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Abstract

Water chemistry data (1965-2015) from the Chicot and Evangeline aquifers in Nueces and Kleberg counties of Texas were
analyzed to assess the hydrogeochemical processes based on variations in ion concentrations affecting groundwater
salinity levels in those coastal aquifers. A further aim of this study was to identify a proxy using major-ion concentrations
to predict groundwater salinity. Correlation analysis suggests that the hydrogeochemical processes operating in these
aquifers differ significantly. In principal component analyses, the first three principal components explain 91% and 94.8%
of the total variabilities of the variation of groundwater chemistry in the Evangeline and Chicot aquifers, respectively. The
rotated factors (factors 1, 2, and 3) using the varimax rotation method implied that depth control and salinity variations
predominantly cause the highest variabilities in water chemistry in the Chicot and Evangeline aquifers in the study area.
Results showed depth control on water quality parameters was more pronounced in the Evangeline aquifer compared to
the Chicot aquifer. Stepwise elimination of the least significant predictors to identify the proxy for groundwater salinity
revealed chloride (Cl) could be the most significant predictor to estimate groundwater salinity variations in both aquifers.
However, regression models generated from 75% of the training datasets predicted total dissolved solid (TDS) variations
with 78% and 43% accuracies in Chicot and Evangeline aquifers, indicating that Cl can be considered the proxy for the
Chicot aquifer only but not suitable for the Evangeline aquifer in the study area.
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1 Introduction

Groundwater, one of the most important drinking water resources worldwide, is threatened by contamination from
different natural and anthropogenic activities. For instance, saltwater intrusion, the movement of saline water into
freshwater aquifers, can contaminate and render groundwater resources unsuitable for drinking, agriculture, and
industrial uses and also can negatively affect aquatic biota and organisms [1]. Irreversible ecological changes and
economic losses are the far-reaching consequences of the increased salinities in many coastal environments. This
type of contamination can be the result of a combination of different factors acting simultaneously or individually,
such as groundwater overdraft (i.e., withdrawals exceeding the available resources or safe yield), disposal of oil field
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brines and/or surface infiltration from storm surge events or leaching of salts from soils (i.e., in semi-arid and arid
environments) [2].

The study area, which was the focus of this investigation, lies in Nueces County and a small portion of Kleberg County
and extends from 27.38° to 27.98° N latitude and from — 97.20° to — 97.94° E longitude (Fig. 1a).

The geographic location of the study area, including its proximity to the Gulf of Mexico, significantly influences its cli-
mate [3]. Short and longer-term climate events such as El Niflo/Southern Oscillation (ENSO) change precipitation patterns
and exacerbate drought conditions in Texas [3]. Under the current climate change conditions, coastal water resources
will be at risk due to the combined effects of saltwater intrusion due to the fall of groundwater levels, the contemporary
rise of sea levels, and predicted declining rainfall rates in the region [4]. Freshwater discharge to the sea occurs mainly
from coastal riverine sources and submarine groundwater discharges (SGD). For instance, in Coastal Florida, southerly
winds are more pervasive, and coastal waters are observed to advance inland (i.e., bay waters) during the dry season
months when riverine discharge rates are generally extremely low [5].

Cenozoic sediments that underlie the coastal plain of Texas are thousands of meters thick near the coast [6]. The shal-
lowest coastal aquifers are in close contact with surface water drainage features. Haley et al. [7] reported that exploration
of petroleum and groundwater coupled with the vertical movements along growth faults might increase land subsid-
ence in the Texas Coastal Bend areas. Therefore, the depth and thickness of the hydrostratigraphic units vary within
short distances in the study area. Regionally, the major aquifer system of interest consists of the following stratigraphic
units of Cenozoic age in ascending stratigraphic order: (a) Catahoula confining system (restricted), (b) Jasper aquifer, (c)
Burkeville confining system, (d) Evangeline aquifer, and (e) Chicot aquifer (Fig. 1b). The Gulf Coast aquifer in the study
area consists of interbedded sand, silt and clay materials [8]. Quartz arenite is the predominant sandstone category in
the northern part, whereas arkosic sandstone and greywacke sandstone, with a significant proportion of feldspar and
rock fragments, are present near the southern part of the Central Gulf Coast Aquifer [9]. Large amounts of orthoclase,
plagioclase, and volcanic rock fragments were reported in the Goliad Formation of the Evangeline aquifer towards the
south adjacent to the San Patricio-Refugio County line [10]. In the Nueces and San Patricio counties and their close vicini-
ties, the sand fractions of the Chicot and Evangeline aquifers can be as high as 60% [11]. Earlier studies reported that the
cation exchange capacity is significantly high in fine-grained materials such as clay and organic matter [12]. The surface
soils of Nueces and San Patricio Counties are mostly Clay-rich sediments [11]. Therefore, the groundwater chemistry in
the study area is partially controlled by the soil materials near the outcrop areas. Soil RF [13] reported three small salt
diapirs within the Miocene-Pliocene sediments in adjoining areas at a depth of 850 and 1000 feet (ft) below the land
surface, which are overlain by gypsum-anhydrite, sulfur, and limestone caprock. The limestone layer grades downward
into a thin anhydrite deposit. The Gulf Coast hydrostratigraphic units show significant spatial variation in thickness
and depth. These disparities can cause hydrogeochemical dissimilarities between the aquifers or even within the same
aquifer system. Therefore, factors that may directly and/or indirectly control groundwater composition include aquifer
mineralogy and its capacity to buffer ion concentration changes, aquifer hydraulic characteristics, rates and types of
chemical reactions, mixing of water from different sources, groundwater residence time, retention of residual connate
water, climate conditions and soon [8, 9, 12].

Low permeability zones, which contain naturally high solute concentrations, are in the aquifers toward the southern
portion of the south Texas region. High evaporation and low precipitation rates are also responsible for higher dissolved
solid concentrations in surface and groundwater in those semi-arid regions [14]. Consequently, abundant good-quality
water is not readily available throughout the South Texas coastal area. Previous studies conducted by the U.S. Geo-
logical Survey (USGS) and others have indicated a significant increase in the concentration of dissolved minerals in the
lower Nueces River between Mathis and the Calallen Saltwater Barrier Dam. The purpose of constructing the saltwater
barrier dam was to prevent saltwater intrusion from Nueces Bay into the Nueces River through the surface water, for
example, during tropical storm surge. Furthermore, high rates of saline submarine groundwater discharge (SGD) have
been reported for Nueces Bay [15]. Various natural and anthropogenic factors simultaneously contribute to high salin-
ity levels in Texas aquifers, common in many semi-arid regions [14]. In such areas, irrigation and intermittent increased
precipitation events enhance the leaching of accumulated solutes from soils and shallower groundwater to the deeper
aquifers and the surface water [14, 16-18].

Therefore, the main objective of this research was to assess how the hydrogeochemical processes operating in these
two aquifers differ based on variations in ion concentrations, ultimately affecting groundwater salinity in the Chicot and
Evangeline aquifers in the study area. This provided valuable information to characterize individual aquifer systems in
the subsurface environment. A further aim of this study was to develop a proxy method using major-ion concentrations
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Fig. 1 a Map of the water
sampling locations (well IDs
shown) in the study area, and
b vertical litho-stratigraphic
cross-section perpendicular to
the Gulf Coast [3]
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and water type to predict total dissolved solids (TDS), considering an indicator of groundwater salinity using regression
analyses.

Times series analysis, multivariate statistics, artificial intelligence techniques, and other statistical methods have been
applied for environmental and biological investigations such as hydrology/climatology, biological, bio-medical, and
genetic studies, and coastal vulnerability to sea level rise predictions [19-26]. Multivariate statistical analyses were applied
in the past to delineate spatial- and depth-variation of water chemistry in the central Canterbury plains [27]. Multiple
Regression (MR) analysis was used to predict groundwater level changes with satisfactory results [28]. Missing water
chemistry data values often make the modeling tasks unreliable, mainly when a data set is composed of many variables
and seemingly small percentages of missing data for different sampling events/observations for different variables cumu-
latively affect the data set. This may require discarding a large amount of available data from the datasets [29]. Several
well-established techniques to address this exist, such as case-wise deletion, standard iterative and non-iterative miss-
ing data imputation methods, and modern machine learning techniques, are frequently used. Suitable techniques are
chosen depending on the degree of linearity among paired variables, normality of datasets, and percentage of missing
data, targeting to reduce the mean square error (MSE) [29].

2 Data and methods

Annual dry period water chemistry data were collected from the Texas Water Development Board (TWDB) website,
available at http://www.twdb.texas.gov/groundwater/data/gwdbrpt.asp, and consisted of 121 individual measurements
collected between 1965 and 2015 from the Chicot aquifer at depths 35-491 feet, and in Evangeline aquifer at 181-1258
feet. Annual water chemistry data such as major ions, including dissolved silica, and physicochemical parameters were
considered for statistical analyses for nine wells from the shallowest Chicot aquifer and twenty-one from the Evangeline
aquifer, directly overlain by the Chicot aquifer. In the study area, more frequent and severe droughts were reported after
1977, which affected more than 25% of the region noticeably in 1979, 2006, 2009, and 2011 [30]. This, along with a change
in irrigation pattern and recent high groundwater pumping rates, impacted the groundwater level and altered the local
groundwater flow direction. Therefore, considering the annual fluctuation of groundwater level in the time series plot,
water chemistry data of the Chicot and Evangeline aquifers were split into two sets: pre-1977 and 1977-2015. Four rep-
resentative samples were chosen for each individual well, two of which were taken from individual sub-groups (pre and
post-1977) to keep the dataset balanced to minimize bias in the analysis. This study did not consider wells with excessive
missing data (i.e., > 40%) for the water chemistry parameters. Groundwater physicochemical parameters considered for
this study were pH, Electric conductivity (EC), and Total Dissolved Solids (TDS). Statistical analyses were made on most
of the major ions, including Calcium (Ca), Magnesium (Mg), Sodium (Na), Potassium (K), Bicarbonate (HCO;), Sulfate
(SO,), Chloride (Cl), Fluoride (F), and Nitrate (NO;). Missing values for F and NO; (less than 10% of the total dataset) were
imputed using the linear interpolation technique.

The most efficient way to measure salinity and its units has been a matter of debate in the past few decades. TDS can
be used as a salinity indicator but needs to be measured very cautiously to achieve maximum accuracy and precision
with highly sensitive instruments. Alternatively, it has been suggested that the electric conductivity measurements be
utilized and multiplied by the appropriate correction factor to obtain the required TDS [31]. There is unreliability about
the complete accuracy of all available EC measurements in the TWDB database (Source: http://www.twdb.texas.gov/
groundwater/faqg/faggwdb.asp). However, Pearson correlations showed that the available EC dataset perfectly correlated
with the TDS values; hence, EC was excluded from the subsequent statistical analyses.

Correlation, principal component analyses (PCA), and regression analysis for Chicot and Evangeline aquifer samples
were conducted separately using 37 and 84 groundwater samples in each subset. No significant temporal differences
were noticed in water chemistry for most of the wells in the individual aquifers. The Pearson correlation aims to quantify
the strength of the linear relationship between the paired variables. Pearson correlations were used to determine the
major ions, which strongly correlated with the observed variation of TDS and among individual ion pairs. Therefore, it
provided information to assess the geochemical environment and possible sources of groundwater contamination based
on the magnitude and direction of the correlation coefficients. The PCA is an unsupervised method that does not consider
any dependent variables. Good correlation strengths among the variables allowed conducting the PCA to assess the
major components contributing to the highest variabilities within the dataset. Individual PCAs were run for the available
measured variables for the Evangeline and Chicot aquifer. Rotated factors were used to visualize and comprehend the
first three principal components using the varimax rotation method. Results showed that the predominant principal
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components indicate subsurface stratigraphy where depth relation can be explained for different ion concentrations. The
other major principal component indicates the variation of salinity within the groundwater system. PCA results suggest
that the depth control and salinity variations predominantly cause the highest variabilities within the datasets for the
Chicot and Evangeline aquifers in the study area.

Therefore, in the subsequent stages, regression analysis was conducted to generate models to predict the depth
control on aquifer hydrochemistry considering depth as the dependent variable and then the influences of the ion
concentrations on the variations in groundwater salinity (where salinity is the dependent variable) within the individual
aquifers. Finally, the regression analyses were conducted to develop a proxy method using major-ion concentrations to
predict groundwater salinity in the Chicot and Evangeline aquifers through a stepwise process of elimination using the
least number of variables within the datasets.

The depth control in aquifer hydrochemistry was assessed using Tukey lines, taking both aquifer and depth as classes.
The preliminary multilinear regressions were run for the following variables to model their variations with depth.

Model : TDS, pH, Na, K, Ca, Mg, CI, F, SO,, HCO;, NO, Silica = f(depth) M

Taking the TDS (salinity indicator) values as a dependent variable, forward and backward multiple regression models
were run to determine the relative influences of major ions on the observed TDS values.

Model : TDS = f (Na, Ca, Mg, K, Cl, F, SO,, HCO5, NOs, Silica) 2)

Individual data values were treated as outliers if those were three standard deviations above or below the mean values.
Variables that showed significant outliers were log-transformed to prepare for the multiple regression models. Minimal
and full models were run to identify the significant variables for predictions.

Regression models were calibrated between TDS and one of the most significant multiple regression model-derived pre-
dictors by separating 75% of the dataset in a training set and the remaining 25% in a testing set to assess the performance
of the models. At first, point estimations were conducted to predict each sample using the following equation,

Y = Bo+ B1.X 3)

whereY is the target variable, X is the predictor variable, Bo is the intercept parameter, and 7 is the slope parameter.

Later, to estimate the precision of each prediction, the 95% confidence interval (significance level, a=0.025) was used
to derive the upper and lower bounds for every model prediction of the testing set. If the quantile-quantile (Q-Q) plot
and Shapiro Wilk normality tests did not support the normality of the data distribution for the predictor in the aquifers
in both training and testing sets, bootstrapping was used by resampling 5000 times with a 95% confidence interval.
Hypothesis tests were carried out to see the differences in mean between those two training and testing datasets. Finally,
the accuracy estimation for the model predictions provided clues to assess the suitability of considering the predictor(s)
as a proxy for salinity estimations in the Chicot and Evangeline aquifers.

3 Results and discussion

In the Chicot and Evangeline aquifer, post-1977 samples showed significant spatial variations of major ion concentrations
based on the Tukey lines and P values of statistical significance (p <0.05). However, individual wells showed no notice-
able temporal variations between the pre and post-1977 samples. The distribution of the mean values of the major ion
concentrations and associated parameters are shown in Figs. 2 and 3 below.

3.1 Pearson correlations among major ions and TDS

Correlation coefficients of the water chemistry parameters for the Chicot and the Evangeline aquifers are shown at 0.05
significance level (Fig. 4a and b). Groundwater samples from both aquifers showed a strong positive correlation of TDS
with Na, SO,, and Cl ions. However, an inverse relation of TDS was observed with the HCO; and silica concentrations in
the Chicot aquifer. Moreover, a relatively weak correlation of Ca and Mg with the groundwater TDS indicates that the ion
exchange process replaces Ca, resulting in an immobilization of Ca ions and a concomitant increase of Na concentra-
tions in the Chicot aquifer. These results conform to the findings by Chowdhury et al. [9]. Uddameri et al. [32] stated that
the source of calcium in the Chicot aquifer is partly from the overlying caliche deposits. A moderately strong negative
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Fig.2 Spatial distribution of groundwater sampling depth and water chemistry parameters (mean values) in the post-1977 dataset in the
Chicot aquifer

correlation between TDS and HCO; in the Chicot aquifer might result from secondary carbonate precipitation, which
was not noticed in the Evangeline aquifer.

The correlation strength between SO, and Cl is significantly higher in the Chicot aquifer (0.85) than in the Evangeline
aquifer (0.47). A strong correlation of SO, and Cl with TDS in the aquifers indicates the major contributors of groundwater
salinity in the study area, consistent with the study findings in the arid Maadher region of Hodna, northern Algeria [33].
In most groundwater systems where Cl is the dominant anion, Na is the predominant cation [34]. The strong correlation
between sulfate and chloride might result predominantly from saltwater intrusion, high evaporation, anthropogenic
contributions, and sulfate mineral dissolution, consistent with the results from the Suruliyar sub-basin in Tamil Nadu,
India [35].

In the Chicot aquifer, groundwater pH showed a weak to moderate inverse relation with dissolved silica and Ca concen-
trations. However, it was not noticed in the Evangeline aquifer. Although Ca and Mg showed a strong positive correlation,
no correlation was observed with the corresponding anion, HCO;, in the Chicot aquifer. In contrast, Ca and Mg showed
a relatively strong positive correlation with HCO; and Cl ions in the Evangeline aquifer. The aquifers in the study area are
siliciclastic in nature with high sand fractions. Therefore, the possible source of HCO; in the groundwater system is the
degradation of sedimentary organic matter within the subsurface environment and partially by the chemical reaction
of CO, and precipitated water near the outcrops [36, 37].

A weak positive correlation was noticed between pH and Na with F ions in both aquifers. Besides, a moderately strong
negative correlation (- 0.66) was observed between F and Ca in the Chicot aquifer, providing evidence of the minor
dissolution of fluoride-containing minerals under a slightly alkaline environment. This result is consistent with a study
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Fig. 3 Spatial distribution of groundwater sampling depth and water chemistry parameters (mean values) in the post-1977 dataset in the
Evangeline aquifer

by Uddameri et al. [32]. Like the Chicot aquifer, no significant correlations are noticed for the Ca-F and Mg-F pairs in the
Evangeline except HCO;-F, which shows a weak positive correlation. Some physicochemical properties, such as high
pH, Na, K, and Cl concentrations, relatively low total dissolved silica, and Na/Cl molar ratios > 0.84 in four Chicot aquifer
samples, indicate the possibility of seawater intrusion. Baker [38] proposed that growth faults have become barriers to
fluid flow or conduits for cross-formational flow in some adjoining areas. The mass concentration of Cl/SO, and ClI/Na
indicates the possibility of mixing water through a cross-formation flow via faults/fractures.

Overall, the unique differences in the relationships among TDS, Na, SO,, and Cl ions with HCO; and dissolved silica
concentrations, pH with silica and Ca ions, and bivalent Ca and Mg with HCO;, Cl, and F ions indicate the geochemical
processes at Chicot and Evangeline aquifers are not similar.

3.2 Principal component analyses and rotated factor pattern

PCA was run to reduce the dimensionality of the dataset containing the variables being considered and to extract the
common underlying factors contributing to the highest variability within the datasets. The eigenvalues for the correla-
tion matrix were calculated to total 15, of which the first three principal components explained about 91% and 94.8% of
the total variabilities within the dataset in the Evangeline and Chicot aquifer, respectively.

In factor 1 versus factor 3 in the Evangeline aquifer, strong positive loadings were noticed for TDS with Na, SO,, and
Clions, indicating similarity in attributes of those variables and effects of non-carbonate minerals in the groundwater
environment (Fig. 5a). This result is consistent with the correlation analysis results in the previous section. The first
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PC suggests that high values of TDS are affected mainly by the given major ions in the Evangeline aquifer. The strong
negative association of bicarbonate with the groundwater pH indicates the neutralizing effects of the newly recharged
rainwater containing a relatively low pH level.

Almost identical and high loadings for the Na, Cl, and SO, in the Chicot aquifer imply common and significant sources
of water salinization at a relatively higher depth close to the Nueces Bay area (Fig. 5¢c). These relations also indicate pre-
dominantly non-carbonate hardness in the Chicot aquifer. Chaudhuri and Ale [39] reported that deep regional groundwa-
ter circulation resulted in a minor dissolution of fluoride minerals (such as muscovite, biotite, and fluorapatite), ultimately
releasing F ions in the deeper part of the reservoir. A slight deviation and relatively weak loadings for F suggest that it
contributes less to the groundwater salinity in that aquifer. In contrast, strong negative loadings were noticed for HCO,
but relatively weak loadings were seen for NO; and pH levels that were not observed in the Evangeline water samples.
The strong positive loadings for the Ca and Mg in the Chicot aquifer indicate a possibility of weathering of the carbonate
minerals. Multiple sources cause the spatial and depth variations of SO, and Cl in the study area, including anthropo-
genic sources such as agricultural wastewater and industrial effluents and natural sources, including saltwater intrusion
and release of SO, from oxidation of gypsum-anhydrite minerals in the reservoirs. Along with some of these common
sources, the dissolution of albite and some mica causes an increase in Na concentration in the aquifers. Chowdhury
et al. [9] reported evidence of recent salinity intrusion based on analyzing distinctive chemical fingerprints and high Br
concentrations in several wells in the Nueces and Kleberg counties, consistent with these results.

Factor 1 versus factor 2 and factor 1 versus factor 3 indicate depth relationships in the Evangeline and Chicot aquifer,
respectively (Fig. 5b and d). A moderately strong positive loading was noticed for SO, in Evangeline but for F concentra-
tions in Chicot aquifer samples. The inverse loadings for NO; with water table depth in both aquifers indicate anthropo-
genic sources of pollution (e.g., agricultural practice and farming) at the recharge areas. In both aquifers, HCO,, Ca, Mg,
and NO; showed negative loadings as a function of progressive depths. The higher concentrations were noticed near the
Mathis and Calallen dams towards the north at the shallowest depths in both aquifers. High silica at shallower depth in
the Chicot aquifer indicates the dissolution of aluminosilicate minerals (e.g., feldspars and mica) with recent infiltration
of rainwater at the shallower portion of the aquifer. Previous studies showed that fluctuations in groundwater level are
relatively higher in the Evangeline aquifer (standard deviation 9-16 feet) compared to the Chicot aquifer (standard devia-
tion 2-6 feet) in the study area [37]. The degrees of groundwater level fluctuations at those two aquifers also contribute
to the water chemistry variations in the study area (Fig. 5).

Based on these observations, it is apparent that the depth relations to major ion chemistry and major ion contributions
to the variations of groundwater salinity level differ noticeably between the Chicot and Evangeline aquifers. Therefore,
the PCA results imply that the geochemical environments vary, and the sources of high groundwater salinity differ in
these aquifers to some extent. Considering the above, the depth control on groundwater chemistry and its relation to
salinity are discussed in detail in the subsequent sections.

3.3 Depth models using linear regression

A high sedimentation rate and the presence of growth faults are responsible for the significant variation of depth and
thickness of the major hydro-stratigraphic units that influence the hydrogeochemical characteristics of different aquifers
or even within the same aquifer system in the study area [7, 9, 32, 37, 38].

Significant depth relations were observed for the groundwater TDS, Ca, Na, HCO;, SO,, NO;, and F in Chicot and Evan-
geline aquifers using all available wells in the study area. Unlike the Chicot aquifer, depth variations were also noticed
for pH, Mg, and Clions in the Evangeline aquifer. Table 1 shows the depth differences in the water chemistry, based on
the Tukey lines and p values < 0.05) for the Chicot and Evangeline aquifer water samples. The results showed that depth
control for most ions is more prominent in the Evangeline aquifer than in the Chicot aquifer samples.

The depth relation of the concentrations of major ions and TDS in Evangeline aquifer water samples for the available
wells at specified depth ranges are shown in Fig. 6 below. Relatively higher fluctuations of groundwater levels were
noticed in several wells within high pumping areas and are located close to the Nueces Bay or near the surface outcrops
of the aquifer. It affected groundwater chemistry, including TDS, by leaching accumulated solutes from soils, changing
the groundwater redox environment, and rock-water chemical reactions within the same depth intervals. Therefore,
excluding the groundwater well measurements containing significantly higher fluctuations, the relevant best-fitted
depth models for the Evangeline aquifer samples are shown in Fig. 7 below.

The model used to predict the variations of water chemistry in Chicot and Evangeline aquifers as a function of depth
is provided in Eq. 1 in the method section. The depth models for TDS, Na, K, HCO;, NO;, and SO, in Evangeline aquifer

@ Discover



Research Discover Water (2024) 42 | https://doi.org/10.1007/543832-024-00055-3
(a) Rotated Factor Pattern (b) Rotated Factor Pattern
10 TDs  Sodium 1.0 Sodium
4y Sulfate Sulfate I'\ A
J |
0.8 Fluoride I,'/f\ 0.8 Fluoride | )
I chloride Al Chloride
0.6 Depth 0.6 Depth
e —_
:?, 0.4 :r\, 04 -

) i 3 alcium
- 02 Calcium o 02 el
) Magnesium L e
-~ 00 Bicarbonateé—; S o ~ 00 s
= - N = Magnesium
[e] . / > o >
0 02 Nitrate < 3 02 Nitrate Bicarbonate
© ©
L. w

-0.4 -0.4
-0.6 -0.6
-0.8 -0.8
-1.0 -1.0
-1.0 -08 -06 04 -02 00 02 04 06 08 1.0 10 08 -06 -04 02 00 02 04 06 08 10
Factor 3
Factor 2
(c) Rotated Factor Pattern (d) Rotated Factor Pattern
1.0 Sodium TDS 1.0 Chloride TDS
Sulfate !\ rChIoride Sulfate F\
0.8 0.8
Sodium
0.6 0.6
~ 0.4 . 04
N X
. =)
g o2 Depth_Fluoride Calcium 3 o2 Calcium Fluoride Depth
g -~ Magnesiu
~= -
§ 0.0 Magnesium ° 0.0
1) L Nitrate - :
& -0.2 pH lsmca S 02 Nitrate oH
w
0.4 Bicarbonate -0.4 -
Silica
-0.6 -0.6
-0.8 -0.8 Bicarbonate
1.0 -1.0

-1.0 -08 -06 -04 -02 00 02 04 06 08 1.0
Factor 2

-1.0 -08 -06 -04 -02 00 02 04 06 08 1.0

Factor 3

Fig. 5 Rotated factor patterns represent the standardized loading scores for the groundwater dataset in a, b Evangeline and ¢, d Chicot
aquifers

were found statistically significant (p-value < 0.05) with weak to moderate explanatory power (for SO,: R?=65%, HCOj;:
R?=48%, TDS: R*=57%, Na: R*=52%, NO: R?=58%, and K: R?=48%). Models indicate a gradual increase of TDS, Na, and
SO, and declination of HCO; and K at higher depths in the Evangeline aquifer samples (Figs. 6 and 7). As mentioned
in the previous section, the high concentrations of SO,, Na, and Cl at greater depths in the aquifers might be of both
natural and anthropogenic origin. The concentration of K is low in both aquifers because of the relatively slow chemical
weathering of K-bearing minerals in the reservoirs. However, the minor dissolution of K-feldspar and illite through the
recharge zones increases the pH level and the concentrations of dissolved K in the shallower portion of the aquifer, which
resulted in inverse depth relations in the Evangeline aquifer (Fig. 5a).

In the Chicot aquifer, the linear depth model for F was found statistically significant with high explanatory power
(R*=86% and Mean Square Error 0.15). The causes of slightly higher F in the deeper part of the Chicot aquifer might
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Table 1 Depth differences
of water chemistry during
post-1977 in the Chicot and
Evangeline Aquifers

Variables Chicot aquifer Evangeline aquifer
depth difference (p value) depth difference (p value)

pH 0.36 0.014

TDS 0.034 <0.0001

Silica 0.031 -

Ca - 0.0002

Mg 0.72 <0.0001

Na 0.047 <0.0001

HCO, 0.0015 <0.0001

SO, <0.0001 <0.0001

a <0.0001 0.001

NO, 0.014 0.001

F 0.0001 -

P-value < 0.05 represents significant differences in concentrations as a function of depth
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result from the minor dissolution of fluoride-bearing minerals and the release of pore water from compacted clay
layers through land subsidence. Groundwater availability models (GAM) based on field and lab-based data showed
that land subsidence and compaction ultimately released connate water from the interbedded clay layers into the
Chicot aquifer [9, 40, 41]. Furthermore, those studies reported a slight increase in groundwater salinity in areas where
no significant mixing of the expelled fresh connate water within the aquifer happened. However, due to the release of
water through a slow diffusive mechanism, including an alteration of the natural hydraulic gradient, which ultimately
captured more fresh water from the outcrop, no noticeable increase in salinity was observed in some other areas.
On the other hand, ions such as NO;, HCO;, and dissolved Silica models showed a decreasing trend with progres-
sively greater depths at a high statistical significance. Relatively higher silica at the shallower depths results from
chemical reactions of aluminosilicates with rainwater near the outcrop areas. The depth models for the rest of the
parameters in the Chicot aquifer were statistically non-significant. The lack of a well-defined depth relationship
between TDS and the rest of the major ions in the Chicot aquifer might be due to the variation of aquifer depth
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within short intervals and high salinity of groundwater from multiple sources, including salinity intrusion, rock-water
interactions, and different anthropogenic sources of contamination.

A decrease of HCO; along the progressively greater depths was noticed in these aquifers, which conforms with a study by
Gao et al. [42] in sand-gravel confined aquifers in the Songnen Basin of China. The gradually lower concentrations of NO; in
both aquifers are associated with a relatively reducing environment at progressively greater depths.

Overall, the differences in the well-defined depth relations between the aquifers, more specifically, the lack of model’s
significance for TDS in Chicot aquifer, and most of the major ions except F, NO;, HCO;, and dissolved silica imply that the
sources of salinity and the geochemical processes within the vertical profile along the groundwater flow paths are dissimilar
within those two aquifer systems. Multiple factors simultaneously contribute to the variations in water chemistry between
the Chicot and Evangeline aquifers in the study area. The major causes include longer groundwater travel paths from the
outcrops, lower fluid flow rates [43] and a hence longer residence time in the Evangeline aquifer, heterogeneity in aquifer
mineral composition, hydraulic properties, and retention of connate water influence the geochemical mechanisms of the
rock-water interactions. Besides, various near-surface processes such as types of surface soils, proximity to the Nueces Bay,
groundwater pumping and land subsidence rates, spatiotemporal variabilities of precipitation and evaporation rates, includ-
ing anthropogenic pollution sources such as agricultural practice and farming, resulting in variations of water composition
between those two aquifers and even within the same aquifer unit.

3.4 Multiple regression models to identify proxy for groundwater salinity

The goal of this regression analysis was to identify the proxies in a stepwise manner to predict the salinity using the least
number of predictors with the highest explanatory power and least standard errors. Bie et al. [44] reported that the chemical
composition of groundwater in the Chicot and Evangeline aquifers is generally fresh near the outcrop areas. The hydrogeo-
chemical facies in the central part of the aquifers change from Ca-HCO; types to Na—CI-HCOj; or Na-CI-SO, types along the
regional flow path. Data showed that the groundwater facies in both aquifers are Na-K-CI-SO, to Na-Cl-SO,, type in the
study area [371].

3.5 Stepwise elimination of less significant predictors for groundwater salinity in Chicot aquifer

Assuming TDS as a good indicator of groundwater salinity, forward and backward progressions were used to calibrate regres-
sion models to predict TDS using the major ions as potential predictors. Linear exhaustive search methods were applied
separately for the Chicot and Evangeline aquifers for all samples during the given period.

The initial model started with all major ions to predict the groundwater salinity variations in Chicot and Evangeline aqui-
fers, as provided in Eq. 2 above. The multiple linear regression models showed all variables to be highly significant except K,
F, and log-transformed Mg?*. Exhaustive search techniques were applied to make model selections based on explanatory
power (R?) and Akaike information criterion (AlICc) values. In the subsequent stages, the choice of the models was based on
the statistical significance of the model and individual predictors (p-value < 0.05 means significant), the model’s high R? value,
low AlCc value, low standard errors, minimizing multicollinearity effects, and justifying the diagnostic plots of individual
models in a stepwise manner. Each selected model is provided below with the model selection criteria mentioned herein.

The multiple regression-derived first model is given below:

TDS = Na + HCO; + SO, + Cl + NO; + log(Silica) + log(Ca) (4)

Model p value (< 2.2e '), R%: 99%, Residual standard error: 6.7 and AlCc value: 240.71).

Following the stepwise procedures, the final selected multiple linear models included only three predictors, HCO;, SO,,
and Cl, as shown in Eq. 5 below. In the final model, the model properties remained the same based on multiple R? and P val-
ues. Residual standard error increased slightly (19.7), and the Q-Q plot showed that the distribution of residuals was normal.
However, the Residual versus Fitted (RVF) plot showed higher values of residual distribution near the center, and the fitted
plot was slightly curved.

TDS = 1.5150, — 0.92HCO; + 1.61C/ + 4.13 )

Among the ten variables tested, three in Eq. 5 were recognized as significant to explain the variations of TDS values.
In this model, the highest weight was estimated for Cl and SO,. This preliminary model in Eq. 5 indicates that Cl, SO,, and
HCO; could be the ideal proxies to predict groundwater salinity in the aquifer.
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Due to a relatively high variable Influential Factor (VIF) and slight curviness in the scatter plots between SO, and Cl|,
SO, was later removed from the model, considering the higher significance level of Cl. A quadratic model was calibrated,
which improved the RVF plot line slightly but reduced the model’s explanatory power by approximately 3%. The standard
error was increased to 27.03, as shown in Eq. 6.

TDS = —1.184HCO, + 2.304C/ — 0.00015C/* + 829.8 (6)

The model explains 96.1% of the variation of TDS (p value- <2.2e7').

Although the above model 6 was found significant (p-value < 2.2e—16), individual p-values for HCO; and CI? became
insignificant in this model. As a result, the concentration of Cl was seen as the most significant predictor and, hence, the
most representative proxy to predict groundwater salinity variations in the Chicot aquifer.

3.6 Stepwise elimination of less significant predictors for groundwater salinity in Evangeline aquifer

All of the procedures mentioned above were also applied to data from the Evangeline aquifer that derived the final
selected model, as shown in Eq. 7 below.

TDS = 2.2Na + 0.000479C/? + 255.3 (7)

This model explains 97.95% of the variation of TDS (p value-<2.2e7').

Model results showed that the concentrations of Na and Cl were the most appropriate proxies to predict groundwater
salinity variations in the Evangeline aquifer.

3.6.1 Linear models in Chicot and Evangeline aquifers using proxy variable(s)

The linear models were prepared using 75% of the measurements in each aquifer randomly chosen to avoid sample
bias and considered as the training set. To assess the appropriateness of the proxy variables, the remaining 25% of the
datasets were treated as testing sets to estimate the accuracies of the predictions of salinity level based on the linear
model using only the proxy variables from the previous section.

For the chloride (predictor) distribution in the training dataset, the Q—Q plot showed a non-normal distribution of data,
and the Shapiro-Wilk Normality test gave a p-value=0.0005 < 0.01, so both tests suggested the data were non-normal.
Data for the testing set also showed a clear curve, and the Shapiro test showed the p-value=0.0215, just above 0.01.
Therefore, the t-test was found inappropriate, and bootstrap resampling was conducted to assess mean differences in
Cl concentration between training and testing datasets. Hypothesis tests showed no significant difference between the
chloride concentrations in the training and testing sets; hence, the model predictions were considered valid using those
randomized datasets at the 90% confidence interval.

3.6.1.1 Models with the proxy variable in Chicot Aquifer For the Chicot aquifer, TDS showed a linear relationship to
chloride concentration, as provided in Eq. 8. Boxplots of TDS and Cl were also similar in distribution. Results showed the
model is statistically highly significant (p-value: < 2.2e—16). The predictor (Cl) and the intercept are also highly significant
based on P values. The diagnostic plot showed slight heteroscedasticity in the RVF plot. The Q-Q plot showed that the
data distribution is non-normal, and a high Cook'’s distance close to 2 for a few data values indicates the presence of
outliers in chloride concentration.

TDS = 368.29 + 2.27C/ (8)

This model can explain 97.8% of the total variation of TDS. It has a standard error of 167.8.
Log-transformed values were applied to reduce the effect of outliers, but they significantly increased the intercept
and the coefficient of log (Cl). The model became:

TDS = —4363.6 + 2337.6log(Cl) 9)

Both the intercept and the predictor were significant, but the residual standard error became 671.2, and the model’s
explanatory power was also reduced to 65.1%.

Finally, a quadratic model was developed to improve the model diagnostics, such as the RVF plot. In this case, Cl, the
square term of Cl, and the intercept of both were observed to be significant for predictions. The final model was found
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to be highly significant (p-value: 1.01e—15), but the explanatory power of that model was reduced from 97.8 to 93.7%,
and the residual standard error increased from 167.8 to 291. Furthermore, the model could not improve the diagnostic
plots. Considering the above, the linear model in Eq. 8 was finally chosen for the groundwater salinity prediction to assess
the efficiency of the proxy variable (Cl).

3.6.1.2 Models with the proxy variable in Evangeline aquifer TDS also showed a strong linear relationship with chlo-
ride concentration for the Evangeline aquifer. The model in Eq. 10 was highly significant based on the p value (p-value:
<2.2e-16). Both the intercept and the predictor (Cl) were also significant. The predictor explained 92.7% of the total vari-
ation of TDS. The residual standard error was 167.5. Curviness was observed in the RVF plot, and the Q-Q plot showed
the data to be normal enough, and no outlier effect was noticed.

TDS = 572.52 4+ 1.92CI (10)

The quadratic model in Eqg. 11 was developed with the expectation of improving the model’s performance.

TDS = 388.1 + 2.487Cl — 0.0003C/? (11)

This quadratic model was also highly significant (p-value: < 2.2e7).

In this case, Cl, the square term of Cl, and the intercept all were significant. This model increased its explanatory power
from 92.7% to 93.5%, and the residual standard error decreased from 167.5 to 160.2, but the model could not improve
the diagnostic plots. Considering all the above, the quadratic model in Eq. 11 was a better choice to assess the accuracy
of predictions.

3.6.2 Salinity prediction interval and prediction accuracy estimations using proxy variables

In this section, to assess the appropriateness of the proxy variables to present groundwater salinity, the prediction per-
formance of the testing sets was evaluated using Eq. 8 and Eq. 11 (as provided in the previous section) for the Chicot
and Evangeline aquifers, respectively.

Results showed that 16 of the 30 test case predictions were accurate within a 95% confidence interval. For the Chicot
aquifer, the model accurately predicted 78% of salinity variations using the proxy variable and underestimated TDS
measurements by up to (—) 20 mg/L in the rest 22% of the testing dataset (Fig. 8a). On the other hand, in the Evangeline
aquifer, the model could accurately predict only 43% and underestimated in the range of up to (=) 250 mg/L of the testing
datasets (Fig. 8b). The model predictions in the Evangeline aquifer salinity level were highly influenced by the presence
of significant outliers that ultimately affected the accuracy of predictions. The accuracy of the model predictions is sum-
marized for both aquifers in Table 2 below.

One of the limitations of these models for potential implementation is that they underestimated actual measured
values for a significant number of predictions in the Evangeline aquifer. The significant spatial and depth variability of
water chemistry, specifically Cl and TDS values, affected the choice to include Cl as a proxy for this aquifer system.

4 Conclusions

A high variability of depth and thickness in the Chicot and Evangeline aquifers considerably influences groundwater
chemistry in the study area. The correlations for different ion pairs between the Chicot and Evangeline aquifers showed
some unique signatures, particularly the relationships among the different physicochemical parameters and major ion
concentrations, indicating that the geochemical processes at those aquifers are not entirely similar. Na, SO,, and Cl con-
centrations account for the highest contributions to the elevated salinity level in both aquifers. The highest values of
those parameters were noticed towards the southeast, close to Nueces Bay, indicating the possibility of saltwater intru-
sion in the Chicot aquifer. In the Evangeline aquifer, the maximum TDS, Na, Cl, and SO, were noticed at a greater depth
within a relatively higher alkaline environment towards the southeast direction close to the head of the Nueces River.
Along with salinity intrusion, high evaporation, and groundwater withdrawal in the study area, rock-water interactions
predominantly dissolution and precipitations of gypsum-anhydrite minerals, aluminosilicate minerals (e.g., feldspars
and mica), illites, and carbonates influence the level of concentrations of Na, SO,, K, and Ca ions. Anthropogenic sources
partially contribute to elevated SO, and Cl levels. High NO; and silica were restricted towards the shallower portion of
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Table 2 Accuracy of the

Accurate prediction
model predictions in Chicot P

Underestimated (below 95% confidence  Overestimated (above

) . interval) 95% confidence
and Evangeline aquifers interval)
Chicot Aquifer
7/9 2/9 0
Evangeline Aquifer
9/21 12/21 0

the aquifers and noticeably influenced by the anthropogenic pollution sources (e.g., agricultural practice and farming),
pumping rates, and groundwater fluctuations, including the dissolution of aluminosilicate minerals with newly recharged
rainwater near the outcrops. Although fluoride does not contribute much to groundwater salinity, the minor dissolution
of fluoride minerals and water expulsion from compacted shale during land subsidence slightly increased the concen-
tration at the deeper part of the Chicot aquifer. Unlike the Evangeline aquifer, TDS and the other predominant major
ions, except HCO;, do not show any well-defined depth relations along the groundwater flow paths, which indicates
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that the sources of salinity and the geochemical processes within the vertical profile are dissimilar in the Chicot and the
Evangeline aquifer systems.

Stepwise elimination using regression analysis revealed that Cl could be the possible proxy to estimate groundwater
salinity variations in both aquifers. The accuracy of the model predictions for the Chicot and Evangeline aquifers was 78%
and 43%, respectively, at a 95% confidence interval. Therefore, it would be valid to consider Cl as the proxy variable for
the Chicot aquifer but not appropriate for the Evangeline aquifer based on the model results. The availability of seasonal
water chemistry data at a higher spatial and temporal resolution might reduce the outlier effects, yielding better model
accuracy and precision for the Chicot and Evangeline aquifers in the study area.
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