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Abstract

Southern High Plains Region and Permian Basin.

The objective of this research is to analyze the groundwater quality of the Ogallala Aquifer and assess the hydrological characteristics within
the Southern High Plains region of the Permian Basin in West Texas, USA. Levels of arsenic, lithium, hardness, and total dissolved solids (TDS),
provided from the Texas Water Development Board (TWDB), were evaluated through the years 1990-2016. A total of 133 wells were analyzed,
varying from 4 wells in one county to 19 wells in another. Statistical mean, maximum and minimum values, and sample standard deviation were
utilized to evaluate the data, its distribution, and propose trends. The average levels of the contaminants for each year available in every county
were assessed to the respective maximum contaminant levels (MCL) or secondary MCL set by the Environmental Protection Agency (EPA). The
study outlined the potential threats to human well-being that are associated with each contaminant. Available sources of each contaminant and
their uses in everyday life were also discussed. This research provides important information on how oil and gas developments, agricultural
practices, and other human activities impact groundwater quality and contributes on understanding the response to development in the
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Introduction

Groundwater is an essential resource for all life on Earth. The
Ogallala Aquifer is the largest freshwater aquifer in the US, so it
is crucial that it is kept sustainable for life. The Permian Basin is
well known throughout the world for producing oil and natural
gas. It is one of the largest oil and gas producing regions in the
United States, and it is responsible for a significant portion of the
country’s energy production. With the presence of oil field activity
in the Permian Basin, there is a growing concern regarding the
potential contamination of the Ogallala Aquifer. Irrigation and
the extensive utilization of fertilizers are prevalent methods
in the High Plains. The water quality of the Ogallala aquifer is
generally sufficient for irrigation needs, however it often falls

short of meeting the drinking water standards set by the U.S.
Environmental Protection Agency (EPA) for parameters such
as total dissolved solids (TDS) [1]. The exploration for oil in the
Permian Basin has been an ongoing venture for approximately
a century. Unconventional drilling methods such as hydraulic
fracturing, horizontal method, and other advanced technologies,
have significantly augmented oil production [1,2].

There are numerous environmental challenges concerning
the Permian Basin, especially when oil and gas development is
so widespread [3,4]. The continuous rise in population and the
expansion of agricultural activities pose significant concerns
[5]. Certain contaminants can be naturally found in water
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bodies, but the primary contributors to water contamination
are anthropogenic, such as agriculture and industrialization [4].
Agriculture serves as a vital economic pillar in the Southern High
Plains region, playing a central role in its economy. Robertson
& Sharp [6] showed research identifying synthetic and natural
(manure-based) fertilizers as the leading anthropogenic factors
responsible for groundwater contamination. The increasing
popularity of synthetic fertilizers has been positioned since
the 1950s, making them the favored option for agricultural
fertilization. Commercial fertilizer uses significantly boosted until
the 1980s, where it has fluctuated since then because of demand
and supply [7-10].

The Ogallala aquifer (commonly recognized as the High Plains
aquifer) is an unconfined aquifer that has seen radical changes in
its properties because of agricultural uses [11]. Hornbeck & Keskin
[3] mentioned that center pivot irrigation technology experienced
substantial improvements through the 1950s. The extensive
manufacturing and distribution of this emerging technology
had a profound impact on groundwater withdrawal, leading to a
five-fold increase in rates from 1949 to 1974. The USGS (United
States Geological Survey) [12,13] measured water levels from
predevelopment (approximately 1950) to 2015 based off 3,164
wells and reported the Ogallala Aquifer demonstrating an average
declination of the water level of 234 feet throughout Texas. Since
predevelopment to 2015, the saturated thickness dropped from
10 to more than 50 feet throughout Texas and saw an increase of
10 to more than 25 feet in Andrews, Howard, Dawson, and Lynn

counties. There was also a decline in recoverable water of almost
160 feet in Texas [13]. The falls in water level and saturated
thickness within Texas is very alarming and action to combat this
is necessary. The population in the Permian Basin is gradually
growing with 2,061,422 residents in 2018 [14]. The population
grew 3.3% during 2013 - 2018 and another 2.3% increase is
expected by 2023.

In recent years, hydraulic fracturing has emerged as a
valuable method for extracting oil and gas from reservoir rocks
characterized by exceptionally low permeability and porosity
[15-17]. Hydraulic fracturing, or fracking, is the method of
injecting a fluid blend, predominantly comprising water, sand, and
chemicals, into reservoir rocks that exhibit minimal porosity and
permeability, with the purpose of generating fractures [18,19].
Jasechko & Perrone [20] demonstrated how hydraulic fracturing
wells, in a proximity of 3 kilometers of wells can influence water
contamination. It was also demonstrated that conventional oil and
gas wells were in a proximity of approximately 2 kilometers to
groundwater wells and posed a risk of contaminating water. Oil
refineries, such as the facility located in Howard County, Texas,
specifically in Big Spring, pose risks not only to water quality
but also to air and soil. These refineries are a notable source of
the emission of harmful substances, including BTEX (benzene,
toluene, ethylbenzene, and xylene) [21]. Water discharge from
these refineries is under strict regulations from Clean Water Act
(CWA) with Safe Water Drinking Act (SWDA); however, pollution
from previous discharge can stay in water bodies [20,21].
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Figure 1: Location of water wells with the underlying Ogallala Aquifer (a) and the geologic profile (b) in the research area
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Considering the aforementioned concerns and factual
data, the primary objective of this research was to analyze the
groundwater quality for the Ogallala Aquifer in the study area:
Cochran, Yoakum, Terry, Lynn, Garza, Gaines, Dawson, Borden,
Howard, and Glasscock counties (Figure 1). Given the significant
role that the petroleum and agriculture industries play in the
regional economy, coupled with the essentiality of groundwater
resources, it is imperative to ascertain the quality of groundwater
in this area. The contaminants of arsenic, lithium, hardness,
and TDS were estimated from 1990 to 2016 to evaluate if
drinking water was safe to consume for the populations of their
respective counties. Based on this dataset, an assessment was
conducted to evaluate the influence of energy development and
agricultural practices on groundwater resources in the research
area. The study offers crucial information for the management
of groundwater resources and contributes on understanding
groundwater’s response to oil/gas and agriculture activities in the
Permian Basin, Texas.

Study Area

The study area consists of the southernmost portion of the
Ogallala located in the Permian Basin, Texas, US (Figure 1). The
study area is predominantly characterized by a rural setting with
a relatively low population density. Although the population is
increasing as a whole in the Permian Basin, the counties in the
study area are experiencing varying changes. From 2010 to 2019,
Yoakum, Gaines, Lynn, Glasscock, Borden, and Howard counties
are increasing by a range of 0.6% to 22.6%. The counties of
Cochran, Garza, Dawson, and Terry have experienced a decrease
in population by a range of 2.5% to 8.8% from 2010 to 2019
[22,23]. In order to get a clearer understanding of the climatic
change, information from the US Climate Data was utilized that
displayed changes in total precipitation and average temperature
from 2007-2018 in Lamesa, TX, in Dawson County [24-26].
Precipitation has been trending in the downward direction in
the 2007-2018 timeframe while the linear regression line for
temperature has been increasing Figure 2.
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Figure 2: (a) Annual total precipitation and (b) annual average temperature the study area reported by the US Climate Data.
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The study area experienced Ogallala sediment deposits
during the Tertiary Period from the erosion of the southern Rocky
Mountains and continuous tectonic activity occurring into the late
Tertiary [25,26]. The Ogallala was deposited as an alluvial outwash
with the thickest sediments being closest to the Rocky Mountains
and get finer further from them. The sediments in the aquifer
consist of fluvial sand, gravel, clay, and silt, and eolian sand and silt.
The same time as the Ogallala was being deposited in the Tertiary,
the Permian sediments experienced significant dissolution,
mostly in the northern part of the Southern High Plains compared
to the southern portion. Groundwater encountered these Permian

sediments, which dissolved and caused the formations to collapse
that led to substantial deposition of the Ogallala [26]. These
collapsed basins are some of the thickest regions of the Ogallala
and are one of the reasons why it has high variation in thickness.

The recharge is not uniform in Texas and is separated into two
regions. The southern portion of the Ogallala in Texas is mainly
impacted by agricultural development with recharge ranging
from 0.007 to 3 inches per year. Recharge in the northern portion
of the Ogallala in Texas is limited mainly due to the clayey soil,
with a recharge rate ranging from 0.1 to 0.8 inches per year [25].
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However, both regions are primarily recharged by precipitation,
playas, headwater creeks, and return flow from irrigation. The
primary utilization of groundwater within the Ogallala Aquifer
is driven by agriculture, with agriculture claiming approximately
95% of the total groundwater consumption [27]. The remaining
5% of groundwater usage is distributed among diverse
sectors, including livestock production, oil and gas production,
manufacturing, and wholesale and retail trade.

Data and Methodology

The data for groundwater quality was collected for all 10
counties through the TWDB in the water quality by county
database. The data was put into Microsoft Excel where it was
manipulated in order to be utilized to create graphs and tables.
A total of 133 wells were analyzed, with the minimum number of

wells being 4 which resided in Garza County and the maximum
being 19 which resided in both Gaines and Lynn Counties. Table
1 was created showing wells with the most recent data, starting
from the 1990s to 2016. The selection of years in this study was
determined by the availability of data, with most data being given
every 4 years, but some was also available in between too. This
timeline would also present the recent trends of groundwater
quality and whether this is due to natural causes or anthropogenic
processes, such as hydraulic fracturing, which became increasingly
dominant around 2010. Lithium was the only contaminant where
the data began in 1996 because that is when the TWDB first begun
to provide that information. Averages for the contamination
levels of arsenic, lithium, hardness, and TDS were calculated and
analyzed in each of their respective counties.

Table 1: Groundwater well dataset used in our study area (depth unit: feet below land surface).

Well ID Latitude Longitude Depth
2827602 32.56861 -101.66 113
2827509 32.54695 -101.667 135
2812402 32.83098 -101.585 70

2

£ 2812105 32.84556 -101.623 55

]

-}

5 2806801 32.88583 -101.324 70

=

s

m 2804401 32.95056 -101.596 60
2803901 3290116 -101.652 145
2803604 32.94667 -101.652 60
2803601 32.92956 -101.637 57
2540502 33.44222 -103.052 n/a
2524304 33.70972 -103.02 210
2436105 33.4725 -102.619 240
2428104 33.60056 -102.62 220

>

= 2427903 33.505 -102.628 210

s

)

: 2427201 33.61944 -102.676 n/a

£

é 2426402 33.57167 -102.858 350
2418601 33.68806 -102.778 238
2418308 33.73139 -102.752 228
2417503 33.68889 -102.921 170
2409901 33.765 -102.897 193
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2827201 32.61417 -101.701 150
2826902 32.54083 -101.764 160
2825902 32.53528 -101.898 140
2818504 32.67639 -101.821 n/a
2818101 32.745 -101.866 125
2817115 32.73167 -101.977 150
2809804 32.75694 -101.958 190
) 2809601 32.80806 -101.915 154
5 2802801 32.88667 -101.831 101
§ 2801801 32.90056 -101.929 80
§ 2732702 32.54111 -102.118 65
2732601 32.56028 -102.02 127
2731803 32.52444 -102.195 155
2724101 32.70972 -102.102 100
2715302 32.83361 -102.134 175
2708503 32.94194 -102.06 100
2707606 32.92472 -102.126 117
2810101 32.83861 -101.848 160
2717511 32.6925 -102.919 211
2717212 32.72639 -102.933 188
2712909 32.75528 -102.536 n/a
2712201 32.84611 -102.55 150
2711605 32.83278 -102.641 116
2711320 32.84167 -102.651 n/a
2711206 32.84861 -102.67 159
. 2706512 32.93889 -102.296 160
B
£ 2705527 32,9225 -102.418 160
§ 2704518 32.93667 -102.575 155
% 2704505 32.94278 -102.563 168
° 2702908 32.91472 -102.791 190
2702811 32.90056 -102.795 180
2702507 32.92444 -102.795 165
2701910 32.89389 -102.902 180
2722303 32.73361 -102.276 110
2701908 32.88222 -102.902 250
2701706 32.88667 -102.974 262
2608522 3295111 -103.049 300
= 2353703 33.37583 -101.476 n/a
g 2353108 33.22 -101.487 100
g 2353107 33.225 -101.471 135
& 2344206 33.36111 -101.554 n/a
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4403406 31.94056 -101.74 53
4403404 31.95222 101712 35
4403102 31.95972 -101.733 90
_ 4402312 31.99028 101771 128
E 4402309 31.99083 -101.759 140
; 4402301 31.9775 -101.756 155
g 2862419 32.06306 -101.373 200
g 2861615 32.05111 -101.416 306
2860902 32.00222 -101.534 90
2860811 32.04083 -101.546 250
2860807 32.02944 101571 n/a
2859607 32.08083 -101.647 n/a
2853206 32.23833 -101.434 150
2846712 32.27889 -101.372 67
z 2846401 32.33222 -101.353 75
3 2845701 32.29 -101.497 84
g 2838701 32.41083 -101.346 120
E 2838401 32.42194 101371 100
2836702 32.38472 -101.618 30
2836601 32.42194 -101.542 136
2803303 32.98917 -101.667 60
2803201 32.97472 -101.687 50
2802207 32.96889 -101.83 80
2464904 33.02139 -102.033 70
2456601 33.16778 -102.039 82
2358504 33.04806 -101.816 75
2357803 33.02222 -101.929 80
2352502 33.18139 -101.576 80
‘g’ 2351301 3321111 -101.638 80
S 2350602 33.20556 -101.786 90
E, 2349103 33.21639 -101.981 100
2344104 33.37056 -101.602 90
2343901 33.28722 -101.653 n/a
2343407 33.31583 -101.729 124
2342403 33.32806 -101.854 n/a
2341603 33.325 4101911 145
2341205 33.34917 -101.948 171
2336806 33.37667 101567 218
2352703 33.1325 -101.598 155
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2704310 32.965 -102.513 n/a
2462903 33.02056 -102.292 n/a
2462202 33.1225 -102.293 165
2461704 33.02194 -102.462 186
2461703 33.01944 -102.468 165
2461503 33.04417 -102.434 150
2 2455802 33.14333 -102.198 n/a
§ 2455202 33.2375 -102.168 50
2 2454907 33.14861 -102.274 150
= 2454609 33.18333 -102.262 152
2453103 33.22778 -102.465 154
2446501 33.32722 -102.326 150
2706208 32.98194 -102.333 160
2463802 33.01528 -102.169 243
2447206 33.34361 -102.206 n/a
2447101 33.34056 -102.211 n/a
2703204 32.96472 -102.669 175
2701212 32.99111 -102.956 230
2701201 32.99 -102.943 222
2608205 32.96528 -103.062 260
2564201 33.09167 -103.062 n/a
2556503 33.18333 -103.053 180
& 2548803 33.26139 -103.058 60
5 2459502 33.05195 -102.698 126
= 2458504 33.04083 -102.815 300
% 2457304 33.11278 -102.889 n/a
= 2452703 33.16639 -102.613 n/a
2450406 33.18361 -102.851 195
2450404 33.18056 -102.857 196
2443402 33.31195 -102.733 145
2441101 33.34195 -103 200
2702105 32.97194 -102.844 187
2701210 32.99445 -102.939 261

The maximum contaminant level (MCL) and secondary MCL
were provided from the Environmental Protection Agency (EPA)
due to the Safe Water Drinking Act (SWDA) being constructed
in 1974. The average values of each parameter were evaluated
to determine the changes in groundwater levels over time, in
comparison to their respective maximum contaminant level
(MCL) or secondary MCL. Water level depths were provided from
the TWDB and were graphed with a linear regression line, making
it possible to show the trend from 1990-2020. Groundwater
quality from latest data of each contaminant and the depth of the
well from which the reading was taken was plotted together with

a linear regression line. The direction of the linear regression line
would determine whether the contamination was coming from
natural causes or anthropogenic processes. Interpretations were
made to determine the reason as to why some parameters were
experiencing values greater than their respective MCLs.

Results and Discussion

Arsenic is an inorganic, naturally occurring, toxic contaminant
which can be found throughout the environment. This element is
a metalloid with an atomic number of 33 and an atomic mass of
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74.92 grams per mole (g/mol). Its density is 5.72 grams per cubic
centimeter (g/cm3), making it denser than water which is 1g/
cm3. This contaminant occurs in four different oxidation states:
-3,0,+3,and +5. The EPA set the MCL for arsenic to 10 micrograms
per liter (ug/L) [28-31]. The effects of arsenic can vary in each
individual due to genetics, metabolism, diet, health status, sex,
and others [28]. The effects arsenic can have on oneself due to
intake or increased exposure has been studied in different parts
of the world, specifically in Asia and South America. These effects
included skin cancer, when groundwater that contained arsenic
was greater than 100ug/L, and dermatosis, when arsenic levels
were greater than 200ug/L [29]. Although arsenic is very toxic, it
has important uses in the creation of ammunition, car batteries,
special types of glass, and wood preservation. It is also used
extensively as a dopant to silicon to utilize its semi conductive

properties [30].

The Ogallala Aquifer in Texas shows exceeded levels of the
MCL for arsenic, primarily in the study area [31-33]. One reason
as to why the Ogallala has high levels of arsenic in this region is
because the average thickness of the formation is thin and does
not have a lot of area to dilute the contaminant [32]. Another
reason could be from the influence of the Dockum Aquifer that
underlies the Ogallala. According to Hudak [33], anthropogenic
factors are the main causes for arsenic contamination as the
concentrations were greater in the shallow Ogallala wells than
the deeper Dockum wells. Most of the study area is dominated by
agriculture, so pesticides and insecticides which contain arsenic
could be a large source for contamination (Figure 3). This does
not mean there is no sort of influence from the Dockum Aquifer
regarding arsenic, but it does conclude that it is not the main
source for arsenic contamination [31,33].

Figure 3: Aerial image for crop practices in the study area (Terry County, Texas; from Google Earth).

Most counties in this study exceeded their arsenic MCL.
Cochran and Garza were the only counties that did not exceed their
MCL for an extended period in recent years. Borden County had
one substantial spike in arsenic of 281ug/L in 2000, which could
be most likely due to precipitation. Contaminants can accumulate
on the surface or subsurface and if there is a substantial amount
of precipitation, a mechanism is provided for that accumulation
to penetrate the groundwater. Howard and Yoakum counties did
not exceed their MCL in the final year of data that was present of
8.5ug/L and 9.472ug/L, respectively. These high levels of arsenic
can have detrimental impacts, especially for cities in Glasscock

and Dawson Counties, as they had the highest values of arsenic in
the study. The counties of Garza, Yoakum, Howard, and Cochran
fell in the safe zone at least by 2012 and 2016, while the rest of
the counties were over the MCL for every year or most (Figure 4).

Lithium

Lithium is a naturally occurring, alkali metal that is found in
mineral and sea water, the tissues of animals, and constitutes about
0.0017% of the Earth’s crust [34,35]. There is currently no MCL
or secondary MCL in drinking water set by the EPA for lithium.
This element has an atomic number 3 and a molecular weight of

How to cite this article: Derek H, Joonghyeok H, Joon Kyu P, Chao D. E-plastic Waste: A Review of Waste Stream Management Challenges and
Opportunities for Environmental Sustainability. Int J Environ Sci Nat Res. 2023; 32(4): 556344. DOI: 10.19080/IJESNR.2023.32.55644


http://dx.doi.org/10.19080/IJESNR.2023.32.556344

International Journal of Environmental Sciences & Natural Resources

6.941g/mol. Lithium has a density of 0.534g/cm?, making it less
than water. When lithium is found in the Earth, it is typically found
in pegmatites [36]. Lithium can be found in 145 different minerals,
but it is obtained from only 5 minerals: lepidolite, spodumene,
amblygonite, petalite, and eucryptite, with spodumene being the
most common. Lithium can also be found in evaporite, geothermal
waters, and natural brines. These natural brine lakes can be found
in high concentrations in some South American countries and in
low concentrations in the United States and Tibetan Plateau [35].
Human organ tissues like the liver and the uterus contain trace
amounts of lithium, as well as erythrocytes.

It is used in many manmade products such as ceramics,
desiccants, grease, electronics, and batteries for electric vehicles,
laptops, and phones [37,38]. Rubber, pharmaceuticals, primary
aluminum production, and continuous casting are other products
that require lithium. USGS [38] also states that 40% of lithium is
used as lithium carbonate to create primary aluminum production,
continuous casting, ceramics, glass, and batteries. The demand

for lithium has increased 77% from 2009 to 2011 and will keep
increasing with electric cars and mobile devices continuing to be
more popular commodities.

A high intake in lithium can have adverse effects to the
physiological properties of animals. According to previous
research by Adeel et al. [36] conducted in the study area, most
of the wells sampled had lithium concentrations of 54ug/l, with
the rest being between 6 and 54ug/l. Previous research showed
Lithium concentrations in the Ogallala Aquifer [34-38]. These
concentrations tended to be greater in the Southern High Plains
than the Northern High Plains, with the exceptions of the cities
Lubbock and Amarillo, Texas. Moran et al. [37] also observed
how higher populated areas near Seoul, South Korea had higher
lithium concentrations than less populated areas, suggesting
anthropogenic sources are the cause for these high concentrations.
Although there is no MCL or secondary MCL set by the EPA for
lithium, the levels ranged from approximately 40 to 260ug/L in
2012 and 90 to 200ug/L in 2016 (Figure 5).

Arsenic
300
250
200
X
100
20
0
1990 1991 1992 1996 2000 2003 2004 2006 2007 2008 2012 2016
Year
Safe Tone —a— Borden ——a— Cochran —a— Dawson
Gaines —a— Garz ==g=-Glasmcock ==o-- Howard
==o=-Lynn ==o=-Terry ==o=-Yoakum

Figure 4: Historical analysis of Arsenic concentrations and EPA safe zone in the study area.

Hardness

There are mainly two dissolved cations that constitute to
the hardness of groundwater, calcium (+2) and magnesium
(+2), although other metals like aluminum, iron, and manganese
contribute to the hardness as well. No MCL or secondary MCL
exists for hardness. There are 4 general classifications of the levels
of hardness, these consist of 0-60mg/1 (soft water), 61-120mg/1

(moderately hard), 121-180mg/l (hard), and anything over
181mg/l1 is considered very hard. Water becomes hard generally
from dissolved ions from sedimentary rocks, like limestone and
chalk, and seepage and runoff from soils [39,40]. High levels of
hardness can cause health problems, but so can extremely low
levels, as one would not be receiving adequate amounts of calcium
and magnesium, which are essential for human life. Carbonate
aquifers, which contain limestone and dolomite, are filled with
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calcium and magnesium that can influence hardness levels.
The Edwards-Trinity (Plateau) aquifer underlies the Ogallala in
portions of the study area and is hydraulically connected with each
other. Appleyard et al. [40] also states how the hydraulic head of
the Edwards-Trinity Aquifer is greater than the Ogallala’s, causing

upward migration of saline water. Some of the consequences of
hard water result in scale deposits, staining of home appliances,
bad taste & odor, cloudiness or discoloration, low pH, and
corrosion in pipes [38,39]. More soap and detergents are required
to clean dishes and laundry when using hard water.
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Figure 5: Historical analysis of Lithium concentrations and EPA safe zone in the study area.

The health effects that occur from drinking water with a high
hardness are mainly due to the dissolution of salts in the water,
primarily calcium and magnesium. Heo et al. [41] conducted a
study which demonstrated Alzheimer’s disease being a potential
effect from high hardness. Aluminum is often presentin water with
high hardness and the risk of Alzheimer’s was 1.5 times greater in
areas when concentrations were greater than 0.11mg/L compared
to other areas with 0.01mg/L [40]. Eczema is a skin disease that
is believed to result partially from hard water, although there are
other extenuating circumstances that control this condition as
well. With that said, Howell [39] showed that eczema was more
frequent among people in areas with high hard water than areas
with softer water. Kidney stones consist of calcium, but there is a
weak association between that and hard water as there are many
other factors associated with kidney stones.

USGS [38] conducted a study for the state of Texas showing
hardness of groundwater. The northeast portion of Texas had the
lowest values of water hardness while the Southern High Plains
and Permian Basin had the highest values. The southern portion
of the Ogallala Aquifer fell victim to these high values of water
hardness, along with the Pecos Valley Aquifer. Figure 6 represents
the hardness where all counties exceeded the limit of 60mg/L,
which would categorize the water being “soft water”. All hardness

concentrations for every county exceeded the 181mg/L threshold,
making the groundwater very hard.

Total dissolved solids (TDS)

Total Dissolved Solid (TDS) is used to indicate the salinity of
water, but it is also a measure of the overall quality of water. The
secondary MCL for TDS is 500mg/l [42,43]. If the groundwater
has a concentration above this secondary MCL, one can expect
a higher hardness, colored water, staining, and a salty taste.
Freshwater has a TDS concentration range from 0-1,000mg/1, this
would include rainwater, surface water, and diluted groundwater.
When TDS concentrations range from 1,000-10,000mg/], it is
categorized as brackish water, which includes groundwater and
coastal marshes. TDS concentrations that range from 10,000-
100,000mg/1 is considered saline water, which includes sea water
and groundwater. Anything over 100,000mg/l is considered
brine water, which is observed in deep basin brines and saline
lakes. Potential sources that directly impact TDS concentrations
include industrial discharges, sewage, fertilizers, road runoff,
and soil erosion [44,45]. Not only is it pivotal to stray away from
substantially elevated TDS concentrations but it is also desirable
to not have excessively low concentrations, as it will not contain
the desired amount of necessary nutrients.
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Figure 6: Historical analysis of Hardness concentrations and EPA safe zone in the study area.

Figure 7: Aerial image for oil and gas expansions in our study area (Howard County, Texas).

According to Chaudhuri & Ale [46], elevated total dissolved evaporites. The Dockum Aquifer exhibits a wide range of TDS
solids (TDS) concentrations in the research area can be attributed  concentrations, varying from 1 to 35,000mg/l within the study
to factors such as the application of mineral fertilizers and the area. Mehta et al. [44] suggests that other possible sources of
presence of bedrock units like the Dockum Aquifer and Permian  salinity include brine pits from old oil and gas wells, and the
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upward movement of oil and gas from wells that were not
properly plugged (Figure 7). The rise in solute levels in shallow
groundwater can be attributed to evaporation, with the occasional
flushing of salts by irrigation water playing a significant role in
elevating salt concentrations as one of the primary mechanisms
[45,46]. The Southern High Plains raises greater concerns
compared to the Northern High Plains since a significant majority
(84%) of the recorded observations surpassed the brackish water
threshold of 10,000mg/L. The Northern High Plains generally had

TDS concentrations of less than 400mg/l, but a saline plume is
presentalong the northeastern margin of the Southern High Plains,
which could cause salt concentrations to rise in the surrounding
area. It was also noticed that the quality of groundwater declined
in shallower observations as opposed to deeper ones, indicating
that the primary origin of contamination is predominantly from
the surface rather than from deep within the subsurface. A
secondary MCL of 500mg/L was established for TDS, and none of
the counties succeeded in meeting this threshold. (Figure 8).
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Figure 8: Historical analysis of TDS concentrations and EPA safe zone in the study area.

Groundwater parameter and depth correlations

Higher concentrations of contamination were observed
closer towards the surface for the parameters of arsenic,
lithium, hardness, and TDS. Many studies confirmed that these
higher concentrations at shallower depths are the result of
contamination by natural and anthropogenic sources occurring at
the surface [15,39,46]. Irrigation, fertilizers, and oil field brines
are the main culprits of anthropogenic processes that cause such
contamination from the surface [47]. This does not mean there is
no influence from underlying geologic formations. For example,
the Permian evaporites are a source of influence as upward
hydraulic gradients are intensified due to pumping of the Ogallala,
which brings solutes from these underlying formations and mixes
with the Ogallala [15,39]. Hardness tends to be greater when
there is a hydraulic connection between a carbonate aquifer and
another, like the Edwards-Trinity (Plateau) and Ogallala Aquifers
for example. pH levels can be influenced from both surface and
deep sources of contamination. Anthropogenic sources such as

mine wastes, power plants, industrial effluents, etc. are potential
sources that influence pH levels from or near the surface. Geologic
units that have basic properties and are hydraulically connected
to an aquifer is a potential source that influences pH levels from
deep in the subsurface [42]. Lithium concentrations tended to be
greater in the Southern High Plains but also near largely populated
cities such as Amarillo and Lubbock, Texas. Lithium might not only
be influenced from natural sources like pegmatites or brine lakes
that can occur deep in the subsurface but also anthropogenic
sources that occur at the shallow sections.

In the research area, located in the Southern High Plains, the
well depths tend to be shallower because the Ogallala gets thinner
towards the south. The Northern High Plains have deeper wells
due to the increase in Ogallala thickness. Water quality tends to
diminish in the Southern High Plains compared to the Northern
High Plains [33]. A study conducted by US DOE [47] measured
the depth of 597 wells, with the minimum being 30 feet, the
maximum being 900 feet, and a median depth of 280 feet. Most
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wells in the Southern High Plains were categorized in the 30-200
feet range with some being 201-400 feet deep. All the well depths
that ranged from 401-900 feet were north of the study area.

In order to understand the change in water levels occurring in
the study area, relationships between water level and time were
displayed. The data for the water depths ranged from 1990 to
2019 or 2020, depending on data availability, for all counties in
the study area. All water levels are demonstrated by the blue line
with the black line representing the trend. Every county displayed
a decreasing trend, with Borden and Garza Counties having the
shallowest and Gaines County being the steepest. This downward
trend suggests the discharge rate is greater than the recharge rate.

To gain a better understanding of the relationship between
depth and groundwater quality, the correlations between these
two parameters were graphed to investigate whether the source

of contamination originated from surface sources or underlying
geological formations. The data from 2016 for each county, except
for Glasscock, Borden, and Howard Counties as the latest data
were from 2012, were used because it was the latest data available.
Garza County was not able to be used for this portion of the study
because of no known depth for the wells that had data in 2016.
Groundwater contamination should be worse in shallower wells
compared to deeper wells because of human impact that occurs at
the surface [15]. To strengthen this argument, a linear regression
line was determined and depicted on a graph to investigate the
extent to which the data in this study exhibited conformity to the
claim. The collected data in the study demonstrates a decreasing
linear regression pattern for all parameters. This finding strongly
suggests that the contamination source is predominantly from the
surface rather than the underlying formations (Figure 9).
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Figure 9: Relationship between groundwater quality and well depth of (a) arsenic, (b) lithium, (c) hardness, and (d) TDS for our
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Conclusion

This study evaluated the groundwater quality of Cochran,
Yoakum, Terry, Lynn, Garza, Gaines, Dawson, Borden, Howard,
and Glasscock counties from approximately 1990 to 2016. All
counties faced high concentrations of groundwater pollution for
most parameters where the majority of counties fell within the
MCL set for the specific contaminants. Based on the standards
defined by the EPA, water would be considered overall unsafe to
drink in the majority of counties, without any filtering method,
when examining the most recent year of data for each county.
Human activities can be attributed as the main contributors to the
elevated levels of groundwater contamination, with a moderate to
substantial level of responsibility. This does not rule out the fact
that there are some naturally occurring reasons as to why there
are elevated levels of groundwater contamination.

Statistical methods were proven useful in evaluating datasets
with information of different sizes. Borden, Dawson, and
Glasscock counties faced the greatest amounts of groundwater
pollutants. The importance of this study lies in its focus on the
increased concentrations of groundwater contamination in the
Permian Basin and Southern High Plains region. Historical data in
each county shows how groundwater contamination has changed
over time and suggests why some years had higher concentrations
than others. This research focuses on anthropogenic and naturally
occurring sources for each of the parameters, whether it be oil/
gas activity, agricultural practices, or underlying bedrock that is
hydraulically connected to the Ogallala, for example. In order to
increase the efficacy of this study, continued research in the study
area and further up-to-date data would present more accurate
trends of how groundwater quality is responding with increasing
development.
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