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The ground water quality of the Trinity Aquifer for wells sampled between 2000 

and 2009 was examined using multivariate and spatial statistical techniques.  A Kruskal-

Wallis test revealed that all of the water quality parameters with the exception of nitrate 

vary with land use.  A Spearman’s rho analysis illustrates that every water quality 

parameter with the exception of silica correlated with well depth.  Factor analysis 

identified four factors contributable to hydrochemical processes, electrical conductivity, 

alkalinity, and the dissolution of parent rock material into the ground water.  The cluster 

analysis generated seven clusters.   A chi-squared analysis shows that Clusters 1, 2, 5, 

and 6 are reflective of the distribution of the entire dataset when looking specifically at 

land use categories.  The nearest neighbor analysis revealed clustered, dispersed, and 

random patterns depending upon the entity being examined.  The spatial 

autocorrelation technique used on the water quality parameters for the entire dataset 

identified that all of the parameters are random with the exception of pH which was 

found to be spatially clustered.  The combination of the multivariate and spatial 

techniques together identified influences on the Trinity Aquifer including hydrochemical 

processes, agricultural activities, recharge, and land use.  In addition, the techniques 

aided in identifying areas warranting future monitoring which are located in the western 

and southwestern parts of the aquifer.  
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CHAPTER 1 

INTRODUCTION 

1.1 General Statements 

 Ground water continues to be an important resource used as the water supply for 

many individuals throughout the world.  In order to meet the needs of the individuals 

who rely upon it, ground water needs to not only be plentiful and readily available, but 

also free of contamination.  Water resources are often vulnerable to contamination from 

sources such as sewage, nutrients, fertilizers, and other highly toxic substances.  If 

present, ground water contamination has the potential to harm those individuals who 

rely upon it for their water needs.  As a result, the quality of ground water is an 

important subject of research on many continents as well as in the United States.  

Specifically for the state of Texas, ground water constitutes approximately 59 

percent of the water supply, used mostly for irrigation (Texas Water Development Board 

2007).  Furthermore, approximately 36 percent of the water supply for municipalities in 

Texas comes from ground water sources (Texas Water Development Board 2007). The 

Trinity Aquifer is one of the largest sources of water (Figure 1) and according to the 

Texas Water Development Board, “The aquifer is one of the most extensive and highly 

used groundwater resources in Texas. Although its primary use is for municipalities, it is 

also used for irrigation, livestock, and other domestic purposes” (Texas Water 

Development Board 1995).  The extensive use of the Trinity Aquifer is understandable 

considering the amount of land that encompasses the Trinity Aquifer system 

(comprising approximately 55 counties in the state).  Portions of the Trinity Aquifer 

extend north to the Red River, south through the Hill country, west to Abilene, and just 
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east of the I-35 corridor.  The recharge zone of the Trinity Aquifer, or outcrop, is located 

toward the western portion of the aquifer’s extent with the remaining subcrop dipping 

underground toward the southeast to thousands of feet below the surface.  More than 

12,000 wells (Figure 2) pump water from the Trinity Aquifer for use in domestic, public 

supply, and irrigation (Figure 3).   

Using data provided by the Texas Water Development Board, this research will 

demonstrate the use of multivariate statistical techniques such as factor and cluster 

analysis along with spatial statistics for characterizing ground water quality over a multi-

county region.  Understanding patterns in ground water quality is important for 

prioritizing future monitoring activity to better understand ground water conditions, 

including regional trends and local anomalies.  In turn, such understanding is essential 

for water resources planning, enabling us to identify possible sources of contamination 

and appropriate uses for ground water.  Due to the costs associated with testing ground 

water, the use of these statistical tools will result in a more targeted sampling approach 

that is useable by local, state, and federal agencies. 

 The expectation of this research is that certain chemical constituents of the 

aquifer will appear together in factors identified by the factor analysis.  For example, 

calcium, magnesium, and total hardness should appear together in one factor due to 

their interconnectivity with one another.  This is also the case for total dissolved solids 

and specific conductance which should appear together in one factor. There is also an 

expectation that nitrate will appear in its own factor due to the varying land uses in the 

outcrop zone and might possibly warrant further investigation into this contaminant.  In 

addition, with regard to the cluster analysis, there is an expectation that wells will be 
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clustered by geologic formations.  Since there are numerous geologic formations that 

comprise the Trinity Aquifer, it is expected that wells from one formation will be 

clustered separately from wells in another formation.  For example, wells from the 

Paluxy Aquifer will be clustered with one another and separate from wells in the Twin 

Mountains formation.  In addition, it is anticipated that measures of nitrate will not be 

randomly distributed throughout the aquifer so that specific locations requiring additional 

investigation can be identified. 

1.2 Objectives 

1. To characterize the spatial distributions of and associations between ground 

water quality parameters for the Trinity Aquifer by: 

o Using Factor Analysis to identify the distribution of chemicals within 

factors; and 

o Using cluster analysis to characterize the spatial distribution of the ground 

water parameters. 

2. To identify the primary influences of the observed factors and clusters. 

3. To identify areas within the Trinity Aquifer that warrant future monitoring. 
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Figure 1  Location of the Trinity Aquifer in the state of Texas. (Texas Water 

Development Board 2007)
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Figure 2  All water wells in the Trinity Aquifer in the TWDB database. 
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Trinity Aquifer Water Use

Domestic
Public Supply
Irrigation
Unused
Stock
Plugged or Destroyed
Industrial
Unknown
Commercial
Institution
Dewater
Other 
Recreation
Fire
Aquaculture
Bottling
Medicinal
Industrial (cooling)

 

Figure 3  Water use categories for the Trinity Aquifer. 

 



7 

CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

 The review of literature focused on specific areas related to the statistical 

methods used for this research as well as research specific to the Trinity Aquifer.  

These areas include the geology of the Trinity Aquifer, the use of factor and cluster 

analysis as statistical methods, the use of factor and cluster analysis in understanding 

ground water quality, and research associated with the ground water quality of the 

various geologic components of the Trinity Aquifer.   

2.2 Geology of the Trinity Aquifer 

 The Trinity Aquifer, often referred to as the Trinity Group is not a single entity, but 

actually consists of numerous individual rock formations that are grouped together to 

form the aquifer system.  Many of these formations are water bearing such as the 

Antlers, Glen Rose, Paluxy, Twin Mountains, Travis Peak, Hensell, and Hosston 

aquifers (TWDB 2007).  The formation of the members of the Trinity group (Figure 4) 

occurred approximately 65 to 145 million years ago, during the Cretaceous period 

where depositional environments included shallow seas, lagoons, marshlands, or 

uplands resulting in the rock formations (Boone 1968).  Figure 5 shows a stratigraphic 

column for the larger formations of the Trinity aquifer (Boone 1968). 

 The oldest formation in the Trinity Aquifer are the Twin Mountain-Travis Peak 

Formation (Figure 4), located toward the north-central portion of Texas.  The Travis 

Peak formation is further south and consists of the Sycamore Sand, Hosston Sand, 

Sligo Formation, Cow Creek, Pearsall Formation and Hensel Sand.  The creation of 



8 

these particular formations is the result of three transgressive-regressive cycles.  These 

cycles consisted of a period of sea level rise and a coastal migration inland, also known 

as a transgression as well as a retreat of the sea revealing more land surface, also 

known as a regression.  This movement back and forth of the sea resulted in a layering 

of sediment due to the different depositional environments. 

 The creation of the Glen Rose Formation (Figure 4), the next youngest formation, 

occurred under conditions vastly different from the previously discussed layers where 

the Stuart City reef formed a barrier between the sea and calmer waters behind the 

reef, resulting in the deposition of the limestone (Jones et al 1997).  As with the earlier 

formations, transgression and regression cycles influenced the creation of the Glen 

Rose Limestone resulting in alternating beds that are full of marine fossils (Loucks 

1978).  

 The youngest of the rock formations within the Trinity Aquifer is the Paluxy Sand 

where the depositional environment was very similar to that of a coastline with near 

shore deposits influenced by action of waves and currents (Boone 1968).  Further north 

in the Trinity Group, the Paluxy Sand and Twin Mountain Formations converge to 

become the Antlers Sand Formation.  This type of situation occurs throughout the Trinity 

Group as many of the formations pinch out or combine together to form other formations 

known by a different name. 

The Trinity Aquifer area covers four distinct physiographic provinces (Figure 6):  

the Grand Prairie, the Blackland Prairies portion of the Gulf Coastal Plains, the Central 

Texas Uplift and the Edwards Plateau (Bureau of Economic Geology 1996).  The Grand 

Prairie province located in north-central Texas consists primarily of limestone, rocky 
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soils supporting bluestem-Texas winter grass grasslands to the east and sandstone 

dominated post oak woods to the west.  Marls and chalks resulting in the formation of 

black soils, used mainly for crops, dominate the Blackland Prairie, the inland portion of 

the Gulf Coast Plains.  The Central Texas Uplift, full of granite hills that are the oldest 

formations in the state, consists of live oak, mesquite, and ashe juniper parks.  

Limestones dominate the Edwards Plateau and Hill Country, consisting of a large 

escarpment and varying vegetation such as mesquite, juniper brush, creosote bush and 

tarbush shrubs.  These Limestones are often the cause of sinkholes and caverns. 

2.3 Hydrogeology of the Trinity Aquifer 

Within the Trinity Aquifer, the Glen Rose Limestone acts as a confining unit 

between the Paluxy and Travis Peak/Twin Mountains Formations where it is present 

(Muller and Price 1979).  The Glen Rose formation is not present in the western most 

area of the aquifer and the Paluxy and Travis Peak formations become the Antlers Sand 

Formation.  Moving from the outcrop towards the downdip portions of the aquifer, the 

thickness ranges from approximately 100 feet to 1200 feet.  The ground water flow in 

general for the Trinity Aquifer and its individual component aquifers is from the 

northwest to the southeast (Hudak and Blanchard 1997).   

Recharge to the aquifer comes from precipitation infiltrating to the aquifer as well 

as seepage from various sources such as lakes, streams, and ponds (Muller and Price 

1979; Hudak and Blanchard 1997).  The precipitation gradient across the aquifer varies 

from 30 inches in the west to 45 inches in the east and the climate of the region consists 

of long, hot summers and short, mild winters (Nordstrom 1982).  Discharge from wells 
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into the Trinity Aquifer range from 100 gal/min to 2,000 gal/min depending upon the 

location. 

  

Figure 4  Location of the geologic formations for the outcrop of the Trinity Aquifer. 

(Stoeser et al. 2011)
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Figure 5  Stratigraphic column for the geologic formations of the Trinity Aquifer. (Boone 

1968) 
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Figure 6  Location of the physiographic provinces in the state of Texas. (Bureau of 

Economic Geology 1996) 
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2.4 Factor and Cluster Analysis as Statistical Methods  

 Factor analysis, and a similar statistical method known as principal component 

analysis, is primarily used with large datasets to combine variables together in order to 

simplify the data.  This is accomplished either through grouping variables (R-mode) or 

observations (Q-mode) together.  In order to complete the analysis, a combination of 

matrix algebra, rotational methods, and calculation of correlation coefficients must occur 

(Kim and Mueller 1978; Kline 1994; Field 2005).  For each factor, an eigenvalue is 

calculated thereby measuring the strength of each factor with higher eigenvalues 

indicating a greater significance of that particular factor (Love et al. 2004).  Each factor 

explains a specified percentage of the variance in the dataset.  Traditionally, 

eigenvalues in excess of 1.0 are commonly used in the analysis.  In addition, factor 

analysis employs the use of rotational methods in generating the factors which are used 

primarily for the enhancement of the interpretation of the factors.  The rotational 

techniques include Varimax, Quartimax, and Equimax, with Varimax being the most 

common rotational method.  Quartimax rotation often results in variables associated 

with multiple factors where as Varimax rotation results in a few highly loaded variables 

into each factor Field 2005.  Equimax rotation is a combination of Varimax and 

Quartimax rotations. 

 Cluster analysis involves grouping observations together based upon similarities.  

This analysis derives the clusters based upon distances between the observations 

themselves or between observations and existing clusters.  In essence, the clusters will 

contain wells with measurements similar to one another.  There are numerous 

clustering algorithms available including Ward’s, average linkage, centroid, complete 
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linkage and single linkage (Griffin and Amrhein 1997).  Single linkage looks for the two 

most similar items (or an item and a cluster) and connects them together (Aldenderfer 

1984).  With complete linkage, an item must be similar to all of the other members of the 

cluster to be included.  Average linkage is a combination of single linkage and complete 

linkage.  For Ward’s algorithm, this method minimizes the variance found within each 

cluster. 

Similarly, there are numerous techniques available for use upon the established 

clusters including agglomerative hierarchical, divisive hierarchical, iterative partitioning, 

density search, factor analytic, clumping and graphic theoretic methods (Aldenderfer 

1984).  The agglomerative hierarchical method begins with every entity in its own 

cluster and then merges similar entities together into larger clusters; divisive hierarchical 

is the opposite where a larger cluster is divided into smaller clusters.  The iterative 

partitioning method begins with a specific number of clusters with a calculated centroid 

values and then assigns each item to the cluster with the nearest centroid.  This occurs 

until all of the items have been assigned to clusters.  With density search, clusters are 

formed with points that are in a higher density compared to other high density points.   

The factor analytic method clusters items according to their loadings into factors; this is 

the equivalent of Q-mode factor analysis.  In the case of the clumping technique, items 

are permitted to be in more than one cluster resulting in overlap and with the graphic 

theoretic methods, cluster creation is based upon graph theory.  Output of the cluster 

analysis includes a dendrogram which shows the structure of the clusters. 
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2.5 Factor and Cluster Analysis in Ground Water Quality Research 

 Research on the use of factor analysis and cluster analysis in conjunction with 

ground water quality data is extensive throughout the world (Table 1).  Examples of this 

type of research are prevalent in almost every continent in the world and are 

represented by the number of articles found within each continent.  Africa had nine 

citations, Asia had twenty four, Australia had one, Europe had thirteen, North America 

had four, and South America had one.  All of these articles showed that factor analysis 

identified a number of related hydrochemical processes.  These are salt water intrusion, 

agricultural activities, industrial activities, weathering, mining, aquifer recharge, 

anthropogenic activities, sewage, pre/post monsoon time periods, rainfall, pumping 

activities, water mixing or microbial activity.  Many of the research examined included 

additional statistical methods dependent upon the specific research questions in that 

study. 

 Cluster analysis, often used in combination with other multivariate statistical 

methods such a factor analysis, is also prevalent throughout the world in research on 

ground water quality (Table 1).  The results of these research articles vary depending 

upon the specific aquifer examined.  Several of the research articles surveyed 

contained clusters that reflected specific hydrochemical zones of the aquifers examined.  

The results of other research articles indicated that cluster analysis was easily able to 

identify areas within the aquifers studied that contained pollution, no pollution or varying 

degrees of pollution.    
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Table 1  Research on ground water quality using multivariate analysis (C - correlation, 

CA - cluster analysis, CoA - correspondence analysis, DA - discriminant analysis, FA - 

factor analysis, MR - multiple regression, TSA - trend surface analysis) 

Geographic 
Region Authors 

Year 
Published 

Type of 
Multivariate 

Analysis 
Africa Adams et al. 2001 C, FA 
Africa Hussein 2004 CA, FA 
Africa Love et al. 2004 FA 
Africa Lamouroux and Hani 2006 PCA 
Africa Olobaniyi and Owoyemi 2006 FA 
Africa Omo-Irabor et al. 2008 FA, PCA, CA 
Africa Tijani and Nton 2008 FA, PCA 
Africa Banoeng-Yakubo, Yidana, and Nti 2009 FA, CA 
Africa and Asia Melloul 1995 PCA 
Asia Subbarao, Subbarao, and Chandu 1996 FA 
Asia Jayakumar and Siraz 1997 FA 
Asia Gupta et al. 1999 C, FA, PCA 
Asia Suk and Lee 1999 CA, FA 
Asia Gangopadhyay, Gupta, and Nachabe 2001 PCA, MR 
Asia Reghunath, Murthy, and Raghavan 2002 CA, FA 
Asia Liu, Lin, and Kuo 2003 FA 
Asia Kim et al. 2005 CA, FA 
Asia Pujari and Deshpande 2005 FA, PCA 
Asia Kumar, Ramanathan, and Kumar 2006 C, FA 
Asia Choi et al. 2007 CA, FA 
Asia Jayaprakash et al. 2007 C, FA 
Asia Jeevanandam et al. 2007 FA 
Asia Lee et al. 2007 PCA 
Asia Wang, Liu, and Jang 2007 CA, FA 
Asia Kumar and Riyazuddin 2008 CA, DA, FA 
Asia Kumar Singh et al. 2008 CA, FA 
Asia Sikdar and Chakraborty 2008 PCA 
Asia Venugopal, Giridharan, and Jayaprakash 2008 CA, FA 
Asia Yammani, Reddy, and Reddy 2008 FA 
Asia Koh et al. 2009 CA, PCA 
Asia Kumar et al. 2009 FA 
Asia Kumar, Ramanathan, and Keshari 2009 CA, FA 
Australia Carroll and Goonetilleke 2005 PCA 
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European Schot and van der Wal 1992 CA, FA 
European Grande et al. 1996 FA 
European Voudouris et al. 1997 FA 
European Helena et al. 2000 PCA 

European 
Sánchez-Martos, Jiménez-Espinosa and 
Pulido-Bosch 2001 PCA 

European Stamatis, Voudouris, and Karefilakis 2001 FA 
European Lambrakis, Antonakos, and Panagopoulos 2004 CA, DA, FA 
European Panagopoulos et al. 2004 FA 
European Panagopoulos et al. 2005 FA 
European Stamatis et al. 2006 FA 

European 
Papatheodorou, Lambrakis, and 
Panagopoulos 2007 DA, FA, TSA 

European Lorite-Herrera et al. 2008 PCA 
European Giammanco et al. 2009 PCA 
North America Lawrence and Upchurch 1982 FA 
North America Usunoff and Guzmán-Guzmán 1989 CoA, FA 
North America Ritzi et al. 1993 CoA, FA 
North America Woocay and Walton 2008 CA, FA 
South America Machado et al. 2008 FA 

 

2.6 Research on Ground Water Quality of the Trinity Aquifer 

 Research on the ground water quality of the Trinity Aquifer and its component 

formations encompass a variety of topics and statistical methods.  One article, 

examining wells in three Texas counties located within the outcrop zone of the Trinity 

Group, targeted three common ground water pollutants:  nitrate, chloride, and bromide 

as well as examining the role of land use on these pollutants (Hudak and Blanchard 

1997).   Another article looked at the susceptibility of the Paluxy Aquifer to 

contaminations using statistical modeling (Fritch et al 1999).  In addition, data from the 

Trinity Aquifer has been included in articles examining brackish ground water 

(Kalaswad, Christian, and Petrossian 2004) and specific ground water constituents such 

as nitrate (Hudak 2000), sulfate and chloride (Hudak 2000) in aquifers found throughout 

the state of Texas.  The aforementioned articles employed a variety of methods to 
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understand the ground water quality including use of:  scatter plots, histograms, 

Spearman’s rank correlation coefficients, Kruskal-Wallis tests, descriptive statistics and 

modeling.  
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CHAPTER 3 

METHODOLOGY 

3.1 Introduction 

 The Texas Water Development Board provided the data for this research.  They 

maintain a database of water well information for numerous aquifers throughout the 

state of Texas (Texas Water Development Board 2009), which is available for public 

use and downloadable through their website.  Contained in the database is information 

on a variety of parameters (Table 2) associated with each well along with common 

water quality measurements for a select number of wells throughout each aquifer.   

Table 2  Water quality parameters 

Water Quality Parameter Units 
SILICA  MG/L AS SiO2 

CALCIUM  MG/L AS Ca 

MAGNESIUM  MG/L AS Mg 

SODIUM  MG/L AS Na 

POTASSIUM  MG/L AS K 

STRONTIUM  UG/L AS Sr 

BICARBONATE ION  MG/L AS HCO3 

SULFATE  MG/L AS SO4 

CHLORIDE MG/L AS Cl 

FLUORIDE  MG/L AS F 

NITRATE  MG/L AS NO3 

pH  STANDARD UNITS 

ALKALINITY, TOTAL MG/L AS CaCO3 

HARDNESS, TOTAL  MG/L AS CaCO3 

TEMPERATURE ºC 

TOTAL DISSOLVED SOLIDS STANDARD UNITS 

SPECIFIC CONDUCTANCE  UMHOS/CM  
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The water quality parameters listed in Table 2 were chosen for this research based 

upon the ground water quality parameters that were most frequently examined in the 

articles contained in the literature review.  For each water quality parameter used in this 

study, basic descriptive statistics such as the range, minimum, maximum, mean and 

standard deviation were generated (Table 3).   

Table 3  Descriptive Statistics for each water quality parameter 

Descriptive Statistics (n = 486) 

Parameter Range Minimum Maximum Mean 
Standard 
Deviation 

temperature (°C) 45.50 17.50 63.00 26.1543 7.3359 
silica (mg/L) 35.00 1.80 36.80 15.1109 4.5472 
calcium (mg/L) 656.69 0.31 657.00 65.8610 87.4483 
magnesium (mg/L) 242.80 0.20 243.00 27.7607 38.6389 
sodium (mg/L) 3110.88 4.12 3115.00 174.4346 246.3889 
potassium (mg/L) 37.14 0.36 37.50 4.5909 5.6922 
strontium (µg/L) 32.78 0.02 32.80 3.2920 5.1959 
bicarbonate (mg/L) 756.50 75.05 831.54 394.5184 98.3680 
sulfate (mg/L) 4525.42 4.58 4530.00 89.8640 413.8932 
chloride (mg/L) 4228.00 2.00 4230.00 89.8640 242.8551 
fluoride (mg/L) 12.65 0.05 12.70 1.1895 1.3240 
nitrate (mg/L) 346.17 0.02 346.19 8.8867 32.0630 
pH (standard units) 3.47 5.69 9.15 7.6013 0.7587 
Total dissolved solids (standard units) 10085.00 163.00 10248.00 789.1111 777.7469 
total alkalinity (mg/L) 665.50 61.50 727.00 334.7951 88.5594 
total hardness (mg/L) 2566.00 1.00 2567.00 282.2078 361.6289 
specific conductance (umhos/cm) 17361.00 250.00 17610.00 1227.3700 1072.1070 

 

3.2 Data Processing 

 The data was prepared using the following steps: 

1. Downloaded tabular ground water quality data and shapefile of well locations 

from the Texas Water Development Board. 

2. Joined the tabular data with the spatial data and extracted wells for the Trinity 

Aquifer since 2000. 

3. Deleted wells with missing values for the desired water quality parameters. 
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4. Deleted additional water quality parameters not needed for this study. 

5. For nitrate measurements meeting the detection limits of the time period (either 

0.44 or 0.09 mg/L) these values were replaced with ½ of the detection limit.  This 

is a common practice in dealing with measurements that may not be accurately 

detected by current technology (Nocerino et al 2009). 

6. For wells with multiple measurements, the median for each water quality 

parameter was calculated and used as one sample for the well resulting in the 

final data set (Figure 7). 

 

Figure 7  Water wells into the Trinity aquifer used for this study.
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3.3 Statistical Test Decisions 

 For some of the statistical techniques used in this study, several decisions 

regarding the use of specific parameters were necessary.  The decisions for the specific 

statistical technique were all based upon precedence established in the review of 

literature.   The decisions for specific tests are listed below: 

• Factor analysis – Varimax rotation 

• Cluster analysis – Ward’s Algorithm and Squared Euclidean distances 

• Nearest neighbor – Squared Euclidean Distance method 

• Spatial autocorrelation (Moran’s I) – Inverse Distance spatial relationship and 

Euclidean Distance method 

 For factor analysis, the Varimax rotation is ideal as “it tries to load a smaller 

number of variables highly onto each factor resulting in more interpretable clusters of 

factors” (Field 2005).  With cluster analysis, Ward’s Algorithm is used to minimize the 

variance found within the clusters (Aldenderfer 1984).  For the Euclidean Distance 

method, this is often known as “how the crow flies” or the actual geometric distance 

between two points (ESRI 2002).  In addition, the Inverse Distance spatial relationship 

takes into consideration that points closer to a particular well in this case, have a greater 

influence than points further away.  All of these methods are used to maximize the 

interpretation of the results for the particular statistical test being performed. 

3.4 Potential Issues 

There are a number of potential issues associated with the use of this dataset 

including errors associated with accuracy, missing or incomplete information and data 

manipulation.  There is no control over the sampling methods used by field personnel 



23 

while obtaining water samples from the aquifer as the sampling of the ground water has 

occurred independently of this research following procedures established by the Texas 

Water Development Board (Boghici 2003).  Field personnel may inadvertently introduce 

pollutants into water samples by not using clean sampling equipment or using improper 

sampling techniques.  Furthermore, quality assurance and quality control information 

provided about the laboratory testing the water samples is limited and these laboratories 

may be an additional source of accuracy problems as they may inadvertently introduce 

errors while testing the sampled ground water.  Additionally, the dataset may contain 

missing, incomplete data such as zero values, mistyped values, or exclusion of possible 

wells in the aquifer. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Geographical Distribution of Measurements 

 Maps for each of the water quality parameter show the geographical distribution 

of the measurements for each parameter (Figures 8 through 24).  Each map contains a 

legend giving details of the units of measurement for the particular parameter as well as 

ranges of values. 

 Temperature (Figure 8) increases as well depth increases.  This is reflected in 

the map when looking at wells in the outcrop zone that have shallower depths and 

cooler temperatures versus wells located on the eastern portion of the aquifer that are 

deeper and contain higher temperature measurements.  This is reflective of the natural 

geothermal gradient where temperature increases with depth (Mazor 2004).  

Measurements of silica (Figure 9) vary throughout the aquifer with higher values 

generally occurring on the far western and eastern portion of the aquifer.  Weathering of 

silicates is the main contributor of silica in ground water (Matthess 1982).  Most of the 

water bearing formations of the Trinity Aquifer is comprised of sand which is a silicate 

and this would account for the varying measurements of silica present in the aquifer. 

 Calcium (Figure 10) and magnesium (Figure 11) measurements are larger in the 

western portion of the Trinity Aquifer in the outcrop zone.  This is expected in areas of 

the aquifer where recharge occurs as calcium and magnesium enter the ground water 

system through precipitation (Matthess 1982).  Calcium and magnesium come largely 

from the dissolution of minerals like calcite and dolomite as slightly acidic rainfall moves 

through the soil in the outcrop zone and then into the saturated zone.  In addition, 
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calcium and magnesium are also ingredients in fertilizers (Matthess 1982).  The land 

uses associated with the highest concentrations of calcium include cultivated crops, 

developed (high intensity, medium intensity, low intensity open space), herbaceous, 

shrub/scrub, forest (deciduous and evergreen), herbaceous and hay/pasture.    Sodium 

(Figure 12) values are higher in the downdip portions of the aquifer generally increasing 

with depth.  Higher sodium concentrations often occur in ground water with little 

movement (Matthess 1982).  Ground water deeper in the aquifer and further away from 

the recharge zone tends to move very little thereby resulting in higher concentrations of 

sodium.  In addition, sodium comes largely from cation exchange on the surface of clay 

minerals as ground water moves through the aquifer. The sodium comes off the clay 

minerals into solution and the calcium and magnesium come out of solution and bind to 

the clay minerals. 

 Potassium (Figure 13) concentrations are larger in the southern portion of the 

aquifer as well as the far western outcrop area.  Potassium is an ingredient in fertilizers 

resulting in larger concentrations in ground water associated with agricultural areas 

(Matthess 1982).  Higher concentrations appear associated with land uses categories of 

developed (low intensity and open space), cultivated crops, herbaceous, forest 

(deciduous and evergreen) and shrub/scrub. This pattern is very similar to strontium 

(Figure 14) which has higher values in the southern and far western portion of the 

aquifer.  Strontium is a common component of igneous rocks like granite (Matthess 

1982).   Granite in Texas is geologically abundant just west of the southern wells for the 

Trinity Aquifer with the highest concentration of strontium and most likely enters the 

ground water system due to precipitation carrying weathered granite materials. 
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 Bicarbonate (Figure 15) has varying measurements throughout the aquifer.  The 

high and low values of bicarbonate are relative to the values of total alkalinity since 

bicarbonate concentrations can be derived from the value of total alkalinity. (Deutsch 

1997).  Sulfate (Figure 16) measurements are generally low throughout the aquifer with 

the exception of the southeastern area of the aquifer.   Chloride (Figure 17) has mostly 

smaller concentrations with the exception of some fairly large concentrations found in 

various locations in the aquifer.  Fluoride (Figure 18) measurements generally increase 

with well depth with higher values found in wells on the eastern edge of the aquifer.  

Nitrate values (Figure 19) are highest on the extreme western edge of the aquifer.  

These values are located in the outcrop zone where nitrates enter the ground water 

system through precipitation, biological activity, pollution and fertilizers (Matthess 1982).  

Land use categories associated with some of the larger concentrations of nitrates 

include cultivated crops, hay/pasture, developed (open space and low intensity), 

herbaceous, evergreen forest and shrub/scrub.   

 Measurements for pH (Figure 20) increase when moving from southwest to 

northeast in the aquifer’s extent.  Of the wells examined in this research, 366 wells have 

a pH value greater than 7 indicating that the majority of the water sampled is basic 

(Mazor 2004). Total dissolved solids (Figure 21) values are higher in deeper wells, but 

there are some high values seen in shallow wells.  Total alkalinity (Figure 22) 

measurements are generally high throughout the entire aquifer while total hardness 

(Figure 23) is higher to the west in the outcrop portion of the aquifer.  The higher total 

hardness measurements are consistent with the higher measurements seen of calcium 

and magnesium found in the same areas.  Specific conductance (Figure 24) 



27 

measurements are consistent with the measurements of total dissolved solids and 

temperature which are generally higher in deeper wells (Matthess 1982).   

Within the aquifer system, many hydrochemical processes occur allowing the 

water quality parameters to interact with one another.  These interactions are 

dependent upon the aquifer’s parent materials, the temperature of the water, the 

amount and speed of the water present, the salinity of the water, chemicals present in 

the system, and by other influences (Matthess 1982).  The most basic hydrochemical 

processes occur when “Contact between water and adjoining rock causes rock 

components to go into solution, as well as precipitation of material from groundwater in 

the rock cavities” (Matthess 1982).  In addition, the amount of time that water is in 

contact with the parent material determines the quantity of material dissolved into the 

groundwater.  Temperature plays a significant role in the dissolution of material into the 

water influencing the degree at which materials are soluble and thereby affecting the 

quality of the ground water.  The aforementioned processes are generalized and many 

different factors within the complex groundwater system as well as chemical interactions 

influence the groundwater quality at any given time. 
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Figure 8  Map of the measurements for temperature.
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Figure 9  Map of the measurements for silica.
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Figure 10  Map of the measurements for calcium.
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Figure 11  Map of the measurements for magnesium.
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Figure 12  Map of the measurements for sodium.
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Figure 13  Map of the measurements for potassium.
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Figure 14  Map of the measurements for strontium.
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Figure 15  Map of the measurements for bicarbonate.
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Figure 16  Map of the measurements for sulfate.
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Figure 17  Map of the measurements for chloride.
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Figure 18  Map of the measurements for fluoride.
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Figure 19  Map of the measurements for nitrate.
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Figure 20  Map of the measurements for pH.
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Figure 21  Map of the measurements for total dissolved solids.
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Figure 22  Map of the measurements for total alkalinity.
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Figure 23  Map of the measurements for total hardness.
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Figure 24  Map of the measurements for specific conductance.
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4.2 Kruskal-Wallis  

 In this study, a Kruskal-Wallis test was performed for each ground water 

parameter and land use (Table 4) for wells located within the outcrop zone of the Trinity 

Aquifer.  Land uses with a frequency less than 5 within the study area were not included 

in this analysis.  This statistical test was chosen to determine if land use has an 

influence on ground water quality parameters. 

The null hypothesis is that when looking at one particular ground water 

parameter, there is no difference of the median value in each of the various land uses 

(H0 = M1 = M2 = M3…).  The alternate hypothesis (Ha = medians are not all equal) is 

that there is a difference in the median value for each land use.  When using the α < .05 

significance level, every water quality parameter with the exception of nitrate 

demonstrate that for these parameters the hull hypothesis may be rejected.  There is 

enough evidence to demonstrate that the measurements vary by land use.   

 The results of this statistical test indicate that land use is a driving factor in the 

quantities of many of these water quality parameters for the Trinity Aquifer.  This is 

consistent with findings from research on other aquifers that land use is a prevailing 

factor in ground water quality (Cain, Helsel and Ragone 1989; Eckhardt and Stakelberg 

1995; Trojan et al 2003; Scanlon et al 2005).  Usually, nitrate concentrations vary 

between different land uses and are most commonly associated with agricultural land 

uses.  However, results from this analysis show that the null hypothesis cannot be 

rejected which may be a result of the modification of the detection limits for the nitrate 

measurements.  Over 66 percent of the samples were modified using the ½ detection 

limit method and this most likely had an impact on the results of this statistical test on 
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the nitrate concentrations.  This particular issue could be addressed in future research.  

When looking at the map of the concentrations of nitrate, the highest values are in the 

western portion of the study area which is predominately agricultural lands with very few 

large cities or industrial areas.  This is evidence that agricultural land use has an impact 

on the concentrations of nitrate, but this statement cannot be supported by statistical 

significance.  Similar to other research, ground water quality of the Trinity Aquifer for 

wells in the outcrop zone of the aquifer is influenced by different land uses within that 

area. 

Table 4  Results of Kruskal-Wallis test 

Kruskal-Wallis 

Measured 
Parameter 

H Statistic 
(Chi-

Square) 
Degrees of 
Freedom 

Significance 
(p Value) 

Accept 
H0 

Reject 
H0 

temperature 29.782 6 .000 
 

√ 
silica 26.514 6 .000 

 
√ 

calcium 22.298 6 .001 
 

√ 
magnesium 19.334 6 .004 

 
√ 

sodium 21.171 6 .002 
 

√ 
potassium 13.291 6 .039 

 
√ 

strontium 17.488 6 .008 
 

√ 
bicarbonate 17.828 6 .007 

 
√ 

sulfate 15.667 6 .016 
 

√ 
chloride 16.236 6 .013 

 
√ 

fluoride 15.855 6 .015 
 

√ 
nitrate 5.151 6 .525 √   

pH 13.297 6 .039 
 

√ 
total dissolved solids 17.51 6 .008 

 
√ 

total alkalinity 18.674 6 .005 
 

√ 
total hardness 22.953 6 .001 

 
√ 

specific conductance 15.422 6 .017 
 

√ 
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4.3 Chi Squared 

 For this research, the Chi Squared test evaluated the distribution of the number 

of wells in each land use for the entire dataset in comparison with what was observed 

within each cluster generated by the cluster analysis.  The use of this statistical test was 

to determine if any particular land use was a determining factor for cluster generation.  

Land use for each well was determined from the 2001 National Land Cover Dataset 

(Homer et al 2004).  The null hypothesis is that there is no difference between the 

distribution of the entire dataset and the cluster examined.   

 For clusters 3, 4 and 7, the sample size was too small to report any results, but 

the Chi Squared analysis show that Clusters 1, 2, 5 and 6 are not representative of the 

entire dataset when looking specifically at the frequencies of wells for particular land 

uses categories.  For Cluster 1, there are is a greater number of wells with Shrub/Scrub 

than expected.   Cluster 2 contained a greater number of wells with Developed, Low 

Intensity and Developed, Open Space land uses than expected.  With Cluster 5, it 

appears that this cluster is characterized with a lower number of wells with Shrub/Scrub 

than expected.  These deviations from expected values indicate that for each of the 

aforementioned clusters, specific land use categories are potential driving forces in 

determining the placement of wells in each cluster.  For example, the higher numbers of 

wells associated with Developed land use categories in Cluster 2 indicate that this land 

use will have a greater influence on the aquifer and would warrant further investigation 

into these wells should an issue arise. 
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Table 5  Results of chi-squared test 

Chi Squared, α < .05 

  N χ2  
Degrees of 
Freedom 

Accept 
H0 

Reject 
H0 

Cluster 1 236 325.147 11 
 

√ 

Cluster 2 196 499.601 11 
 

√ 

Cluster 3 3 N/A 11 −− −− 

Cluster 4 1 N/A 11 −− −− 
Cluster 5 16 66.307 11 

 
√ 

Cluster 6 33 21.787 11 
 

√ 
Cluster 7 1 N/A 11 −− −− 

 

4.4 Spearman’s Rho 

 For each water quality parameter, a Spearman’s rho correlation with well depth 

was performed (Table 6).  This statistical test aided in determining if well depth is 

associated with measurements of water quality parameters.  For this correlation, the null 

hypothesis is that there is no association between the specific water quality parameter 

in question and well depth.  The alternative hypothesis is that there is an association 

between these two items.  In the case of all of the water quality parameters except for 

silica, the null hypothesis can be rejected and is statistically significant.  In the case of 

those parameters with negative correlation values, this indicates that the parameter in 

question decreases as values of well depth increase.  Those parameters with positive 

correlations indicate that measurements increase as well depth increase. 

 The Trinity Aquifer is actually comprised of multiple smaller aquifers, most of 

which consist of sand formations.  With regard to the fact that there can be no rejection 

of the null hypothesis for silica, it is understandable considering sand is comprised of 

quartz, which is silica dioxide (SiO2) so the concentrations of silica should be consistent 

within the aquifer regardless of the depth of the well.  Most of the water quality 
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parameters examined are only slightly correlated with well depth with the exception of 

temperature which is highly correlated with well depth.  Deeper wells and higher ground 

water temperatures, located toward the eastern portion of the Trinity Aquifer’s extent, is 

consistent with geothermal activity in the state of Texas (Mckenna, Blackwell and 

Moyes 2005). 

Table 6  Spearman’s rho correlation results 

Spearman's rho α < .001, N = 486 
 Measured 

Parameter 
Spearman's 

rho (r) 
Significance 

(p Value) 
Accept 

H0 
Reject 

H0 
temperature .856 .000 

 
√ 

silica -.014 .755 √ 
 calcium -.659 .000 

 
√ 

magnesium -.572 .000 
 

√ 
sodium .678 .000 

 
√ 

potassium -.165 .000 
 

√ 
strontium -.321 .000 

 
√ 

bicarbonate .342 .000 
 

√ 
sulfate .325 .000 

 
√ 

chloride .231 .000 
 

√ 
fluoride .429 .000 

 
√ 

nitrate .545 .000 
 

√ 
pH .664 .000 

 
√ 

total dissolved solids .357 .000 
 

√ 
total alkalinity .442 .000 

 
√ 

total hardness -.627 .000 
 

√ 
specific conductance .374 .000 

 
√ 

 

4.5 Factor Analysis 

 Factor analysis performed on the water quality for the Trinity Aquifer generated 

seventeen components explaining all of the total variance found within the data.  This 

particular statistical method is used to determine exactly what factors influence the 

ground water quality of the Trinity Aquifer.  Only four factors were generated (Figure 25) 

with eigen values greater than one.  These four factors collectively explain 76.335 

percent of the variance found within the data.  The first factor explained 33.222 percent, 
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the second factor explained 24.818 percent, the third factor explained 9.872 percent 

and the fourth factor explained 8.424 percent (Table 7).  In addition, another output of 

the analysis known as the rotated component matrix is available in Table 8.  This shows 

the loadings of the variables into each factor once the rotation technique has been 

applied.   

 The first two factors generated by the analysis explain the greatest amount of 

variance found within the data.  In addition, the third and fourth factors have smaller 

percentages of explanatory power, but they contain water quality parameters that may 

be of interest since these parameters are in a factor alone by themselves.  

The first factor contains high loadings of calcium, magnesium and total hardness 

as well as medium loadings of potassium, strontium, sulfate and pH.  The presence of 

calcium, magnesium and hardness together in one factor is appropriate because, 

“Calcium and magnesium also contribute substantially to water hardness (normally 

expressed as the total concentration of Ca2+ and Mg2+, as mg L−1 equivalent CaCO3)” 

(Hudak 2001).  In addition, the presence of calcium, magnesium and potassium 

together in one factor is fitting because these cations often exchange places with one 

another.  In general, factor one is characterized by normal hydrochemical processes. 
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Figure 25  Scree plot of the factor analysis. 

Table 7  Output of factor analysis 

Total Variance Explained 

Component 

Initial Eigenvalues Extraction Sums of Squared Loadings 

Total 
% of 

Variance Cumulative % Total % of Variance Cumulative % 
1 5.648 33.222 33.222 5.648 33.222 33.222 
2 4.219 24.818 58.039 4.219 24.818 58.039 
3 1.678 9.872 67.911 1.678 9.872 67.911 
4 1.432 8.424 76.335 1.432 8.424 76.335 
5 0.966 5.680 82.015       
6 0.898 5.280 87.295       
7 0.660 3.882 91.177       
8 0.416 2.448 93.625       
9 0.391 2.299 95.924       
10 0.280 1.649 97.573       
11 0.225 1.323 98.896       
12 0.112 0.660 99.556       
13 0.066 0.390 99.946       
14 0.007 0.043 99.989       
15 0.002 0.010 100.000       
16 3.89E-05 0.000 100.000       
17 6.51E-06 3.83E-05 100.000       
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Table 8  Output of factor analysis – Rotated Component Matrix (blue color indicates a 
high loading into the factor and the purple color indicates a medium loading into the 
factor) 

Rotated Component Matrix 

Parameter 
Component 

1 2 3 4 
temperature -.238 .235 .668 .140 

silica .023 -.026 .306 .816 
calcium .824 .059 -.252 .251 

magnesium .934 .072 -.133 .017 
sodium -.186 .923 .285 -.137 

potassium .713 .399 -.055 -.188 
strontium .720 .035 -.037 -.270 

bicarbonate -.167 .034 .900 -.008 
sulfate .647 .623 .066 -.039 
chloride -.049 .827 -.099 -.019 
fluoride .406 .199 .572 -.371 
nitrate -.005 -.025 -.172 .529 

pH -.595 .154 .325 -.468 
total dissolved solids .402 .897 .114 -.023 

total alkalinity -.255 .043 .886 -.086 
total hardness .920 .068 -.211 .155 

specific conductance .301 .841 .236 .019 
 

 The second factor contains high loadings of sodium, chloride, total dissolved 

solids and specific conductance as well as a medium loading for sulfate.  The presence 

of total dissolved solids and specific conductance together in a factor is appropriate 

because, “The specific conductance (electrical conductivity normalized to 25 °C) of 

ground water is directly related to the TDS based on the assumption that TDS in the 

water consist mainly of ionic constituents that conduct electricity” (Atekwana et al, 2004, 

282).  This factor is generally attributable to the electrical conductivity of the aquifer as 

well as describing a more saline environment.   

 The third factor contains high loadings of bicarbonate and total alkalinity.  Within 

this factor, there are medium loadings of temperature and fluoride.  Fluoride showing up 
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within this factor indicates something suspicious with measurements for this parameter 

and warrants further research.  In addition, the bicarbonate ion and total alkalinity 

together in the same factor is reasonable because “Bicarbonate is the major form of 

alkalinity” (Saskatchewan Research Council 2009).  Basic hydrochemical processes 

also characterize this factor.  

 The fourth factor contains high loadings of silica and a medium loading for 

nitrate.  Silica, highly loaded into its own factor is not surprising considering that most of 

the water bearing formations in the Trinity Aquifer system is comprised of sand coming 

from quartz which is silica dioxide.  Therefore, variation in the concentrations of silica is 

expected due to the dissolution of parent material of the sand formations within the 

aquifer.  The solubility of silica is varied depending upon the conditions, but is increased 

under moving water and higher temperatures as weathering of parent materials occurs 

(Matthes 1982).  The fact that nitrate shows up in this factor warrants further research.  

Though it is not highly loaded into the factor, its presence still indicates that something 

is influencing the measurements so that they are in their own factor and is possibly 

attributable to agricultural activities. 

4.6 Cluster Analysis 

 Cluster analysis was used to group wells that were similar to one another with 

regards to the measurements of the ground water quality parameters.  This statistical 

procedure was necessary to group the wells together to then determine if the members 

of the clusters are grouped spatially utilizing a different statistical method.  The cluster 

analysis generated eight clusters.  The spatial (geographic) locations of the wells were 

not considered (Figures 26 through 32).  Cluster 1 and 2 contain the largest number of 
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wells with all of the other clusters containing less than 35 samples.  Looking at the well 

locations on the maps of each cluster, Cluster 1 is generally in the western portion of 

the Trinity Aquifer.  Cluster 2 and 3 is more in the eastern portion of the aquifer and 

Cluster 4 in the extreme northeastern portion.  Cluster 5 is in the far south, Cluster 6 is 

more evenly distributed and Cluster 7 is in the far eastern portion of the aquifer. 
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Figure 26  Map of the location of the water wells in Cluster 1
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Figure 27  Map of the location of the water wells in Cluster 2
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Figure 28  Map of the location of the water wells in Cluster 3
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Figure 29  Map of the location of the water wells in Cluster 4
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Figure 30  Map of the location of the water wells in Cluster 5
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Figure 31  Map of the location of the water wells in Cluster 6
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Figure 32  Map of the location of the water wells in Cluster 7
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4.7 Nearest Neighbor Analysis 

 The nearest neighbor analysis performed on each of the clusters generated by 

the cluster analysis as well as the entire data set of water well locations can be seen in 

Table 9.  The goal of the nearest neighbor analysis is to determine if a pattern is 

statistically significantly different from random.  As a result, the null hypothesis is that 

the patterns of the wells are randomly distributed (H0: The pattern is random).  The 

alternate hypothesis is either that the pattern is clustered (Ha: The pattern is not random 

and is clustered (one-tailed test)) or dispersed (Ha: The pattern is not random and is 

dispersed (one-tailed test)).  There is enough evidence to accept the alternate 

hypotheses for all wells, Cluster 1 and Cluster 2.  Clusters 3, 4 and 7 were excluded 

because the sample size was too small to be able to report any results.   

 It is important to note that the clusters examined were generated without taking 

into consideration the well’s spatial proximity to one another.  The generation of these 

clusters was purely based upon the similarities of the water quality parameter 

measurements.  The nearest neighbor analysis then incorporates the spatial proximity 

of the members of each cluster to determine if there is a pattern present within each 

cluster.  For the entities that are statistically significantly clustered, there are many 

possible explanations as to why these are clustered including proximity to higher 

populations, water use and chemical similarities.  With regard to Cluster 3, which is 

considered to be dispersed, it should be noted that there are only three well samples 

within this particular cluster. 
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Table 9  Summary of the nearest neighbor analysis  

Nearest Neighbor Analysis 

  
Nearest 

Neighbor Ratio z Score 
Significance 

(p Value) Description 
Accept 

H0 
Reject 

H0 
All Wells 0.657 -14.477 .000 Clustered  √ 
Cluster 1 0.624 -11.036 .000 Clustered  √ 
Cluster 2 0.720 -7.496 .000 Clustered  √ 
Cluster 3 N/A N/A N/A N/A — — 
Cluster 4 N/A N/A N/A N/A — — 
Cluster 5 1.009 0.070 .944 Random √   
Cluster 6 0.898 -1.124 .260 Random √   
Cluster 7 N/A N/A N/A N/A — — 

 

4.8 Spatial Autocorrelation for Water Quality Parameters 

 A spatial autocorrelation analysis was performed on each of the water quality 

parameters for the entire aquifer water well samples as well as any clusters containing 

more than 30 samples.  For this statistical technique the null hypothesis is that the 

pattern of the water quality parameter being examined is random (H0: The pattern is 

random).  The alternate hypothesis is that the pattern is not random (Ha: The pattern is 

not random).  When looking at the spatial distribution of the water quality parameters for 

all of the well samples, only pH can warrant a rejection of the null hypothesis.  This 

means that only pH values are considered to be clustered when examining the entire 

dataset.  This is visually reinforced when looking at the map of the measurements for 

pH where higher values tend to be in the northeastern portion of the Trinity Aquifer. 
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Table 10  Summary of the spatial autocorrelation analysis for parameters from all water 

wells 

Spatial Autocorrelation (Moran's I) 
Measured 
Parameter 

Moran's 
Index z Score 

Significance 
(p Value) Description 

Accept 
H0 

Reject 
H0 

temperature 0.053121 0.148011 0.882334 Random √ 
 silica 0.147408 0.400401 0.688861 Random √ 
 calcium 0.523728 1.423514 0.154587 Random √ 
 magnesium 0.497133 1.346915 0.178008 Random √ 
 sodium 0.026852 0.082255 0.934444 Random √   

potassium 0.341048 0.925692 0.354606 Random √   
strontium 0.361902 0.977744 0.328201 Random √   

bicarbonate -0.175112 -0.463560 0.642963 Random √   
sulfate 0.103278 0.292389 0.769989 Random √   
chloride 0.068649 0.239188 0.81096 Random √   
fluoride 0.086946 0.243545 0.807583 Random √   
nitrate 0.084984 0.243855 0.807343 Random √   

pH 1.775775 4.744289 0.000002 Clustered   √ 
total dissolved 

solids 0.087217 0.253756 0.799684 Random √   
total alkalinity -0.041944 -0.106783 0.914961 Random √   
total hardness 0.569076 1.542898 0.122855 Random √   

specific 
conductance 0.071387 0.224653 0.822249 Random √   

 

4.8.1 Spatial Autocorrelation for Cluster 1 

 The results for the spatial autocorrelation analysis for the water quality 

parameters from well samples for Cluster 1 are given in Table 11.  For temperature, 

calcium, sodium, potassium, fluoride, pH, total dissolved solids, total hardness and 

specific conductance there is enough evidence to support rejecting the null hypothesis.  

This means that for those water quality parameters, the measurements for the 

parameters are considered to be semi-clustered.  This is beneficial because these 

particular well locations are targets for further testing and potential remediation if 

necessary. 

 



65 

Table 11  Summary of the spatial autocorrelation analysis for parameters in Cluster 1 

Spatial Autocorrelation (Moran's I) 
Measured 
Parameter 

Moran's 
Index z Score 

Significance 
(p Value) Description 

Accept 
H0 

Reject 
H0 

temperature 0.437529 2.105908 0.035212 Semi-Clustered 
 

√ 
silica 0.320898 1.552138 0.120629 Random √ 

 calcium 0.530518 2.535772 0.01122 Semi-Clustered 
 

√ 
magnesium 0.229939 1.111313 0.266434 Random √ 

 sodium 0.531828 2.547838 0.010839 Semi-Clustered 
 

√ 
potassium 0.450750 2.196288 0.028071 Semi-Clustered 

 
√ 

strontium 0.178449 0.889274 0.373856 Random √   
bicarbonate 0.095591 0.478703 0.63215 Random √   

sulfate 0.292577 1.430619 0.152539 Random √   
chloride 0.200187 0.989361 0.322486 Random √   
fluoride 0.501709 2.441949 0.014608 Semi-Clustered 

 
√ 

nitrate 0.182915 0.959199 0.337459 Random √   
pH 0.359570 1.734063 0.082907 Semi-Clustered 

 
√ 

total dissolved 
solids 0.467081 2.239234 0.025141 Semi-Clustered 

 
√ 

total alkalinity 0.122371 0.605847 0.544616 Random √   
total hardness 0.366910 1.761113 0.078219 Semi-Clustered 

 
√ 

specific 
conductance 0.373674 1.794895 0.07267 Semi-Clustered 

 
√ 

 

4.8.2 Spatial Autocorrelation for Cluster 2 

 The results of the spatial autocorrelation analysis for the water quality 

parameters for well samples in Cluster 2 are listed in Table 12.  Within this cluster, there 

are no statistically significant findings.  All of the water quality parameters within this 

cluster are randomly located. 



66 

Table 12  Summary of the spatial autocorrelation analysis for parameters in Cluster 2 

Spatial Autocorrelation (Moran's I) 
Measured 
Parameter 

Moran's 
Index z Score 

Significance 
(p Value) Description 

Accept 
H0 

Reject 
H0 

temperature 0.035389 0.063598 0.94929 Random √ 
 silica 0.169518 0.275637 0.782827 Random √ 
 calcium 0.315539 0.507769 0.611615 Random √ 
 magnesium 0.315299 0.505582 0.61315 Random √ 
 sodium 0.032820 0.059432 0.952608 Random √ 
 potassium 0.287347 0.477150 0.633255 Random √ 
 strontium 0.233529 0.379406 0.704387 Random √   

bicarbonate 0.023284 0.044691 0.964353 Random √   
sulfate 0.157711 0.258373 0.796119 Random √   
chloride 0.551946 0.876052 0.381002 Random √   
fluoride 0.009143 0.024074 0.980793 Random √ 

 nitrate 0.049066 0.098302 0.921693 Random √   
pH 0.769688 1.211816 0.225583 Random √ 

 total dissolved 
solids 0.852522 1.344047 0.178933 Random √ 

 total alkalinity 0.005631 0.016910 0.986508 Random √   
total hardness 0.350895 0.559644 0.575723 Random √ 

 specific 
conductance 0.841562 1.326038 0.184827 Random √ 

  

4.8.3 Spatial Autocorrelation for Cluster 6 

 The results of the spatial autocorrelation analysis for the water quality 

parameters for well samples in Cluster 6 are given in Table 13.  Within this cluster, there 

are no statistically significant findings.  Most of the water quality parameters are 

randomly located with the exception of temperature, silica, magnesium, strontium and 

total hardness which are statistically considered to be semi-clustered. 
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Table 13  Summary of the spatial autocorrelation analysis for parameters in Cluster 6 

Spatial Autocorrelation (Moran's I) 
Measured 
Parameter 

Moran's 
Index z Score 

Significance 
(p Value) Description 

Accept 
H0 

Reject 
H0 

temperature 0.789782 2.683874 0.007277 Clustered 
 

√ 
silica 1.109720 3.699763 0.000216 Clustered 

 
√ 

calcium 0.402380 1.398087 0.162087 Random √ 
 magnesium 0.523026 1.792278 0.073088 Semi-Clustered 

 
√ 

sodium 0.379300 1.318498 0.187337 Random √ 
 potassium 0.393918 1.570701 0.116252 Random √ 
 strontium 0.521479 1.770450 0.076652 Semi-Clustered 

 
√ 

bicarbonate 0.249503 0.905790 0.365047 Random √   
sulfate 0.385457 1.316300 0.188073 Random √   
chloride 0.083336 0.375835 0.707039 Random √   
fluoride 0.198266 0.740931 0.458735 Random √ 

 nitrate 0.111319 0.537765 0.590739 Random √   
pH 0.233951 0.850974 0.394784 Random √ 

 total dissolved 
solids 0.100018 0.437769 0.661553 Random √ 

 total alkalinity 0.348303 1.222861 0.221382 Random √   
total hardness 0.495760 1.679838 0.092989 Semi-Clustered 

 
√ 

specific 
conductance 0.044735 0.255517 0.798324 Random √ 
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CHAPTER 5 

CONCLUSION 

 The overall results of this research are consistent with a large and complex 

ground water system such as the Trinity Aquifer.  Some of the expectations of this 

research were met, while many other expectations were not.  The results of the factor 

analysis did generate factors containing interrelated ground water quality parameters, 

but the results of cluster analysis did not produce clusters specific to geological 

formations.  In addition, nitrate did not appear in a factor entirely by itself though it did 

have a medium loading into a factor with only one other parameter and the pattern of 

nitrate measurements in the sampled area is randomly distributed.  With that said, 

several areas emerged as locations for further research or future monitoring.  These 

areas include the western and southwestern counties of the recharge zone.  

Specifically, the counties of Eastland, Erath, Comanche, Hood and Somervell in the 

western recharge zone along with Gillespie, Blanco, Travis, Kerr, Kendall, Hays, 

Bandera and Comal counties in the southwestern portion of the recharge zone.  The 

western counties have high measurements of nitrate while wells in a few of the 

southwestern counties appeared together in a cluster by themselves which indicate that 

the measurements of the ground water quality parameters are unique enough to 

warrant their placement in a cluster.  Both of these locations would benefit from an in 

depth investigation as to why these areas are so unique. 

The distribution of the chemicals through the use of factor analysis resulted in an 

identification of the major factors driving the ground water quality of the aquifer including 

hydrochemical processes, electrical conductivity, agricultural activities and basic 
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dissolution of parent material into the water system.  In addition, cluster analysis 

identified well samples with measurements that are similar enough to combine into 

clusters.  These clusters then contained some spatially clustering as well.  The 

processes influencing the water quality of the Trinity Aquifer are similar to many other 

aquifers in the state.  In addition, the use of these specific statistical techniques in this 

research in conjunction with one another has the ability to identify problem areas and 

chemicals that may need additional attention. 

As with previous research using multivariate statistical techniques as a means of 

understanding ground water quality, the results of this research are consistent in 

demonstrating the ability of factor analysis and cluster analysis in identifying processes 

influencing the ground water quality.  Hydrochemical processes are identified as factors 

contributing to the groundwater quality of many aquifers around the world similar to the 

Trinity Aquifer (Usunoff and Guzmán-Guzmán 1989; Voudouris et al 1997; Suk and Lee 

1999; Helena et al 2000; Stamatis, Voudouris, and Karefilakis 2000; Liu, Lin, and Kuo 

2003; Panagopoulos et al 2004; Pujari and Deshpande 2004; Panagopoulos et al 2005; 

Lorite-Herrera et al 2008; Yammani, Reddy, and Reddy 2008; Koh et al 2009).  

Comparable to the Trinity Aquifer, electrical conductance has also been identified as a 

contributor to the overall groundwater quality of an aquifer in Greece (Voudouris et al 

1997).    Furthermore, as with the Trinity Aquifer, agricultural activities have been 

identified as influencing ground water quality throughout the world (Jayakumar and 

Siraz 1997; Helena et al 2000; Choi et al 2007).   Dissolution of parent material into the 

ground water system has also been identified as a factor of ground water quality in 
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other aquifers throughout the world (Hussein 2003; Lee et al 2007; Yammani, Reddy, 

and Reddy 2008).   

Additionally, this research has demonstrated the value of doing a multi-statistical 

test study when examining ground water quality.  If only one or two tests are used, this 

may lead to a misinterpretation of the overall state of the aquifer examined.  An example 

of this is seen by the Kruskal-Wallis test in this research.  The results of this test 

indicated that nitrate measurements did not vary with land use which might have been 

attributable to modifying the nitrate values to ½ of the detection limit which may be a 

topic for future research.  If one had used this statistical method alone to understand the 

hydrochemical processes in the Trinity Aquifer it would have resulted in a possible 

misinterpretation of what is really occurring in the aquifer system.  As a result, there is 

an identifiable benefit to conducting a multi-statistical test study when trying to 

understand the overall ground water quality of any particular aquifer.  Not only does this 

research on the Trinity Aquifer reinforce the use of a multivariate statistical approach, 

but also demonstrates that groundwater systems found throughout the world endure 

similar influences on water quality. 
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