

	
7.28

	
1096.33




	
2004

	
24.02

	
301.20

	
4.55

	
514

	
34.73

	
7.22

	
1345.40




	
2008

	
21.53

	
320.48

	
4.32

	
580

	
43.01

	
7.21

	
1408.75




	
2012

	
20.15

	
332.05

	
4.18

	
596.75

	
46.96

	
7.32

	
1394.25




	
2016

	
21.13

	
339

	
4.24

	
676.72

	
17.77

	
7.12

	
1288.39
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