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Abstract: Environmental concerns with unconventional oil and gas development are frequently
centered on elevated water usage and the induction of seismic events during waste disposal. Reuse
of produced water for subsequent production well stimulation can effectively address these concerns,
but the variability among such samples must be well understood. Twenty-four samples of wastewater
from unconventional oil and gas development were collected from south and west Texas to assess
their variability and feasibility for direct reuse. Bulk metrics were collected, including total organic
carbon, total nitrogen, as well as total dissolved and suspended solids. The profiles of pertinent
inorganic constituents were also evaluated. Variations were not only seen between regions but also
among samples collected from the same region. For example, the average total organic carbon for
Eagle Ford samples collected was 700 ± 500 mg/L, while samples collected from the Permian Basin
featured an average total organic carbon concentration of 600 ± 900 mg/L. The Permian Basin total
organic carbon ranged from 38 to 2600 mg/L. The total dissolved solids levels had the same variability
between regions, with an average value for Eagle Ford of 20,000 ± 10,000 mg/L and a Permian
Basin value of 150,000 ± 40,000 mg/L. However, samples were more reproducible within a given
region. Collectively, the data indicate that the direct reuse of raw produced water for subsequent
production well development without treatment is not feasible based on the reported reuse thresholds.
Unconventional development wastewater samples from the Permian Basin were also compared to
produced water values from conventional oil and gas wells in the same region, as reported by the
United States Geological Survey. Samples collected in the Permian Basin consistently demonstrated
lower ionic strength compared to conventional produced water data.

Keywords: unconventional oil and gas development; produced water characterization; Texas shale;
ICP-OES; ion chromatography; hydraulic fracturing

1. Introduction

Unconventional oil and gas development (UD) provides the fossil fuel necessary to
meet the majority of the ever-growing energy needs in the United States [1–3]. This highly
articulated process requires large amounts of water to extract oil and natural gas from
formations previously considered to be uneconomical [4]. Upon stimulation with hydraulic
fracturing (HF), the primary by-product of UD is a waste stream composed of flowback (FB)
and produced water (PW). The FB is predominantly a stimulation fluid returning to the
surface, which contains some dissolved minerals, as well as chemical additives used during
the HF process. FB is a minor component of the total wastewater produced by a well. Its
return to the surface lasts for 1–2 weeks, once production begins. In contrast, the production
of PW, the major component of the waste stream, continues over the lifetime of the well. It
is brought to the surface comingled with the commodity and contains increased levels of
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dissolved minerals that are reflective of the mineral composition of the petroliferous strata
of interest. In addition to the elevated levels of salts (sodium and chloride) and scaling
elements (calcium, magnesium, strontium, and barium), PW also contains a plethora of
aerobic and anaerobic bacteria [5] and aromatic and alkyl hydrocarbons of varying sizes [6].

In 2011, 4.9 billion gallons of water was used to stimulate unconventional wells in
Texas, which accounted for less than 1% of the state’s water usage [7,8]. More recent data
from 2017 suggest that over 55 billion gallons of water was used for HF in the Permian
Basin alone [9]. Overall, the volume of water used is low compared to other anthropogenic
activities (i.e., agriculture and farming), but UD frequently occurs in arid and semiarid
regions [10]. Localized high-water usage can negatively impact a particular region through
the development of water depletion cones. Actual water usage data can be challenging
to obtain, since companies are not required to report their water usage in some regions.
However, during HF, it is estimated that 5 million gallons of water is used on average for a
horizontal well completion [11].

The largest expansion in water usage for HF has taken place in the Permian Basin (PB).
Located in Texas and New Mexico, the PB is currently considered to be the most prolific
energy basin in the world [4,12]. From 2005 to 2015, horizontal wells represented only one-
third of the unconventional wells in the region, but they accounted for approximately two-
thirds of the HF water used [13]. Backstrom et al. discovered that PB water usage exceeded
the national average, with a median of 12 million gallons per well for stimulation [14].
Interestingly, from 2013 to 2016, the water use per well went up by approximately 434% in
the PB of west Texas [15]. The increase was attributed to expanded drilling activity and
completions, where the average horizontal length had increased from 5700 to 6800 lateral
ft, with lateral stretches reaching up to and even over 10,000 ft [4].

Another concern associated with UD, particularly with respect to the production and
disposal of PW, is the link to increased seismicity. Currently, 98% of PW is disposed of
through the use of enhanced oil recovery wells and salt water disposal (SWD) wells [4,16,17].
Enhanced oil recovery is typically used for conventional development, whereas SWD is the
preferred disposal option for UD because of economics and convenience [18]. However,
the volume of PW injected into SWD wells has been shown to have a direct correlation
to the number and magnitude of seismic events [19–24]. A recent example can be seen
in Oklahoma, where the number of earthquakes increased after 2009 from an average of
1.2 events/year to 25 annually [25]. It is expected that this disposal option will continue
to be subject to growing constraints and scrutiny due to increased seismic events, which
could ultimately lead to significant property damage or harm to humans [26].

To mitigate the concerns associated with high water usage and induced seismic events,
there is a growing need to reuse or recycle PW. The ability to reuse PW is primarily
dependent on the concentration of inorganic constituents [5,6,27,28]. The thresholds of
constituents of concern typically found in PW are listed in Table 1. In this study, 24 PW
samples were collected from the south and west Texas regions to compare inorganic
matrices and total organic content, to ultimately characterize the different PW samples and
determine the feasibility of their direct reuse for production well stimulation. To date, the
collection of FB and/or PW samples for compositional analyses is extremely challenging
due to varying concerns from oil and gas operators regarding the maintenance of trade
secret formulations of their HF fluid additives and the productivity rates of their UD wells.
Additionally, there have been limited data regarding the composition of PW from UD,
in part due to the challenges in accessing it. Therefore, PB samples were also compared
with USGS PW data from the PB region from conventional oil and gas development to
determine if past samples could potentially be a predictor of the relative composition of the
PW from UD.
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Table 1. Maximum contaminant limits for production well stimulation fluid [5,27,29].

Production Well Stimulation (mg/L) Production Concern

pH 6.5–8.5 Corrosion/Scaling

TSS 500

Chloride 30,000–50,000 Fluid instability

Sulfate 500 Scaling/Bacterial substrate

Bicarbonate 300 Scaling

Silica 35 Scaling

Boron (B) 10 Crosslinker efficiency

Barium (Ba) 20 Scaling

Calcium (Ca) 2000 Scaling

Iron (Fe) 10 Crosslinker efficiency

Magnesium (Mg) 2000 Scaling

2. Methods and Materials
2.1. Samples

Nine of the samples used were collected from the PB in west Texas (Figure 1). One
sample (PB FB), classified as FB because of its age and chemical composition [6], was
collected from an unconventional oil exploration on-site waste pit, approximately one week
after well completion. Eight samples, collectively referred to as PB SWD, were collected
from a saltwater disposal site (SWD) located in the PB. Seven were from a site in Midland
County, and one was from a site in Dawson County. The PW from Midland County was a
composite mixture, delivered to the specific SWD site by six pipelines, as well as trucks
purported to be from production sites up to 50 miles away. The PW collected in Dawson
County was also from a community SWD well, similar to the Midland site, except that all of
the PW was delivered to the site by truck. It is important to note that the PB samples could
potentially be a mixture from multiple sites producing conventional and unconventional oil
and gas wells. However, the SWD operator clearly indicated that the wastewater was from
UD operations. The remaining sample set, denoted as EF Treatment, included 13 samples
of PW from a treatment facility located in Eagle Ford Shale in Bebe, TX [5]. Two samples,
denoted as EF wells, were from production wells located in Brazos County and were
collected before separating the PW from the oil.

2.2. Compositional Analyses

Total suspended and dissolved solids were quantified using gravimetric analysis. PW
samples were filtered using Ahlstrom 1 µm Glass Microfiber Paper (Leominster, MA, USA)
and dried overnight at 90 ◦C. Metal analysis was completed using a Shimadzu ICPE-9000
(Columbia, MD, USA), based on Environmental Protection Agency (EPA, Washington, DC,
USA) method 200.7. Standard solutions for the metals were from High-Purity Standards
(North Charleston, SC, USA). Ion chromatography (IC) and titration were used to quantify
pertinent anions, as per EPA methods 300 and 310.1. Total organic carbon (TOC) concentra-
tions were determined using a Shimadzu TOC-L (Shimadzu Scientific Instruments, Inc.,
Columbia, MD, USA), as described previously [6,30,31].
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Figure 1. Sampling locations for the produced water samples in this study. Nine were collected from
the Permian Basin: one considered FB from Nolan County, TX, one from a SWD well in Dawson
County TX, and seven from a SWD in Midland County, TX. In total, 15 samples were collected from
the Eagle Ford Shale: 13 from a PW treatment center in Bebe, TX, and two from EF production wells
in Brazos County, TX.

3. Results and Discussion
3.1. Bulk Measurements and Basic Parameters

The measurement of total dissolved solids (TDS) corresponds to the number of dis-
solved particles in solution. Values can range from freshwater levels (<1000 mg/L) through
saline (15,000–30,000 mg/L) to brine (>300,000 mg/L) [32]; however, values are relatively
inconsequential with respect to reuse for production well stimulation. Notably, samples
collected from the PB SWD ranged from 10 to 12% salinity, with an average TDS value of
150,000 ± 40,000 mg/L. The samples collected from the EF region ranged from 2 to 5%
salinity, which is roughly equivalent to seawater (SI Table S1). Similarly, total suspended
solids (TSS) is a simple bulk measurement that can provide significant insight into the
nature of the particulates in a solution. Typically, components such as oil droplets, floc-
culated hydrocarbons, formation sands, and proppants that are greater than 1 µm in size,
contribute to the measurement of TSS. Ideally, TSS should be less than 500 mg/L for reuse
(Table 1). Figure 2B indicates that TSS levels exceeded the reuse limit for both the PB SWD
set and the EF treatment samples. For the EF treatment samples, the average was skewed
due to one sample reaching 220,000 mg/L (SI Table S1). The remaining 12 samples were
near or below the accepted reuse levels, ranging from 50 mg/L to 780 mg/L. On the other
hand, the TSS levels for the PB SWD samples were typically higher than the EF treatment
samples; values ranged from 300 to 6100 mg/L.
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Figure 2. The collective (A) TDS and (B) TSS of the samples from different regions. The mean values
are graphed with error bars illustrating standard error of the mean. The dashed lines represent
recommended water quality guidelines for the reuse of PW for production well stimulation, as
authored by Hildenbrand, King, Oetjen, and Liden et al. [5,27–29].

A viable alkalinity threshold (carbonate + bicarbonate) to determine whether or not PW
is suitable for reuse is considered to be 300 mg/L (Table 1). Alkalinity not only influences
the pH due to its buffering capacity, but it also contributes to scaling, which is a primary
concern with respect to PW reuse [33]. Scale formation is problematic because it can have
devastating financial implications throughout the lifecycle of production [28]. Figure 3A
shows alkalinity was only 26 mg/L for the PB FB but ranged from 74 to 840 mg/L for the
PB SWD samples. The samples from the EF treatment facility had a similar range, from 170
to 910 mg/L for 11 of the 13 samples, with the remaining 2 reaching as high as 2200 and
4000 mg/L, respectively.
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Figure 3. The analysis of (A) alkalinity, (B) pH, and (C) TOC in the various PW samples. Data are
presented as mean values with the error bars representing standard error of the mean. The dashed
lines represent recommended levels for the reuse of PW for production well stimulation authored by
Hildenbrand, King, Oetjen, and Liden et al. [5,27–29].

The pH was within an acceptable range for reuse (6–8) for all of the collected samples
(Figure 3B). The defined maximum reuse levels for TOC have not been published, as far as
the authors are aware. However, anecdotal feedback from the PB SWD operator indicated
that TOC values above 20 mg/L were unfavorable when considering potential reuse for
production well stimulation. All average values of each of the PW sample sets exceeded
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this threshold. The average TOC value was highest for samples from the EF production
wells (Figure 3C). However, given the significant variability, with one sample having a
TOC value of 20,000 mg/L and the other 380 mg/L (SI Table S1), the average value does
not provide the most representative insight. Samples collected from the EF treatment center
ranged from 240 to 1500 mg/L (SI Table S1). The eight PB SWD samples ranged from 38 to
2600 mg/L (SI Table S1).

3.2. Metals

The salinity of PW is a result of dissolved ions, primarily sodium and chloride [34].
To a lesser extent, other cations and anions influence the salinity, such as calcium, magne-
sium, and sulfate, as well as those that influence the alkalinity of the solution. Ions that
contribute to scaling are the most pertinent metals to determine with respect to PW reuse
for production well stimulation, followed by those that affect crosslinker efficiency, and
lastly, ions, which are of lesser consequence and only influence the TDS levels.

Scaling concerns are dominated by multivalent cations [28], where barium, calcium,
magnesium, and strontium are at the forefront of this issue. Barium from the formation
can result in the precipitation of barium sulfate scale [35].As the pressure and temperature
decrease when the PW is brought to the surface, the solubility of barium sulfate decreases,
leading to scale formation [36]. As such, an acceptable level of barium for reuse is 20 mg/L
(Table 1, Figure 4A). Sample sets from the EF region exceeded this threshold, with averages
of 35 mg/L and 48 mg/L for the EF treatment and EF production well samples, respectively.
In contrast, the PB SWD sample set had a mean value of 16 mg/L. Barium is not a stimu-
lation additive, as far as the authors are aware. Therefore, it is not surprising that it was
not detected in the PB FB samples, which were expected to be predominately composed of
stimulation fluid.
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Figure 4. Scaling contributors for each PW sample set, including Permian Basin flowback, Permian
Basin SWD, EF treatment facility, and EF production wells, all represented in the graphs. Data are
presented as mean values for (A) barium, (B) calcium, (C) magnesium, (D) strontium, and (E) silicon
with the error bars representing standard error of the mean. Dotted lines mark the recommended
maximum reuse limit suggested by Hildenbrand, King, Oetjen, and Liden et al. [5,27–29].
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Calcium and magnesium both have suggested limits of 2000 mg/L (Table 1). All but
one of the samples collected from the PB SWD exceeded the recommended reuse level
for calcium. Samples ranged from 1600 mg/L to 3000 mg/L, with an average value of
2600 mg/L; however, all of the other samples fell below the threshold. This is shown in
Figure 4B. All of the average values for each sample set fell below the prerequisite limit for
magnesium (Figure 4C). Further, strontium behaves similarly to barium in the presence of
sulfate and under similar conditions; however, strontium sulfate is slightly more soluble
than barium sulfate [36]. Samples from the EF treatment facility and EF production wells
exhibited similar strontium concentrations, as expected, with averages of 140 mg/L and
150 mg/L, respectively (Figure 4D). Conversely, the samples from the PB SWD site, with an
average value of 440 mg/L, contained three times the concentration of strontium compared
to the EF samples.

Silica, monitored as silicon, can also lead to scaling concerns when present. While
there is not a limit set for silicon, highly saline environments, such as PW, can enhance scale
formation by silica [37]. In regions such as west Texas, where silica can cause up to 80% of
scale formation [36], silica is a major concern. Interestingly, silicon levels for the EF sample
sets had higher average values than the PB SWD samples (16 mg/L), with average values
of 35 and 48 mg/L observed in the EF treatment and production samples, respectively
(Figure 4E).

Crosslinkers or viscosifiers are used to increase the molecular weight by crosslinking a
polymer backbone, thereby extending the distance to which the proppant can be placed
within the fractured formation [38]. Typically, these compounds are formed from metals,
such as boron, titanium, or zirconium, which have been conjoined by ligands [38,39].
Zirconium and titanium were not detected in any of the samples. Nonetheless, each of the
three PW averages exceeded the 10 mg/L limit for boron (Figure 5A). Additionally, iron
levels exceeding 10 mg/L can cause over-crosslinking and adversely affect the temperature
stability of fracturing fluid (Table 1). The average iron concentration for the EF samples from
the treatment facility, represented in Figure 5B, surpassed the limit, with an average value
of 22 mg/L. However, these samples exhibited significant variability, with values ranging
from 0.5 to 68 mg/L, with 6 of the 13 samples surpassing the reuse limits (SI Table S2).
Samples from the PB SWD had an average value of 3.0 mg/L; however, the collection of
these samples was performed after the addition of an undisclosed iron reducer.
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Sodium, potassium, lithium, and manganese were also detected in all samples pro-
cured for this study. These ions affect the TDS level but have limited influence on the
solution chemistry. The average concentrations of sodium (39,000 mg/L), potassium
(430 mg/L), and lithium (17 mg/L) were highest for the PB SWD, which was expected
due to the elevated TDS levels detected (Figure 6A–C). The PB FB had elevated levels
of sodium and potassium, with values of 26,000 mg/L and 74 mg/L, respectively. As
the composition of FB waste is reflective of the original stimulation fluid prepared, it is
suspected that sodium and potassium chloride were used as clay stabilization additives, a
common practice that began the 1960s [28,38,40–43]. Samples collected at the EF treatment
facility had the most substantial standard deviation of 6.6 mg/L for lithium, with a mean
of 9.5 mg/L. Relatively low levels of manganese were detected in all of the sample sets,
with the highest concentrations being found in the PB FB group, with a concentration
near 3.0 mg/L (Figure 6D). Manganese, like iron, can potentially be an issue when PW is
brought to the surface, leading to the formation of manganese oxides, which can precipitate
out of a solution, forming scale. An added benefit of oxidized manganese, in the form of
permanganate, is that it can react with hydrogen sulfide (H2S) [44], thereby eliminating this
harmful toxin. Hydrogen sulfide is a biodegradation product formed by sulfur-reducing
bacteria (SRB). It is the primary cause of costly product quality degradation, referred to as
souring, as well as biocorrosion of metal infrastructure that can potentially lead to casing
failure and environmental contamination.
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Figure 6. Metals in produced waters that primarily contribute to TDS levels. The average concentra-
tions for (A) sodium, (B) potassium, (C) lithium, and (D) manganese are presented, along with error
bars, which represent the standard error of the mean.
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3.3. Anions

The anions bromide, chloride, fluoride, sulfate, and nitrate were also monitored;
they are characterized by the average values indicated in Figure 7. Chlorine and chlorine
dioxide, commonly used disinfectants, are known to produce toxic disinfection by-products
(DBPs) [45–47]. However, when bromide is present in solution at concentrations as low as
0.1 mg/L, it has been shown to oxidize quickly and react with organic materials, which
can lead to the formation of brominated and chlorinated DBPs. Elevated levels of bromide
preferentially generate brominated DBPs [48]. While bromide was not detected in the PB FB,
its concentration in the remaining samples exceeded the minimum levels for the formation
of DBP. Average bromide values of 190 mg/L, 70 mg/L, and 72 mg/L were measured for
PB SWD, EF treatment, and EF production sample sets, respectively (Figure 7A). Elevated
levels of bromide are potentially problematic, since toxicological studies suggest that
brominated DBPs are more carcinogenic compared to their chlorinated counterparts.
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Figure 7. Average anion concentrations found in the PW samples sets for (A) bromide, (B) chloride,
(C) fluoride, (D) nitrate, and (E) sulfate. The reuse limits recommended by Hildenbrand, King, Oetjen,
and Liden et al. are represented by black dotted lines. The error bars represent the standard error of
the mean [5,27–29].

The ideal range for chloride is 30,000–50,000 mg/L for slickwater fracturing fluids
(Table 1), which both PB sample sets surpassed. However, the PB FB only slightly ex-
ceeded this range by 1000 mg/L (51,000 mg/L) (SI Table S3). This finding, along with
the increased levels of sodium and potassium, alludes to the possibility that sodium and
potassium chloride are commonly used clay stabilizers [28,38,40–43], which were added to
the fracturing fluid.

Fluoride concentrations, which are an essential metric regarding the formation of
exotic scales, such as CaF2, were the highest for samples from the EF treatment facility and
ranged from <0.034 to 28.9 mg/L. All other sample sets exhibited average values below
12 mg/L (Figure 7C). Nitrate levels were the highest in the PB SWD samples, with an
average value of 46 mg/L. As for the solution chemistry, nitrate is not problematic for reuse;
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however, it is a nutrient for bacteria, the widespread proliferation of which can result in the
formation of problematic biofilms, among other problems. All of the average values were
below the reuse limit of 500 mg/L for sulfate (Table 1). A value of 220 mg/L was measured
for the PB FB sample, followed by the PB SWD, EF production, and EF treatment sample
sets, with values recorded at 180 mg/L, 93 mg/L, and 36 mg/L, respectively.

Elevated levels of sulfate can inhibit the effectiveness of crosslinkers, which maintain
viscosity in fracturing fluids [39]. Additionally, elevated sulfate levels can induce reactions
with barium, strontium, and iron in the formation water of a production well, which can
result in the precipitation of BaSO4 and SrSO4 scales [35]. Lastly, sulfate can provide a
substrate for SRBs that produce H2S, and this can ultimately lead to the deterioration of
hydrocarbon products and production infrastructure [49].

3.4. Permian Basin Salt Water Disposal Samples Compared to National Values

As previously mentioned, relatively few PW samples from UD have been analyzed
compared to those from conventional development, in part due to difficulties in obtaining
samples and to protect proprietary information. Therefore, an analysis was performed
to compare PB SWD samples from UD with PW data from conventional oil and gas
development reported by the USGS [50]. The principle behind the comparison was to
determine if past samples could potentially be a predictor of the relative concentration
of the PW of UD. Strong linear correlations were observed when comparing sodium
and chloride ions found in sub-terrain water sources (Figure 8, r2-values 0.812–0.997,
p-values < 0.0001–0.002). This is not surprising, given that sodium and chloride contribute
a large majority of the dissolved solids found in the bulk measurement of TDS. Both sodium
and chloride from PB SWD samples fell in line with the USGS’s data from conventional
development in the PB.
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Figure 8. Correlation of (A) sodium and (B) chloride concentrations with TDS levels, plotted from
conventional well PW data reported by the USGS for the PB (gray), Texas-based PB wells (cyan),
production wells located in Midland County (purple), as well as the values measured for PW from UD-
labeled PB SWD (magenta). The USGS’s dataset for the Permian Basin data included 16,000 samples
from conventional oil and gas operations [50].

The TDS levels detected in the PW samples collected from PB SWD are illustrated in
Figure 9. This sample set was in the same range as other PB PW data gathered from the
same county, which had an average concentration of 140,000 ± 60,000mg/L (Figure 9).
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Figure 9. Histogram of TDS concentrations from PB data reported by the USGS for wells located in
Midland County [50]. The data illustrate the concentrations stated for conventional wells. The graph
inset in the top right corner represents the conventional waste range and the average of 149 Midland
County PW data points. The black lines denote individual TDS values from the PB SWD sample set.

The most pertinent inorganic constituents, calcium and magnesium, are problem-
atic due to their propensities to interact with carbonate and sulfate minerals [51]. Such
interactions can be influenced by changes in temperature, pressure, pH, and salinity, as
the water is brought to the surface and processed. The PB SWD magnesium levels were
relatively low, even though calcium levels exceeded reuse limits. Despite what appeared to
be elevated calcium concentrations, the values observed in the PB SWD samples fell below
the mean of the reported Midland County values from conventional development [50].
This is represented in SI Figure S1.

Alkalinity and sulfate values observed in the PB SWD samples fell on the lower end
of the PB spectrum reported by the USGS. The USGS PB dataset reported average values of
320 mg/L and 810 mg/L for alkalinity and sulfate, respectively. Alkalinity values for the
PB SWD sample set were determined to be 162, 426, 204, 73.7, 841, 208, 622, and 515 mg/L
(p = 0.0048). Sulfate values in the samples were 49.4, 33.1, 83.2, 77.1, 2.22, 416, 113, and
656 mg/L (p = 0.0658) (SI Table S3 and SI Figure S2).

3.5. Treatment Required for Direct Reuse and Beneficial Reuse

As previously mentioned, the reuse of PW for hydraulic fracturing depends on the
depletion of predominantly inorganic ions. A good starting point for removing these
scale-forming constituents (Ca, Mg, Ba, Si, and Sr) is the utilization of adsorbent materials,
such as activated zeolite, alumina, and/or organoclays [52,53]). Electrocoagulation is a
more sophisticated treatment that facilitates the reduction in ions, including the alkalizing
species CO3

2− and HCO3−, based on their electrochemical properties [54,55]. Additionally,
the implementation of membrane systems, such as reverse osmosis (RO) and forward
osmosis (FO), is ideal for the removal of heavy metals [56]. Additionally, RO membranes
can effectively remove B, which can affect the efficacy of crosslinkers in the HF fluid [57].
The beneficial reuse of purified PW in the agricultural sector requires stricter treatment
to avoid harming crops. Advanced oxidation processes, such as photo-assisted and elec-
trochemical processes, are candidates for the removal of radionuclides, heavy metals, and
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persistent toxic organic matter [58].). The integration of electrocoagulation and membrane
technologies will ensure high-quality purified water with low salinity, TDS [59], as well as
low concentration of harmful species that may affect crops.

4. Conclusions

It is inevitable that unconventional oil and gas practices will continue to grow to meet
the growing energy demands of this nation [60]. There is an increasing need to facilitate
the reuse and recycling of PW to mitigate the concerns related to induced seismic events
and water usage. In this study, PB PW samples from UD were found to be comparable
to the conventional PW samples. However, in general, PB PW samples from UD had
ion concentrations measured to be on the lower end of the spectrum when compared to
conventional PW samples from the same region. PW samples from two highly prolific shale
basins in Texas regularly surpassed at least one of the reuse thresholds, indicating direct
reuse of raw PW is not appropriate without some degree of treatment. More specifically,
elevated levels of boron, calcium, and TSS could preclude raw PW from the PB region
from being reused directly, whereas elevated levels of alkalinity, barium, boron, iron,
and TSS would restrict the potential reuse of raw PW in the EF region. As has been
observed in previous studies [5], the use of a single treatment modality is not sufficient
when attempting to repurpose produced water, which is an inherently complex matrix that
often contains undesirable constituents. Comprehensive treatment requires that a series
of separation techniques/modalities be used in tandem, each of which targets specific
constituents or classes of undesirable contaminants. For example, Isa et al. had a 97.6%
efficiency when evaluating electrocoagulation for the removal of boron from PW [61].
Furthermore, nanofiltration has been successful in the removal of multivalent cations,
such as calcium and magnesium [34]. Additionally, filtration, gravity separation, and
coagulation are technologies used to reduce TSS [28]. System designs need to not only use
diverse modalities to comprehensively treat PW, but they need to be inexpensive, modular
in design, have a low tendency for fouling [8], provide significant throughput, and be able
to desalinate the effluent or eliminate pertinent ions of concern.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/en15134521/s1, Figure S1: Histogram of the occurrence of concentration
ranges for calcium and magnesium from 149 produced water samples collected from conventional
production wells in Midland County, TX; Figure S2: Conventional hydrocarbon produced water
data from 149 Midland County produced water samples; Table S1: Basic Produced Water Parameter;
Table S2: Produced Water Metals; Table S3: Produced Water Anions; Table S4: Dilution factors used
for analysis of metals in produced water solutions; Table S5: Percent recoveries and wavelengths
used for metals in produced water solutions.
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