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	Sedimentary heterogeneity has an important influence on groundwater flow.  An accurate prediction of groundwater flow is dependent on an understanding of heterogeneity.  Characterizations of heterogeneous conditions in unconsolidated aquifers are often generalized and result in misrepresentations of vertical and lateral sediment variation.  Direct-push electrical conductivity (EC) and hydraulic profiling (HPT) log data has been shown to provide a high-resolution interpretation of hydraulic conductivity.  When compared to traditional driller’s logs, high-resolution geophysical logging has the potential to change views of groundwater flow and contaminant transport.  The purpose of this research was to develop groundwater flow models based on direct-push high-resolution EC and HPT data, and demonstrate the influence of modeled high-resolution heterogeneity on groundwater flow.
Groundwater models based on conventional driller’s, EC, and HPT logs were generated to compare groundwater flow.  Groundwater flow was simulated with the commonly used groundwater modeling program Visual MODFLOW 4.3.  Flow models simulating gradient were run to establish groundwater flow direction and rate.  Behavior of equipotential lines responded in agreement to the assigned hydraulic conductivity providing confidence in the modeling approach.  Conventional driller’s and HPT flow models indicated that groundwater flow was restricted because of the presence of massive low-K zones. The EC groundwater flow model indicated a more complex flow model because of the presence of preferential flow paths.  In the conventional driller’s, EC, and HPT groundwater flow models, local gradients, influenced by lateral variations, were observed within the regional gradient. 
The sensitivity of heterogeneity was tested using the EC model.  The influences of hydraulic gradient, groundwater withdrawal and injection wells, and infiltration recharge basin were evaluated to observe their effect on groundwater flow.  The regional gradient simulations indicated the presence of local gradients suggesting varying flow rates through the cross section.  The withdrawal well models showed that the presence of flow-restrictive lenses limited the proximity of influence on groundwater flow, while influencing local gradient.  Injection simulations indicated that if the head value was not increased above the maximum head of the regional gradient flow direction would remain the same, but the rate of flow up-gradient from the injection boundary would decrease, while the down-gradient side of the boundary would increase.  The recharge basin model demonstrated that the local gradient near the recharge boundary would change, decrease on the up-gradient side and increase on the down gradient side.  As depth of recharge is increased the gradient on the up-gradient side of the basin decreased.
The groundwater flow models confirmed that high-resolution log data provides more detailed information about groundwater than traditional driller’s logs do.  The identification of distinct heterogeneous sediment conditions allowed for the observation of sedimentary features that would often go unrecognized, and demonstrated their influence on groundwater flow.  This research demonstrates that the implications of being able to observe the influence of preferential flow paths and flow-restricted zones can support predictions of solute movement.  This high-resolution groundwater modeling approach offers the potential to redefine how groundwater moves in other areas of the Equus Beds aquifer and in other unconsolidated aquifers, and to improve aquifer management strategies.
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[bookmark: _Toc324196459][bookmark: _Toc324196502][bookmark: _Toc324237807]INTRODUCTION
In order to develop a reliable flow model for a groundwater system, an accurate characterization of heterogeneity is essential. Understanding heterogeneous conditions in unconsolidated aquifers is important in determining the hydrostratigraphic influences imposed on groundwater flow.  Variations in hydraulic conductivity are one of the primary influences on groundwater flow, controlling the flow rate and direction of groundwater movement through aquifers.  In unconsolidated alluvial aquifers, groundwater movement is influenced by either conductive preferential pathways or impermeable boundaries and determining the distributions of these features can help predict their influence.  Preferential pathways are often misrepresented or overlooked when conventional driller’s logs are used to describe sediment.  To overcome this misrepresentation a high-resolution method of describing heterogeneity is needed. 
The commonly used, high-resolution direct-push electrical conductivity (EC) and hydraulic profiling (HPT) methods have proven that they are capable of providing accurate subsurface characterizations of unconsolidated sediments (Butler et al., 2000; Butler, 2005; and Schulmeister et al., 2010).  Data gathered from these methods provide direct and indirect information about sediment texture and therefore interpretations of hydraulic conductivity can be made.   Modern advancements in high-resolution geophysical and hydraulic methods offer the ability to interpret small-scale features identifying distinct boundaries between sediment types that are often obscured.   When used together, high-resolution data and groundwater modeling software have the potential to accurately simulate and predict the influence of discrete low conductivity zones and preferential pathways.  The goal of this study was to develop groundwater flow models based on direct-push high-resolution log data to observe the influence of heterogeneity on groundwater flow.  	
The Equus Beds aquifer consists of heterogeneous unconsolidated alluvial sediment and a vital source of fresh water, offering an ideal testing site for this research.  The Equus Beds aquifer is an important source of freshwater for Wichita and surrounding communities because of the good water quality, shallow depth to water table, and large saturated thickness (Ziegler et al., 2010).  With an anticipated growth in population in the Wichita area, the supply and quality of the groundwater, and therefore the characterization of aquifer architecture is important.  The aquifer is the subject of several managed recharge activities which are designed to resupply the over-pumped aquifer (Garinger et al., 2011).  These efforts have the potential to affect groundwater quality.  Fine textures sediment zones within the aquifer create reduction/oxidation (redox) environments preferable to the precipitation or dissolution of potentially hazardous constituents such as naturally occurring arsenic (McMahon and Chapelle, 2007).  Properly identifying these redox zones will aid in future assessments of contaminant behavior in the aquifer.
  The study area is located south of Burrton, Kansas and is in need of detailed assessment because of an historic chloride contaminant plume (Rubin et al., 2000; Young et al., 2000; and Whittemore, 2007).  The Equus Beds aquifer is commonly thought of as a three-layer aquifer, with upper (sand with silt/clay lenses), middle (clay with sand lenses), and lower sand (silt/clay lenses) layers.  The three-layer generalization has been applied to groundwater flow model studies pertaining to predictions about groundwater flow (Myers et al., 1996).  In groundwater flow models, parameter assignments are often limited by a lack of detailed data and the qualitative observations about aquifer sediment types.  The misconceptions regarding the heterogeneity of these sediments cause problems when trying to predict groundwater flow and the migration of contaminants. Consequently, a proper understanding of the hydrogeologic setting, the flow field, and fluid flow is important to predict solute transport.  Neshyba-Bird et al. (2008) analyzed a potential chloride influence on electrical conductivity logging in the study area by performing discrete groundwater sampling.  Groundwater sampling determined that the highest levels of chloride are primarily associated with low-K areas.
 The purpose of this study is to integrate high-resolution hydrostratigraphy data, based on direct-push EC and HTP logs, into a commonly used groundwater modeling program, and develop high-resolution groundwater flow models that will simulate and predict groundwater flow more efficiently than groundwater models defined by driller’s logs.  Combining EC and HPT log data with the groundwater modeling software Visual MODFLOW Pro offers a prediction tool that can be.  A comparison of conventional driller’s log, EC, and HPT data is performed here through the creation of hydrostratigraphic models, and groundwater flow models for the three types of data.
 This study tests the hypothesis that high-resolution models based on direct-push-EC and direct-push HPT can more accurately characterize groundwater flow in heterogeneous aquifers than those created based on conventional drilling methods.  The study was conducted in three steps: 
(1) Conventional driller’s logs collected from 5 bore holes used by Neshyba-Bird (2008), were compared to high-resolution data collected with direct-push electrical conductivity and hydraulic profiling tools to identify discrepancies between vertically and laterally interpolated sediment variation.  Geophysical data were compared to hydrostratigraphic cross section models created using SURFER 10 (Golden Software, 2011) surficial modeling software in this step of the analysis.  
(2) The three hydrostratigraphic cross sections were then imported into groundwater modeling program Visual MODFLOW 4.3 (Schlumberger, 2010) and used to create hydrologic models to show the influence of discrete features such as preferential flow paths and impermeable boundaries on groundwater flow.
(3) Conventional driller’s, EC, and HPT models were used to observe the response of groundwater flow based on two regional gradients.   The EC models were used to observe groundwater flow as influenced by a withdrawal well, an injection well, and an infiltration recharge basin.
  This research contributes a new approach to modeling groundwater flow that will assist in characterizing of groundwater flow and contaminant transport. The method used in this study can be utilized in other areas of the Equus Beds aquifer as well as other unconsolidated aquifers.
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[bookmark: _Toc324196461][bookmark: _Toc324196504][bookmark: _Toc324237809]BACKGROUND
This chapter describes previous studies highlighting the importance of understanding heterogeneity and its influence on groundwater movement.  Electrical conductivity and hydraulic profiling methods are also described in this chapter.  Previous modeling attempts in the Equus Beds aquifer and the Equus Beds study area are also discussed in the chapter. 
[bookmark: _Toc323844439][bookmark: _Toc324237810]2.1 Variability of Hydraulic Conductivity Influence on Groundwater Flow
The spatial variability of sedimentary texture and its influence on groundwater flow in unconsolidated aquifers has been recognized for some time. Vertical and lateral heterogeneity, spatial distribution of facies, and the interconnectedness of the aquifer through preferential pathways play a large part in controlling groundwater flow through unconsolidated aquifer material.  Bear (1988) describes a heterogeneous property of a medium as a property that is dependent on position within the medium, i.e., the property is a function of the area at which it is measured.  Heterogeneity in a sedimentary formation may occur as layers change in thickness, with variability in layers, and as facies change.  Dagan (1989) statistically described the flow and transport of groundwater of a heterogeneous aquifer at the formation scale.  He addressed the spatial variability of hydraulic conductivity and demonstrated that the influence of clay lenses on flow and transport that are often overlooked.  Defining hydrostratigraphic features and determining their impact on parameters such as groundwater flow, contaminant transport, and groundwater chemistry is important for characterizing the potential hydrogeologic behavior of an aquifer.  
Hydraulic conductivity is generally influenced by sediment size, other influences on K may occur under certain conditions such as the effect of fluid temperature, concentration of dissolved constituents affecting  permeability, and stresses inflicted on the structure and texture of the medium (Bear, 1988).  This study will observe hydraulic conductivity as influenced by sediment texture and imposed hydraulic stresses on the aquifer.   Previous works describing the influence of heterogeneity on groundwater flow and contaminant transport are discussed below.
In a study of an unconfined, glaciofluvial aquifer, Poeter and Gaylord (1990) examined the influence of heterogeneity on contaminant transport.  Geologic data derived from bore holes, samples, cores, and trenches were used to characterize hydrogeologic heterogeneity to predict plume transport.  The study recognized that additional geologic information regarding lithofacies variations is needed in order to predict movement through preferential pathways. To improve upon subsurface characterization further geologic data such as parameters associated with hydraulic properties, i.e., sediment size and sorting, cementation, and sedimentary structures within the aquifer should be obtained.  They added that to improve interpretations of aquifer interconnectedness the implementation of surficial geophysics, such as microgravity, would be needed.  The combination of improved hydraulic data and geophysical data would allow for the creation of a more accurate flow model.   
Hemker and Bakker (2004) demonstrated the importance of heterogeneity and how groundwater flow is affected by heterogeneous hydraulic anisotropy.  Using numerical models simulating an anisotropic “block” amongst isotropic “blocks” they identified the occurrence of groups of spiraling flow path lines they refer to as “spirals”.  It is suggested that these “spirals” influence groundwater geochemistry further impacting the mixing of groundwater between layers. 
Zheng and Gorelick (2003) used a two-dimensional finite-difference model to describe the influence of preferential pathways and flow barriers on solute transport through an alluvial sand and gravel aquifer.  Their study showed that pathways have an effect on advection, and failing to account for them could result in misjudging the extent of contamination and level of remediation needed.  
Biteman et al. (2004) demonstrated in an unconfined, unconsolidated glaciofluvial aquifer that groundwater flow and transport models based on detailed geologic characterization of hydraulic conductivity are more efficient in determining groundwater flow behavior.  From this study, it was concluded that tracer test simulations improve with implementation of detailed hydraulic conductivity data.  These studies highlighted the importance of characterizing heterogeneity and understanding its influence on groundwater flow.
[bookmark: _Toc323844440][bookmark: _Toc324237811]2.2 High-resolution Methods used to Describe Heterogeneous Systems
As described above, defining flow paths and addressing natural heterogeneity is important for protecting groundwater resources.  A common theme from the studies referenced in the previous section is that the need for more, accurate, high-resolution, subsurface characterization is necessary to successfully model unconsolidated aquifers.  
  	Geophysical methods used to characterize unconsolidated aquifers vary in approach with each providing their own benefits.  Dubreuil-Boisclair et al. (2011) used ground penetrating radar and borehole geophysical data to determine aquifer heterogeneity in a sandy unconsolidated aquifer, and improve predictions of groundwater movement and contaminant transport.  Their study determined that the combination of both geophysical methods developed a suitable characterization of hydraulic conductivity.  Sellwood et al. (2005) evaluated a direct-push method of hydrostratigraphic profiling, a method that couples electrical and hydraulic conductivity, at an extensively characterized site in the floodplain of the Kansas River.  A grid of EC and hydraulic conductivity data were obtained and compared to previous hydraulic conductivity data collected at the site.  The direct-push slug test hydraulic data were in agreement with the previously collected data.  The evaluation concluded that the direct-push method of obtaining hydraulic and electrical conductivity demonstrated its potential for subsurface characterization. 
For this thesis, log data from direct-push electrical conductivity and hydraulic profiling methods will be used.  Direct-push methods, supplemented by continuous cores, and slug tests, have supported the use of high-resolution methods for characterizing unconsolidated sediment.  Direct-push high-resolution electrical conductivity and hydraulic profiling methods will be described in this section.
[bookmark: _Toc324237812]2.2.1 Direct-push Electrical Conductivity Logging
Unconsolidated sediment descriptions made during the drilling of wells generally govern the extent of heterogeneity identification.  To supplement conventional driller’s logs, high-resolution methods, such as electrical conductivity and hydraulic profiling, have offered both a confirmation of conventional describing methods and the ability to identify zones often overlooked where driller’s logs lack in fine-scale definition.  
An indirect relationship between electrical and hydraulic properties of sediments has been demonstrated in many studies (Mazac et al. 1985; Schulmeister et al., 2003; and Butler, 2005).  The EC logging tool was developed by Geoprobe Systems Inc., Salina, KS to measure soil electrical conductivity (Geoprobe, 2008).  Direct-push EC data is obtained as a Geoprobe Unit (Figure 1), hydraulically advances, or pneumatically hammers a probe with a Wenner Array configuration (Figure 2) into the ground.   As the probe is advanced into unconsolidated sediment two probe contacts pass an alternating current through the soil which measures the ratio between electrical current and voltage multiplied by a constant.  The EC measurement is passed from the EC probe and displayed on a field computer.  The result is a measure of the soil’s ability to transmit or conduct electricity, measured in milli-Siemens per meter (mS/m).  Below the water table, where dilute groundwater is present, higher conductivities are generally associated with fine sediments (silts and clays), while lower conductivities generally represent with coarse sediments such as sand and gravel (Figure 3).  Groundwater chemical sampling in the logging area is recommended in areas where dissolved solids are high, as salinity can also increase electrical conductivity of groundwater and sediment.
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[bookmark: _Toc323838327][bookmark: _Toc323844822][bookmark: _Toc324189145][bookmark: _Toc324189298]Figure 1: 	Direct-push unit with log display of probing speed and conductivity logs (Schulmeister et al., 2003).  The EC probe (inset) is approximately 1.5 feet long.
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[bookmark: _Toc323838328][bookmark: _Toc323844823][bookmark: _Toc324189146][bookmark: _Toc324189299]Figure 2:  Wenner Array configuration used for measuring sediment conductivity  (Geoprobe System, 2008).
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[bookmark: _Toc323838329][bookmark: _Toc323844824][bookmark: _Toc324189147][bookmark: _Toc324189300]Figure 3:  General electrical conductivity ranges with corresponding grain size (Geoprobe, 2008).

Schulmeister et al., (2003) demonstrated the effectiveness in obtaining high-resolution data regarding the hydrostratigraphic framework of unconsolidated materials using direct-push electrical conductivity logging (DPEC).  DPEC provides stratigraphic data pertinent to the influence of groundwater flow and contaminant transport movement. The study measured a transect across a portion of the Kansas River flood plain aquifer and demonstrated the potential influence of fluid chemistry, contamination, and moisture content on EC values.  These alternative influences on EC logs may be misinterpreted as hydrostratigraphic variations and are important to understand in this thesis as the chloride contaminant plume in the Equus Beds aquifer has the potential to influence the EC data obtained.     
[bookmark: _Toc324237813]2.2.1.1 Electrical Conductivity Logging in the Equus Beds
Neshyba-Bird et al. (2008) demonstrated the effective use of DPEC, in the Equus Beds aquifer, by characterizing the location and possible movement of the Burrton chloride plume.  The study showed that the Equus Beds aquifer is extensively heterogeneous at a fine-scale, with preferential flow paths along thin sand and gravel zones, and that vertical movement due to the lack of laterally consistent confining layers throughout the aquifer is more prominent than generally proposed.  Neshyba-Bird mapped the potential influence of chloride, based on direct-push geochemical sampling, against EC logs to find discrepancies and discovered that the potential for chloride influence is found throughout the transect associated with interpreted clay zones.
Five direct-push hydraulic profiling and electrical conductivity logs were collected adjacent to the five driller’s logs as part of Neshyba-Bird’s (2008) research.  Proximity to observation wells allowed direct comparison between logs and geologic descriptions.  Neshyba-Bird’s study created a hydrostratigraphic cross section model from EC data that illustrated the fine-scale heterogeneity of the aquifer.  The driller’s and direct-push logs were taken in an east to west transect approximately 8.9 km long about 1.6 km south of Burrton with varying distances between each log.  From the west, at log EB02, logs EB29, EB08, EB14, and EB09 occur at 3.2, 5.6, 7.2, and 8.8 km, respectively (Figure 4).   
The EC logs (Figure 5) illustrate the heterogeneity of the site.  Abrupt changes in electrical conductivity identify distinct boundaries indicating sediment variation.  High EC values indicate areas consisting primarily of clay, while the lower values indicate less clay, and are associated with coarser sediment areas.
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[bookmark: _Toc323838330][bookmark: _Toc323844825][bookmark: _Toc324189148][bookmark: _Toc324189301]Figure 4:  Locations of direct-push EC, HPT logs, and observation wells south of Burrton, KS.
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[bookmark: _Toc323838331][bookmark: _Toc323844826][bookmark: _Toc324189149][bookmark: _Toc324189302]Figure 5:  Transect of electrical conductivity logs obtained in the study area, and used as part of this research (Neshyba-Bird et al., 2008).

[bookmark: _Toc324237814]2.2.2 Hydraulic Profiling Tool
The Hydraulic Profiling Tool (HPT) can characterize the subsurface and locate and define preferential paths for groundwater and solutes (Binder et al., 2010; McCall, 2011).   HPT is a product of Geoprobe Systems that characterizes hydraulic behavior of unconsolidated sediments by measuring both pressure and flow rate (Geoprobe, 2007).  HPT logging is usually performed along with EC logging. The HPT probe is advanced at two centimeters/second (cm/s) while water is injected through a screen, usually at a rate of less than 300 mL/min, on the side of the probe (Figure 6).  The injection pressure response of the sediment is measured in kilopascals (kPa) and used as an indicator of the sediment’s hydraulic properties.  Sediment with a high pressure response represents fine sediment in which water cannot pass through easily. Sediment with low pressure response indicates coarser sediment with the ability for water to be transmitted (Geoprobe, 2007). 
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[bookmark: _Toc323838332][bookmark: _Toc323844827][bookmark: _Toc324189150][bookmark: _Toc324189303]Figure 6:  Hydraulic profiling tool schematic (Geoprobe, 2006).
 
An assessment of HPT by Geoprobe (2006) demonstrated the ability of HPT to evaluate sediment hydraulic properties, and presented results from four floodplain sediment locations.  A strong correlation between EC and HPT logs was observed, supporting a correlation between the two methods and their ability to characterize unconsolidated sediment.  In an alluvial aquifer in Nebraska, McCall et al. (2011) applied the HPT method to characterize the hydrogeology and guide test well placement for groundwater analysis and characterize the threat of uranium contamination.  HPT proved to be a reliable method by discerning areas of high hydraulic conductivity from low hydraulic conductivity and determining preferable zones and depths to place screened intervals to obtain groundwater samples.   Binder and Hoffine (2010) utilized direct-push HPT in combination with conventional methods to characterize the subsurface, and define the potential for preferential pathways, in an alluvial aquifer, to determine the appropriate location for remediation.  Based on preferential flow paths defined by the HPT data, and groundwater samples obtained, a point source of contamination was determined, therefore, providing an assessment on where to employ remediation practices.  The studies described above demonstrate the ability, and multiple applications of HPT as an effective method of characterizing hydrostratigraphic variations to improve aquifer assessments. 
[bookmark: _Toc324237815]2.2.2.1 HPT in the Equus Beds 
Schulmeister et al. (2010) used HPT logging to evaluate EC and chloride characterizations, and determine the influence of chloride on EC logging in determining preferential flow in the Equus Beds aquifer.  The study determined that HPT data provides a strong correlation to EC and chloride in high hydraulically conductive areas, while the correlation is not significant between HPT and EC in areas where chloride concentrations greater than 200 mg/l were observed demonstrating the effect of chloride on EC logging.   
HPT logs (Figure 7) obtained as part of Neshyba-Bird’s research show sediment variation and heterogeneity.  High HPT values indicate fine-sediment with little pore space, alternately low values represent coarse sediment.  Also as part of Neshyba-Bird’s study pneumatic slug tests were taken adjacent to the geophysical logs, in order to be directly compared to areas within the cross sections (Table 1).  The slug test data are used in this study
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[bookmark: _Toc323838333][bookmark: _Toc323844828][bookmark: _Toc324189151][bookmark: _Toc324189304]Figure 7:  Transect of direct-push hydraulic profiling tool logs obtained in the study area, and used as part of this research (Schulmeister et al., 2010).
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[bookmark: _Toc323845640][bookmark: _Toc323845823][bookmark: _Toc324187623][bookmark: _Toc324189152][bookmark: _Toc324189305][bookmark: _Toc324196547][bookmark: _Toc324196700]Table 1:  Direct-push slug test data obtained during Neshyba-Bird’s (2008) study.

[bookmark: _Toc323844441][bookmark: _Toc324237816]2.3 Groundwater Flow Modeling 
Models are used to predict and simulate real world situations based on actual field measurements.  The accuracy of such predictions is dependent on how well the model approximates field data (Wang and Anderson, 1982).  In groundwater modeling, the ability to predict groundwater flow, and therefore contaminant transport, is a valuable tool to apply to aquifer management and sustainability efforts. Traditionally, three general types of models have been used; sand box models, analog models, and mathematical models.  Sand box models consist of a plexiglass tank filled with sand, gravel,and clay, representing a scaled-down version of field conditions in order to simulate groundwater movement in the laboratory.   Electric analog models are models based on the concept that the flow of electricity and groundwater flow are analogous based on the similarities between Darcy’s and Ohms Law.  Since the emergence of high powered computers in the 1960s mathematical models have become the dominant modeling type.  The United States Geological Survey (USGS) had created hundreds of site specific models in the early 1970s in the programming language Fortran (McDonald and Harbaugh, 2003).  In the 1980s the USGS developed MODFLOW, a finite-difference groundwater modeling program (McDonald and Harbaugh, 1988), to combine the functionality of the previously developed USGS models in one program (McDonald and Harbaugh, 2003).  Finite difference modeling is determined by nodal points superimposed onto the model domain.   These points are assigned finite difference equations to be solved by numeric engines and predict values for unknown variables, i.e., groundwater head or concentration of a contaminant.  Finite difference groundwater modeling is thoroughly described by Wang and Anderson (1982).      
Groundwater flow and transport models have been created for the Equus Beds aquifer by Sophocleous (1984) and Myers et al. (1996).  Sophocleous (1984) predicted where and how fast the Burrton chloride plume would move through the aquifer.  A multiple regression analysis approach was used to predict insufficient model parameter data.  This approach led to a groundwater flow model and a mass transport model.  The model was constructed as a single layer and predicted that by the year 2000, groundwater in the Equus Beds aquifer should not be impacted by the southeastward moving, chloride plume given that drawdown does not continue to increase significantly.  Myers et al. (1996) constructed a three layer model to simulate hydrologic and chemical interaction of the Arkansas River and Equus Beds aquifer between Hutchison and Wichita, Kansas.  Their study was focused on chloride concentrations in the Arkansas River and their potential to lower the water quality in the Equus Beds.  The groundwater flow model showed that declining groundwater levels in the Equus Beds since the 1940s have caused the base flows in the Arkansas and Little Arkansas Rivers to decrease.  Their models also indicated that chloride concentrations discharged from the Arkansas River into the aquifer have increased from 21 tons per day, 1940, to 100 tons per day, 1989.  Contaminant particle tracking models from 1940-1989 showed that narrow bands of chloride near the river spread into the aquifer and Wichita Well field by 1963.
[bookmark: _Toc323844442][bookmark: _Toc324237817]2.4. Equus Beds Aquifer 
[bookmark: _Toc324237818]2.4.1 Location and Management
  The High Plains Aquifer encompasses approximately 174,000 square miles extending into parts of Colorado, Kansas, Nebraska, New Mexico, Oklahoma, South Dakota, Texas, and Wyoming (Miller and Appel, 1997).  The High Plains Aquifer is subdivided into three sub-regional aquifer systems within Kansas that include the Ogallala Aquifer, the Great Bend Prairie Aquifer, and the Equus Beds Aquifer.  The Equus Beds aquifer lies in south-central Kansas, in Harvey, Reno, McPherson, and Sedgwick counties (Figure 8).   Cities within this area include Burrton, Halstead, Hesston, Hutchison, McPherson, Newton, Wichita, and Winfield.  The Equus Beds Groundwater Management District No. 2 (GMD2) oversees all groundwater activity in the Equus Beds aquifer (Figure 8).
[bookmark: _Toc324237819]2.4.2 Geology
The Equus Beds area encompasses approximately 900,000 acres in the McPherson Lowlands physiographic region, bounded by the Flint Hills on the east, the Smoky Hill River Valley to the north and the Arkansas River valley lowlands to the west.  The McPherson Lowlands is a reasonably flat alluvial plain.  Elevation changes in the area consist mostly of gentle slopes towards tributaries of the Arkansas River.  Formations in the Equus Beds are sedimentary in origin ranging from Permian to Quaternary.  Underlying the Equus Beds is the Permian aged Wellington Formation, which consists of a lower anhydrite member, about 200 ft thick,  the Hutchison Salt Member about 300 ft thick, and the upper shale member about 200 ft. thick (Myers, et al., 1996).  The westward dipping orientation of the Permian beds has resulted in the dissolution of the Hutchison Salt Member modifying the landscape through subsidence of the overlying shale member (Lohman & Frye, 1940).
The Equus Beds aquifer, named for the Quaternary horse teeth fossils found in the deposits, is also known as the McPherson Formation (Lohman & Frye, 1940).  The Equus Beds aquifer was formed as the result of alluvial deposition during the Pliocene and Pleistocene Epochs.    Sediment analysis of the McPherson Formation sand and gravel demonstrate that the sediment is derived from Cretaceous sandstones, from the Ogallala formation, from earlier Pleistocene deposits, and from igneous rocks originating in the Rock Mountains (Williams & Lohman, 1949).  Variations of sediment stratigraphy and sediment texture occur laterally and vertically throughout the Equus, creating an extremely heterogeneous environment (Myers et al., 1996).  In the study area sand, silt, and clay layers and lenses alternate throughout the profile without consistency (Figure 9).
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[bookmark: _Toc323838334][bookmark: _Toc323844829][bookmark: _Toc324189153][bookmark: _Toc324189306]Figure 8:  Log locations used in this study are indicated by black dots within the GMD2 and Equus Beds aquifer.
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[bookmark: _Toc323838335][bookmark: _Toc323844830][bookmark: _Toc324189154][bookmark: _Toc324189307]Figure 9: 	A description of the Equus Beds aquifer based on conventional driller’s logs    (KGS, 2001).  

[bookmark: _Toc324237820]2.4.3 Hydrology 
 Groundwater flow is to the southeast following the Arkansas River (Hansen & Aucott, 2010).  The Equus Beds aquifer is responsible for the base flow for both the Arkansas and the Little Arkansas Rivers.  Coarse aquifer sediment found between the Arkansas and the aquifer allows for water table levels and stage height to remain at similar elevations.  Groundwater elevations near the Little Arkansas River are generally higher than stage height because of fine-sediment in the area (Myers et al., 1996). 
The large saturated thickness and shallow depth to groundwater make the Equus Beds an important source of freshwater for the region.  Since the 1950s it was understood that this resource is not infinite, and proposals to recharge the aquifer were made (Hansen and Aucott, 2010).  From 1940, when agricultural and municipal pumping was established, to 1992 groundwater levels in the Wichita Well Field have consistently decreased.  About 65% of the groundwater lost from 1940-1992 was replenished from 1992 to 2010 due to implemented recharge strategies and above average precipitation (Hansen and Aucott, 2010).
[bookmark: _Toc324237821]2.4.4 Groundwater Resources and ASR
The Wichita well field, located in the heart of Equus Beds, was once the primary source of freshwater for the residents of Wichita and surrounding communities.  The development of the Wichita well field in southern Harvey County and northern Sedgwick County was the result of field work completed due to the groundwater hydrology study of the Equus Beds area by Williams and Lohman (1949) and Stramel (1967).  According to Williams and Lohman (1949) the Wichita well field had the greatest storage of groundwater within the Equus Beds because of the thickness and lateral extent of sand and gravel.  In 1965, to supplement the extraction and supply of groundwater from the Equus Beds, the city of Wichita started to withdraw water from the Cheney Reservoir and take some of the burden from the Equus Beds.  From 1965 to 1994 water withdrawn from the Cheney Reservoir increased from 20 percent to 44 percent of water used by the City of Wichita (Zeigler et al., 2010).  However, ground water withdrawal from the Equus Beds steadily continued, primarily for agricultural and municipal purposes, eventually reaching record lows in October 1992 and January 1993 (Hansen, 2007).  In 1995 an increased reliance on the Cheney Reservoir was established in conjunction with Wichita’s Integrated Local Water Supply Plan, of 1993, to combat dangerously low levels, from 1995 to 2005 the quantity of water taken from the Cheney Reservoir increased  from 51 to 69 percent (Warren et al., 1995).  As of 2010 the Equus Beds Aquifer provides 30% of the freshwater to the residents of Wichita and surrounding communities (Ziegler, 2010).  
In 1995, to assess aquifer recharge as an approach  to maintain and reassure sustainability of the Equus Beds aquifer as a freshwater resource a Ground Water Recharge Demonstration Project was conducted as part of a collaborative effort between the City of Wichita, U.S. Geological Survey (USGS), Bureau of Reclamation (BOR, U.S. Department of the Interior), the Equus Beds GMD2, U.S. Environmental Protection Agency (USEPA), Kansas Department of Health and Environment (KDHE), the Kansas Water Office (KWO), and Kansas Department of Agriculture Division of Water Resources (KDA-DWR).  The Ground Water Recharge Project called for the recharge of the Equus aquifer.  As part of this project two recharge sites were established near the towns of Sedgwick and Halstead in which water from the Little Arkansas River would be introduced to the Equus Beds during periods of excess stream flow via surficial recharge basins, trenches, or injection wells (Ziegler et al., 2010).   
[bookmark: _Toc324237822]2.4.5 Contaminant Threats to Equus Beds Aquifer
A chloride plume originating from the Burrton Oil Field, northwest of the Wichita Well Field places the integrity of the ground water of the Equus Beds aquifer at risk. Since the 1930s oil field disposal ponds, and road ditches have been used to dispose of the saltwater made from oil production.  These disposal practices have resulted in a chloride plume that has introduced chloride levels of 250 mg/L in 8% of the ground water near Burrton (Ziegler, 2010).  The gradient of ground water flow from Burrton is to the southeast towards the Wichita Well Field (Whittemore, 2007).  In 1992, when ground water levels were at their lowest in the Equus Beds, from the Burrton Oil Field to the Wichita Well Field the ground water gradient was 12 feet per mile, accelerating the encroachment of the saltwater plume. Due to a higher average annual precipitation from 2007-2009 groundwater levels rebounded from historic lows, and since 2010 the gradient has reduced to 8 feet per mile (Ziegler, 2010).


























[bookmark: _Toc323844443][bookmark: _Toc324196462][bookmark: _Toc324196505][bookmark: _Toc324237823]CHAPTER 3
[bookmark: _Toc323844444][bookmark: _Toc324186914][bookmark: _Toc324196463][bookmark: _Toc324196506][bookmark: _Toc324237824]STUDY DESIGN AND METHODS USED
	Conventional driller’s and EC and HPT logs obtained by Neshyba-Bird et al. (2008) were used in this study to create hydrostratigraphic cross sections reflecting the heterogeneity of sediment variation.  The hydrostratigraphic cross sections were imported into the groundwater modeling software Visual MODFLOW Pro, assigned hydraulic conductivities, and water was introduced to establish general groundwater flow.  Once groundwater flow was established, various flow conditions were simulated that reflect actual conditions and management efforts in the Equus Beds aquifer.  They include withdrawal and injection wells, and infiltration through recharge basin.  The following subsections will describe these main points in more detail. 
For this study, driller’s log descriptions provide a source of data generally used upon which to base models, and a foundation in sediment type in the area to compare against the more sensitive geophysical methods.  Direct-push EC data offers a representation of sediment type based on electrical conductivity of the sediment at such a high-resolution that the features depicted in the logs are commonly missed when characterizing zones using driller’s log descriptions.  The study area is within the proximity of an active chloride plume that has potential to impact the groundwater chemistry and therefore electrical conductivity log interpretations (Schulmeister et al., 2003).  HPT logging is a method of characterizing unconsolidated sediment based on pressure received by a sensor after water has been injected into the formation, and is not affected by chloride concentrations.  HPT will allow us to compare against the potential effects of chloride contamination on electrical conductivity values as well as compare against the driller’s log descriptions. 
[bookmark: _Toc323844445][bookmark: _Toc324237825]3.1 Previously Obtained Data for this Study
The driller’s logs used by Neshyba-Bird et al. (2008) and in this study were obtained from GMD2 and USGS databases.  They include geologic descriptions of the aquifer obtained during the completion of USGS or GMD2 observation/monitoring wells (Appendix A).   Based on qualitative descriptions in the driller’s logs Neshyba-Bird et al. (2008) assigned the sediment sizes with EC values of 30, 60, 90, and 120 to sand, sand/silt, silt, and clay, respectively. The values were chosen because they correspond to average EC values associated with the sediment found in the study area.
[bookmark: _Toc323844446][bookmark: _Toc324237826]3.2 Data Processing Using SURFER 10 
Neshyba-Bird’s hydrostratigraphic model (Figure 10) was recreated along with the creation of conventional driller’s and HPT hydrostratigraphic models using SURFER 10 Contouring Software (Golden Software, 2011).  The subsequent goal of this process is to import the SURFER interpolated data into MODFLOW in order to simulate and compare groundwater flow between the models.  
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[bookmark: _Toc323838336][bookmark: _Toc323844831][bookmark: _Toc324189155][bookmark: _Toc324189308]Figure 10: 	A high-resolution hydrostratigraphic model constructed from a direct-push electrical conductivity log transect in the Equus Beds aquifer.  Low EC is generally associated with sand and gravel (yellow), and high EC values are usually represented by silt and clay (blue).  The model is overlain by patterns depicting sediment variation according to conventional drilling logs (Neshyba-Bird et al., 2008).

[bookmark: _Toc323844447][bookmark: _Toc324237827]3.2.1 Hydrostratigraphic Modeling Using SURFER
The dimension of the x-axis for all models was set from 0 to 8.9 km.  The dimensions of the y-axis differed slightly as the maximum depth of data collection between the three methods was not the same.  The y-axis of the HPT model represents a elevation of 436 to 402 meters above sea-level (m.a.s.l.).  The models based on electrical conductivity and driller’s logs both have elevations of 436 to 400 m.a.s.l..  The top of the model is defined as the water table, which has an elevation of 436 m.a.s.l.. Although the water table is not flat, it’s lowest elevation was assigned to the entire site to accommodate the MODFLOW requirement of a rectangular grid.  Actual water-level elevations for the study area decrease from about 438 m.a.s.l. from well location EB02 to 436 m.a.s.l. at IW09.  
An anisotropy ratio of 0.1 was used to model EC, HPT, and driller’s log data as the data sets contain high density data in the vertical direction compared to the large horizontal distances between logs.  Grids were interpolated using linear kriging gridding.  Kriging uses trends in the data to extrapolate into areas with little or no data, dependent on nearest measured point and spatial arrangement of known data. “Grid Line” geometry of each model consisted of 500 “lines” in the x-direction and 500 “lines” in the y-direction.  500 x 500 “lines” were chosen because it corresponds to the maximum number of rows and columns allowed in the software Visual MODFLOW Pro which would allow for grid nodes from SURFER to match the resolution allowed in MODFLOW and recreate the model with a smooth display.  In Neshyba-Bird’s study, 10 “lines” in the x-direction and 1,000 “lines” in the y-direction were used.  Upon comparison of the two approaches no observable differences in hydrostratigraphic interpolations model were apparent.  After interpolation, the model output was saved as XYZ.dat files so they could be later converted into .txt files to import into MODFLOW as “hydraulic conductivity data”.  Gridding reports generated in conjunction with interpolations are presented in Appendix B. 
[bookmark: _Toc323844448][bookmark: _Toc324237828]3.2.2 Processing of Interpolated SURFER Data 
Model domains in MODFLOW are fixed in size and cannot be rescaled in the program. Therefore, before importation of the hydrostratigraphic models into MODFLOW the x-axis of the models had to be scaled up by a factor of 100.  Doing so gives the models dimensions of 36 m in the y-direction and 89 m in the x-direction.  This was done by importing the data into an excel spreadsheet and applying an equation (=A1*10) to the x column.  
[bookmark: _Toc323844449][bookmark: _Toc324237829]3.3 Assignment of MODFLOW Model Domain
Traditionally, MODFLOW software is used to model three-dimensional data with multiple layers. The model created for this study represents a two-dimensional vertical cross section. This required manipulation of MODFLOW using a novel approach.  In order to produce the cross section, a single layer observed in planar view, also known as the “surficial layer”, was used.  Within this horizontal layer driller’s log, EC, and HPT, models were displayed as if in cross section.  For all models generated in this study, the y-axis represents depth while the x-axis represents distance.   
Grid model boundaries were based on the minimum (min.) and maximum (max.) of the actual x-axis and y-axis data values. To maintain model consistency the min. and max. of the x –axis were set as 0 meters and 88.9 meters, respectively.   The min. of the y-axis for the EC, HPT, and driller’s logs data were set at 400 m.a.s.l.  The max. of the  y-axis was set at 436 m.a.s.l.  The min. and max. of the model layer thickness were set as 0 and 0.1 m, respectively, for all sets of data.   The thickness of the model layer was set at a small scale to limit vertical movement of groundwater through the model layer, therefore optimizing lateral movement across the cross section.  The grid model geometry is represented by 500 columns and rows, the maximum amount for both.  Using the maximum amounts created a model with a high density of grid cells, 250,000, and small grid spacing.  The grid size vertically is 0.07 m/grid cell, and horizontally is 0.176 m/grid cell.  A high-density grid model approach is recommended when the data to be interpolated is also closely spaced and high in density (Schlumberger, 2010).
[bookmark: _Toc324237830]3.3.1 Importation of High-resolution Hydrostratigraphy into MODFLOW
To establish hydraulic conductivity and therefore aquifer architecture as defined by SURFER, interpolated SURFER data had to be imported into MODFLOW.  All interpolated SURFER data resulting in development of the hydrostratigraphic models were imported into MODFLOW via the “Import Conductivity” tool, as a text document.  The “Model coordinates” option was selected as the “X-Y Coordinate system” because the grid is setup to correspond to the minimums and maximums of the interpolated data.  The columns of data were then assigned to the appropriate fields which consisted of  “X-Coordinate”, “Y-Coordinate”, and “Kx”, “Ky”, and “Kz”. The data files only contained values representing horizontal hydraulic conductivity, however the “Ky” and “Kz” are required to be filled.  The fill column was used to set the “Ky” and “Kz” values equal to “Kx” by entering the formula “$KX”, suggesting isotropic conditions.  The data was then validated to ensure that the values lie within the confines of the grid boundaries.  
As part of importing hydraulic conductivity, interpolation must be performed.  Interpolation of the gridded data was performed by using the inverse distance-squared (IDW) interpolation method.   The IDW method uses distance weighted averaging to calculate grid node values.  Using IDW with a high resolution of nodes allowed the SURFER data to be interpolated with little manipulation of the data being imported, giving the best chance of reproducing the interpolation performed in SURFER.  This approach resulted in almost identical replications of SURFER models to be generated.  Ten natural neighbors were assigned as part of the inverse distance method.  Interpolation data nodes consisted of 500 “nodes” along “X”, and 500 “nodes” along “Y”.  A 500 x 500 “nodes” resolution was chosen to correspond with the nodes of the SURFER data.  To ensure values outside of the imported data range were not created through interpolation, “interpolation data bounds” were established.  Minimum values of interpolated EC, HPT, and driller’s logs were 3.0312729725, 0.0259514958321, and 26.4475485121, respectively.  Maximum values from interpolated EC, HPT, and driller’s logs were 265.961596543, 109.095905755, and 120.902269583, respectively.   
“Property zones” assigned during the final step of the interpolation process are important because these zones graphically illustrate aquifer heterogeneity, and are assigned the hydraulic conductivity values, which will ultimately influence groundwater flow in the groundwater model.  “Property zones” are divisions of the interpolated data set.  A wide range of property zones can be assigned in a model, from one to hundreds.  For this study, the key to the number of “property zones” assigned was being able to choose an amount that would accurately define the aquifer heterogeneity based on variations in EC and HPT logs, and be graphically presentable.  “Property zone” values are based on the value range derived from interpolation.  Individual “property zones” can be increased and decreased within the range of values depending on the amount of variation you want to show with each.  Consistent data ranges, found within the geophysical logs across the transect were used to define the “property zone” ranges.  Multiple attempts were made to assign the correct amount and assign a presentable color scheme.  It was decided that six data ranges (six “property zones”) derived from EC logs accurately described the EC data.  To easily compare between the three models, six “property zones” were assigned to each model (Table 2).  For display purposes it was important that the right amount of “property zones” be selected as the colors assigned to “property zones” were random and could not be changed, which might result in an illustration that could be difficult to interpret.  Conventional driller’s, EC, and HPT logs were overlain on the models to compare the accuracy of property zone assignment, Figure 11, Figure 12, and Figure 13, respectively, and can be seen in the next chapter.
As a function of the Visual MODFLOW program color assignments are made by the program and cannot be changed by the user.  To establish the color schemes used in this research, trials were run with the predetermined number of property zones and their respective ranges until a color scheme was found. 
[bookmark: _Toc324237831]3.3.2 Assigning Hydraulic Conductivity
In this study, K values were assigned to gridded data based on pneumatic slug test data (Table 1) collected as part of Neshyba-Bird’s (2008) study.  Most of the slug tests taken were from areas of high-K, therefore the property zones representing the high-K areas were assigned values of 6.0 x 10-4 m/s (Property Zone 1) and 3.0 x 10-4 m/s (Property Zone 2).  Based on geophysical data, the areas thought to represent the lowest-K zones, consisting primarily of clay, were assigned a value of 1.0 x 10-8 m/s (Property Zone 6) taken from within the range of standard K values for clay from Fetter (2001).  The transitional property zones, those between the highest and lowest K zones, were assigned K values from the table of Hydraulic Conductivities for unconsolidated sediment Fetter (2001); 1.0 x 10-5 m/s (Property Zone 3), 1.0 x 10-6 m/s (Property Zone 4), 1.0 x 10-7 m/s (Property Zone 5).  Table 2 displays the sediment type associated with K and property zones, and Tables 3 and 4 display the ranges of EC and HPT data associated with each property zone. 
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[bookmark: _Toc323845641][bookmark: _Toc323845824][bookmark: _Toc324196548][bookmark: _Toc324196701]Table 2: 	Assigned hydraulic conductivity with associated sediment type, and EC and    HPT value ranges. 

[bookmark: _Toc324237832]3.3.3 Groundwater Flow Numeric Engine Used for Simulations
	The groundwater flow numeric engine MODFLOW-2005 (Harbaugh, 2005), was used to simulate the groundwater flow.  In this study a steady-state flow simulation for 1 day was chosen.  Initial heads were specified by the assigned constant head boundaries discussed in section 3.5.  The WHS Solver for Visual MODFLOW was used as the iterative solver for numerical flow equations.  The “maximum number of outer iterations” was assigned as 1000, while the remaining parameters; “maximum inner iterations”, “head change criterion”, “residual criterion”, “damping factor”, and “relative residual criterion” were left as the default values.  “Layer settings” were set to “Harmonic mean (interblock transmissivity)” and “confined (layer type)”.     
[bookmark: _Toc323844450][bookmark: _Toc324237833]3.4 Groundwater Flow Modeling 
	To observe groundwater flow and influences, boundaries simulating regional gradient, basin recharge, artificial recharge well, and groundwater withdrawal were applied to the hydrostratigraphic model.  Boundaries were simulated by assigning constant heads reflecting the influence of the respective boundary.  Constant head is used to fix the head value in selected grid cells regardless of the system conditions in the surrounding cells (Schlumberger, 2010).  In models reflecting basin recharge, artificial injection well, and groundwater withdrawal, constant head values were assigned with respect to equipotential heads in the area, as defined by the 1.5 m/km gradient model, mentioned below.  
[bookmark: _Toc324237834]3.4.1 Simulated Influence of Gradient on Groundwater Flow 
	The natural direction of groundwater flow in the study area is from west to east.  To establish groundwater flow and observe the influence of the modeled hydrostratigraphy two groundwater flow gradients were applied.  The gradients used were 1.5 m/km and 2.3 m/km (Ziegler et al., 2010).  To achieve a 1.5 m/km gradient a constant head difference of 13.5 m (13.5 m /8.9 km = 1.5 m/km) was used across the models.  A constant head value of 436 m.a.s.l. was assigned as a constant head boundary along the entire west side of the model, and a constant head value of 422.5 m.a.s.l. was assigned to the east side of the model.  To achieve a 2.3 m/km, gradient a constant head difference of 20.25 m (20.25 m/8.9 km = 2.3 m/km) was assigned across the model.  With a constant head value of 436  m.a.s.l. was assigned to the west side of the model, and a constant head value of 415.8 m.a.s.l was assigned to the east side of the model.  The width of the constant head boundaries on both sides of the model is 0.04 km.  
[bookmark: _Toc324237835]3.4.2 Recharge Basin Infiltration Influence on Groundwater Flow
	Recharge Basin 1 was used in Phase 1 of the City of Wichita’s artificial recharge project until April 2009.  A recharge basin was assigned to the northeast corner of the model based at the approximate location of the GMD2 Recharge Basin 1.  In the model, the recharge basin is represented by a constant head boundary 0.2 km wide.  Three basin depths were tested, to demonstrate the importance of the impact of basin recharge on groundwater flow.  The recharge basin was simulated as though it had direct contact to the aquifer, and the depth at which the recharge influenced varied to observe the influence on groundwater flow. Three simulations were tested varying with depth of influence, 1.5 m, 3 m, and 6 m, while width, 0.2 km, and constant head of 424 m.a.s.l. remained constant.  A constant head of 424 m.a.s.l. created a difference between the water table and basin water level of 1.0 meter.  To represent a recharge environment, the equipotential head closest to the area of recharge was referenced and the constant head boundary was assigned a slightly higher value.      
[bookmark: _Toc324237836]3.4.3 Simulations of Artificial Injection Well Influence on Groundwater Flow
	  As discussed in Chapter 2 artificial recharge wells have been installed in the Equus Beds aquifer as an additional means of restoring the aquifer to past water table conditions.  The boundary was assigned at a depth of about 417 to 410 m.a.s.l., in a preferential high-K sediment zone.  The simulated injection well is represented by a rectangular constant head boundary.  The boundary represents the screened interval of an injection well.  To simulate the influence of an injection zone, equipotential lines closest to the well were referred to and a constant head boundary was assigned along these nodes.  Head values used to represent injection include 426 m.a.s.l., 428 m.a.s.l., and 430 m.a.s.l. creating a head difference of 2.0 m, 4.0 m, and 6.0 m, respectively.  
[bookmark: _Toc324237837]3.4.4 Simulations of Groundwater Withdrawal Influence on Groundwater Flow 
	The influence of an irrigation well on groundwater flow in the Equus Beds aquifer was evaluated by adding an irrigation well assigned in a high-K zone typical of an irrigation well.  The irrigation well diameter is about 17 cm and a screened interval of about 9 m.  The withdrawal well is represented by a 9 m long, vertical, rectangular, constant head boundary, representing the screened interval of the irrigation well.  To represent a withdrawal zone, equipotential line values closest to the area of withdrawal were referenced and lesser values were assigned to the constant head boundary.  Three variations of drawdown were tested (422 m.a.s.l., 422.5 m.a.s.l., and 423 m.a.s.l.) representing a head difference of 7 m, 6.5 m, and 6 m, respectively. 
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[bookmark: _Toc324196464][bookmark: _Toc324196507][bookmark: _Toc324237838]CHAPTER 4
[bookmark: _Toc324196465][bookmark: _Toc324196508][bookmark: _Toc324237839]RESULTS: HYDROSTRATIGRAPHIC AND GROUNDWATER FLOW MODELS
	Hydrostratigraphic cross sections derived from conventional driller’s, EC, and HPT logs were created to compare interpreted heterogeneity as described by the respective methods.  The hydrostratigraphic models were used to create hydrologic models to simulate the influence of aquifer heterogeneity and aquifer stresses on groundwater flow.  This chapter describes, in detail, both the hydrostratigraphic and groundwater flow models.  
	Figures 11, 12, and 13 show the correlation of logs to the property zone assignments used to create the hydrostratigraphic models.  Modeled data match well with logs, suggesting that property zones assignments were appropriately assigned.  The shapes of the red lines in the conventional driller’s model indicate the range of sediment textures described from conventional field methods.  The shapes of the red lines in the EC model indicate the electrical conductivity of the sediment with depth.  The shapes of the red lines in the HPT model indicate the hydraulic pressure imposed by the sediment at depth.  In all three models, as the log signatures point to the right they indicate areas of low hydraulic conductivity.  Alternatively, as the logs point to the left, they indicate sediment of high hydraulic conductivity.     
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[bookmark: _Toc323838337][bookmark: _Toc323844832][bookmark: _Toc324189156][bookmark: _Toc324189309] Figure 11: 	Conventional drilling logs overlaying the hydrostratigraphic model.  Red lines indicate sediment variation with depth.
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[bookmark: _Toc323838338][bookmark: _Toc323844833][bookmark: _Toc324189157][bookmark: _Toc324189310]Figure 12: 	EC logs overlying the hydrostratigraphic model.  Red lines represent electrical conductivity with depth. 

[image: ]

[bookmark: _Toc323838339][bookmark: _Toc323844834][bookmark: _Toc324189158][bookmark: _Toc324189311]Figure 13: 	HPT logs overlaying the hydrostratigraphic model.  Red lines represent HPT logs indicating hydraulic pressure with depth.
[bookmark: _Toc323844452][bookmark: _Toc324237840]
4.1 Hydrostratigraphic Models
[bookmark: _Toc324237841]4.1.1 The Conventional Driller’s Log Model 
	A driller’s log hydrostratigraphic model was generated from the driller’s logs data representing a cross section that a geologist may create based on cutting descriptions (Figure 14).  The geologic data from driller’s logs provide the only physical descriptions of the study area and were used for comparison against the high-resolution methods.  
The driller’s log model suggests that the aquifer may be divided into three layers based on laterally continuous sediment variations with depth assigned as Layer A, Layer B, and Layer C.   From the top of the model at 436 m.a.s.l., Layer A is about 8 m thick and is bounded by a laterally extensive clay layer at a depth of 427 m.a.s.l. Layer B is approximately 17 m-thick, from 427 m.a.s.l. to the top of a clay zone at 410 m.a.s.l.  The top of Layer C begins at approximately 410 m.a.s.l., and extends down to 400 m.a.s.l. (Figure 14).
Layer A consists primarily of coarse sediment (sand) with lenses of finer sediment (silt and clay).  These lenses are located at 3.2 km, 5.6 km, 8.6 km, and 8.8 km at depths of approximately 436, 431.5, 432, and 431 m.a.s.l., respectively.  The lenses at 3.2, 5.6, 8.6, and 8.8 km have approximate thicknesses of 2, 0.5, 1, and 0.5 m, respectively.
Within layer B the sediment texture grades laterally from coarse sand with a clay zone, in the western third of the transect, to fine, silt and clay with a zone of coarse sediment in the east.
The coarse sand zone appears from the western margin to 5.6 km.  The thickness of the sand zone is approximately 9.0 m at the western margin, at a depth of 427.5 m.a.s.l. to 418.8 m.a.s.l.  Toward the east, at 3.2 km, the sand zone reaches a maximum thickness of 15 m, and depth of 411 m.a.s.l.  From 3.8 km to 5.9 km the sand zone thins out, to a thickness of 4 m, interfingering with a massive clay zone.  This massive clay zone was interpolated as a connected irregular zone stretching laterally from 2.2 km to 8.9 km, the extent of the model.  At 2.2 km, and an elevation of 427 m.a.s.l., a 2.5 km-long, 3 m-thick clay lens disappears.  The lens connects to a 12 m-thick clay body at 4.8 km.  Within this thick clay zone, at a depth of 419 m.a.s.l., a thin lens of sand 0.3 m-thick.  At a depth of 427 m.a.s.l., a 2 m-thick clay finger extends laterally from the body to about 7.7 km.  At a depth of 419 m.a.s.l., a 5 m-thick clay zone extends laterally westward.  At 7.2 km this clay zone increases in thickness to 10 m, reaching a depth of 410 m.a.s.l.  To 8.9 km, the clay zone gradually decreases to a thickness of 2.0 m.  At a depth of 424.5 m.a.s.l., a 4 m-thick, 1.9 km-long sand zone, extends from 7.0 km to 8.9 km, interfingering with the large clay zone.  On the eastern margin of the model, at a depth of 418.5 m.a.s.l. there lies a clay zone approximately 6.0 m-thick.  This clay zone extends approximately 0.7 km.
	In Layer C, from west to east, the sediment grades laterally from silt/clay to coarse sand.  A large clay zone at a depth of 410 m.a.s.l., 9 m-thick, extends from 0.6 km 3.8 km.  From this large clay zone two prominent clay fingers extend to the west and east.  A lens of clay, 0.5 m-thick, extends laterally from the massive clay zone to the west at a depth of 404.5 m.a.s.l..  Another lens, at a depth of 404.5 m.a.s.l., 1.8 m-thick extends to the east from 3.8 km.  This finger bridges the large clay zones from the middle and bottom layers.  At approximately 4.4 km the sediment texture grades laterally into coarse sand.  This sand zone extends from 5.2 km to 8.9 km, and is approximately 8 m-thick.  At a depth of 407 m.a.s.l. a clay zone approximately 0.5 m-thick appears at 8.9 km.
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[bookmark: _Toc323838340][bookmark: _Toc323844835][bookmark: _Toc324189159][bookmark: _Toc324189312]Figure 14: 	Conventional driller's log hydrostratigraphic model.  Dashed red lines define Layers A, B, and C.
  
[bookmark: _Toc324237842]4.1.2 The Electrical Conductivity Model 
The EC model (Figure 15) shows that electrical conductivity data define variation at a high-resolution.  Vertical trending features observed in the model in log locations at approximately 3.0 km, 5.6 km and, 7.0 km seem to be artifacts of the modeling approach.  Their occurrence in the model will not be described as prominent sediment variations.  The uppermost, middle, and bottommost layers defined in the conventional log model section above were used in the descriptions of sediment variation for this section. 
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[bookmark: _Toc323838341][bookmark: _Toc323844836][bookmark: _Toc324189160][bookmark: _Toc324189313]Figure 15: 	EC created hydrostratigraphic model.  Dashed lines indicate the separation of layers A, B, and C.

Layer A of the electrical conductivity model suggests that the layer consists predominantly of high-K sediment.  Between 3.2 and 5.9 km a lens of fine sediment approximately 1.0 meter in thickness is indicated at a depth of about 433 m.a.s.l.  Directly below the lens is a coarse sediment lens about 0.8 m thick, and about 0.2 km long is indicated.  Two other small coarse sediment lenses are found within Layer A, both at 7.2 km one is at the top of the model and the other is at a depth of 2.0 m.  
In Layer B, from west to east, log data indicates that sediment appears to grade laterally from small to large over a distance of about 4 km. The gradation into large low-K lenses on the top half of the layer and larger sediment on the bottom half of the layer until reaching the model margin.  The east side of the model is represented by thick and thin lenses or fingers of low-K sediments.  A large lens, approximately 1 km long and about 2 m-thick, is present at a depth of 418.7 m.a.s.l.  A smaller lens approximately 0.5 km-long and 0.5 m-thick occurs at a depth of 416 m.a.s.l.  A slightly larger lens approximately 1 km long and about 0.8 m-thick is encountered at a depth of 414 m.a.s.l.  Coarse sediment layers separate these lenses.  At 3.2 km and a depth of about 428 m.a.s.l. a thick clay lens appears.  This clay lens is approximately 2.4 m-thick and has an approximate length of 3.3 km.  Moving eastward across the model to about 5.8 km, silt and clay sediment become dominant in the middle of the layer in the form of three closely spaced, long, and thick lenses stacked atop one another.  The upper lens is indicated at a depth of about 422.5 m.a.s.l., and approximately 0.6 m-thick and about 0.8 km-long.  The middle lens is larger and appears at a depth of 420.2 m.a.s.l. indicating a thickness of about 1.2 m and length of approximately 3.3 km.  The lower lens sets at a depth of 419.6 m.a.s.l. is the largest of the three, with an approximate thickness of 1.5 m and a length of about 4.5 km.  At 7.2 km a low-K lens appears.  This lens is approximately 0.8 m-thick and about 1.2 km-long.  
On the east side of the model of Layer B two separate low-K lenses appear.  The top lens occurs at a depth of 427 m.a.s.l. is approximately 0.3 km-long and 0.2 m-thick.  The bottom lens occurs at a depth of 419.8 m.a.s.l. and is about 0.5 km-long and 0.4 m-thick.  A high-K area represents the rest of the layer.
Layer C indicates predominantly low-K area on the west side of the model and laterally grades to a predominantly higher-K sediment type to the east.  Beginning on the western margin there are three large low-K lenses extending and pinching out to the east.  The first lens is encountered at a depth of 410.7 m.a.s.l., the lens is approximately 7.3 km-long, and about 2.0 m thick at its largest and about 1 m-thick at the narrowest point. The second lens sets at a depth of 407.9 m.a.s.l.  This lens has an approximate thickness of 2.3 m, as the lens extends to the east it slightly narrows to a point at 4.6 km, making it 4.6 km-long, at this point the lens has a thickness of 0.5 m.  The third lens appears at a depth of 404 m.a.s.l., and is approximately 4.4 km-long.  Although the lens is quite long, it maintains an approximate thickness of 0.9 m.  At the bottom of the eastern margin three small lenses appear at depths of 408.7 m.a.s.l., 407.5 m.a.s.l., and 406.1 m.a.s.l., have approximate lengths of 0.3 km, 0.1 km, and 0.2 km, and thicknesses of 0.3 m, 0.3 m, and 0.2 m respectively. 
[bookmark: _Toc324237843]4.1.3 Hydraulic Profiling Tool Hydrostratigraphic Model
The elevations used to define Layers A, B, and C were used to define the sediment variations in the hydraulic profiling tool model (Figure 16).
Layer A, indicates that it’s predominantly high-K with one large low-K lens.  The lens is located at a depth of 433 m.a.s.l. and is approximately 1 m-thick.  The model generated length of the lens is approximately 1.4 km-long, between 2.4 km and 3.8 km on the x-axis.
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[bookmark: _Toc323838342][bookmark: _Toc323844837][bookmark: _Toc324189161][bookmark: _Toc324189314]Figure 16: Hydrostratigraphic model generated by HPT.
	
Layer B, is represented by vertically and laterally grading sediment textures across the cross section.  From the west side of the model at a depth of about 427 to approximately 421 m.a.s.l. sediment size appears to be primarily coarse grained.  At 421 m.a.s.l. the sediment size transitions into finer sediment, which continues to the bottom of the layer.  A zone between 421 and 419 m.a.s.l. shows small-scale interfingering of fine sediment variations, within this zone the model interpolates a fine sediment lens that extends from the edge of the model to about 1 km.  From about 419 to 410 m.a.s.l. a thick clay zone is present.  From the edge of the model, the lateral extent of the thick clay zone, generated by the model, recedes from 1 km to 0.2 km, reaching a depth of 410 m.a.s.l., the bottom of Layer B.  
At a depth of 427 m.a.s.l., and a distance of 3.2 km, a 3.2 m-thick, fine sediment lens occurs.  The interpolated length of the thick clay lens is approximately 2.3 km.  From the bottom of this thick clay lens to the bottom of Layer B, the sediment can be described as primarily coarse sediment, with small lenses of fine sediment occurring at depths of 418 and 415 m.a.s.l.  The model interpolates that the highest lens bridges fine sediment zones spanning a distance of approximately 2 km.  The lower lens is interpolated as a finger, approximately 1.4 km-long, extending from the fine sediment zone located on the western margin.  Beneath the thick lens at the top of the layer, at a depth of 424 m.a.s.l. and a distance of 5.6 km along the transect a 7 m-thick zone of fine sediment, varying in sediment size.  Within this thick zone of fine sediment varying degrees of sediment size are shown including three prominent low-K zones.
  The tops of the three low-K lenses are encountered at elevations of 424, 422, 419 m.a.s.l.  The top low-K lens is approximately 1.7 m-thick, and is the longest with a model generated length of 2.7 km. The eastern pinch out of the top low-K zone connects a fine sediment lens, approximately 2 km-long and 0.5 m-thick, located on the eastern edge of the model at a depth of 420 m.a.s.l.  The middle low-K zone is approximately 3.2 m-thick, and has an approximate interpolated length of 1 km.  From the middle low-K zone a fine sediment finger, approximately 0.5 m-thick, is interpolated, and bridges fine sediment zones reaching the eastern edge of the model as a 0.7 m-thick prominent low-K zone at a depth of 420 m.a.s.l.  The bottom low-K zone is approximately 2 m-thick, and has an approximate length of 1 km.  From the bottom clay zone an interpolated bridge of fine-sediment, approximately l m-thick, connects a prominent low-K zone occurring at 6.8 km along the transect and a depth of 417.5 m.a.s.l.  The low-K zone has an approximate thickness of 1.5 m and extends to the eastern edge of the model, slightly increasing to a depth of 416.7 m.a.s.l.  Directly above this clay zone is a prominent clay zone approximately 1.4 m-thick, and has a length of 0.6 km. 
A small, low-K lens appears at a depth of about 414.9 m.a.s.l.  The lens is approximately 0.4 km in length, and about 0.5 m thick.  Beneath the low-K sediment lens, separated by a 1 m-thick high conductivity zone, is a low-K zone 1.7 m-thick at a depth of 412.8 m.a.s.l.  
Layer C laterally grades from low-K on the west to high-K in the east.  The most prominent feature in Layer C is a 7.0 km-long clay layer. 
[bookmark: _Toc323844453][bookmark: _Toc324237844]4.2 The Groundwater Models
[bookmark: _Toc324237845]4.2.1 Elements of Groundwater Flow
	Visual MODFLOW 4.3 was used to predict and simulate the influence of sediment heterogeneity and various parameters on groundwater movement.  The groundwater flow models, illustrate the movement of groundwater with two components, equipotential lines and velocity vectors.  Equipotential lines can be used to determine the path of groundwater as it moves through the aquifer. In this study they represent the head values, m.a.s.l, in between respective constant head boundaries, assigned to each model.  In general, equipotential lines are influenced by both fine and coarse sediment zones and can vary dramatically in a heterogeneous aquifer.  As the line reaches a low-K zone the line appears to bends while within the high-K zones the line remains parallel to the constant head boundaries.  Equipotential lines are represented in the models as solid lines. 
Groundwater flow velocity vectors represent the average linear seepage velocity calculated from the Darcy velocity.  Velocity values are obtained as a function of spatial coordinates and time, divided by the effective porosity (0.15), a default value. Velocity vectors illustrate the velocity and direction of movement of a particle of water through the aquifer.  Since this is an isotropic condition vector orientations are perpendicular to equipotential lines.  Velocity vector magnitudes are determined based on head values associated with the equipotential lines and hydraulic conductivity.  Velocity vectors are scaled based on magnitude of velocity.  Small velocity vectors are found in areas where there is a large distance between equipotential lines indicating gentle gradient. Some velocity vectors are so small they cannot be seen.  Alternately larger velocity vectors are found in areas where there is a small distance between equipotential lines indicating a steep gradient.  Velocity vectors are represented in the models as black arrows.  In this section of the chapter, equipotential lines (m.a.s.l.) and rate of groundwater flow in meters per second (m/s) will be the components described to illustrate influences of gradient, recharge basin, injection, and withdrawal.
[bookmark: _Toc324237846]4.2.2 Assignment of Gradient Flow Conditions
To evaluate the importance of fine-scale heterogeneity on groundwater flow, four conditions were imposed on the model.  They include regional water table elevation gradient, a basin recharge, an injection well, and a withdrawal well on groundwater movement. To establish groundwater flow behavior, a west to east gradient was imposed on the model.  Two different gradients were used to simulate different conditions.  The gradients were based on measurements from 1992 and 2010.  In 1992, groundwater levels in the Equus Beds aquifer were at their lowest levels in history (Hansen and Aucott, 2001) the gradient was 2.3 m/km (Ziegler, 2010).  The gradient from 2010 was 1.5 m/km (Ziegler, 2010) after groundwater levels had recovered substantially.  Sections 4.3 and 4.4, will present modeling results of influence of gradient on groundwater movement. 
[bookmark: _Toc323844454][bookmark: _Toc324237847]4.3 Gradient Influenced Groundwater Flow Model Descriptions
Gradient models based on the interpolated heterogeneity of conventional driller’s, electrical conductivity, and hydraulic profiling tool logs, and gradient influences are described in the following subsections.  The gradient models are described using the Layers A, B, and C, previously defined in the hydrostratigraphic section.  As discussed above, two regional water table gradients (1.5 m/km and 2.3 m/km) were simulated and described.  The gradients will establish groundwater movement through the model as governed only by hydraulic conductivity.  Depths where equipotential lines showed a visible difference in spacing were selected for comparison to other groups.  Flow rate values were found using the “Cell Inspector” Tool in Visual MODFLOW.  Gradient and groundwater flow rates were compared in six locations of the conventional driller’s, EC, and HPT 1.5 m/km regional gradient models described in the following sections 
[bookmark: _GoBack](Table 3).
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[bookmark: _Toc324196549][bookmark: _Toc324196702]Table 3: 	Comparison of measurements taken from the 1.5 m/km regional gradient   models.

[bookmark: _Toc324237848]4.3.1 Conventional Driller’s Log Water Table Gradient Models
[bookmark: _Toc322017776][bookmark: _Toc324237849]4.3.1.1 1.5 m/km Gradient
Figure 17 illustrates a cross section influenced by a 1.5 m/km regional water table gradient.  The gradient was measured as 1.8 m/km within a zone in Layer A between 2.6 km and 3.7 km (red circle, 1) the equipotential lines range from 432 to 430 m.a.s.l.  This is where a large clay lens at 434 m.a.s.l. sets, and the large clay zone, the top of Layer B are within 4 m of each other.  Flow rates within the top layer range from 3.5 x 10-2 to 5.8 x 10-2 m/s.  In an area between 6.3 km and 8.3 km (black circle, 2) where the equipotential lines range from 426 to 423 m.a.s.l. the gradient is 1.5 m/km.  Flow rates in this area range from 1.5 x 10-2 to 1.9 x 10-2 m/s.
In the large high-K zone, within Layer B, extending from the western side of the model to about 2 km (purple circle, 3), the gradient is approximately 0.15 m/km.  Flow rates in this area range from 8.5 x 10-4 to 1.9 x 10-3 m/s.  At a depth of about 412 m.a.s.l. in Layer B equipotential lines are displayed in high-density, 435 to 423 m.a.s.l., at about 6.2 to 7.6 km (yellow circle, 4) creating a gradient of approximately 12.5 m/km.  Flow rates range from 7.9 x 10-6 to 9.9 x 10-7 m/s.  At a depth of about 415 to 412 m.a.s.l. (white circle, 5) a gradient of 0.25 m/km is indicated.  Flow rates from the area range from 1.2 x 10-7 to 7.9 x 10-7 m/s.
In Layer C equipotential lines become grouped at a large clay zone, approximately 10 m-thick, at a depth of approximately 410 m.a.s.l.  The equipotential lines create a gradient of 8.3 m/km (pink circle, 6).  Groundwater flow rates range from 2.4 x 10-6 to 3.7 x 10-5 m/s.  The coarse sediment region to the east has a gradient of 0.29 m/km.  Flow rates range from 3.0 x 10-4 to 5.3 x 10-7 m/s.
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[bookmark: _Toc323838343][bookmark: _Toc323844838][bookmark: _Toc324189162][bookmark: _Toc324189315]Figure 17: 	Conventional driller's log model with a gradient influence of 1.5 m/km.  Blue lines represent equipotential lines and black arrows are groundwater movement vectors.

[bookmark: _Toc322017777][bookmark: _Toc324237850]4.3.1.2 2.3 m/km Gradient	
Figure 18 represents a cross section influenced by a 2.3 m/km regional water table gradient.  In the Layer A from west to east, the gradient ranges from 1.8 to 2.6 m/km.  The steepest flow gradient in the layer, 2.6 m/km, is found in a zone between 2.6 km and 3.7 km where a 2 m-thick clay zone at a depth of 434 m.a.s.l., and the large clay zone, the top of the middle layer are within four meters of each other.  Flow rates in the upper layer range from 0.02 m/s to 3.7 x 10-6 m/s. 
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[bookmark: _Toc323838344][bookmark: _Toc323844839][bookmark: _Toc324189163][bookmark: _Toc324189316]Figure 18: Hydrologic model with a gradient influence of 2.3 m/km.

In Layer B, from the west side to the large 15 m thick clay zone, the gradient is 0.15 m/km.  At the aforementioned thick clay zone, of the middle layer, the equipotential line are quite dense creating an approximate gradient of 15 m/km.  The coarse zone on the east side of the clay zone has a gradient of 0.08 m/km.  Groundwater flow rates of the middle layer range from 2.0 x 10-3 to 8.1 x 10-8 m/s.
At approximately 410 m.a.s.l., in Layer C, equipotential lines create a gradient of approximately 10.6 m/km at a 10 m thick clay zone.  The high-K zone of the lower area has a gradient of 0.23 m/km.  Groundwater flow rates in the lower layer range from 5.0 x 10-4 to 6.4 x 10-7 m/s.
[bookmark: _Toc324237851]4.3.2 Electrical Conductivity Water Table Gradient Models
[bookmark: _Toc322017778][bookmark: _Toc324237852]4.3.2.1 1.5 m/km Gradient 
	Figure 19 represents a cross section influenced by a 1.5 m/km gradient.  In Layer A equipotential lines show a parallel orientation to one another with gradient values ranging from 1.5 m/km to 1.9 m/km.  From the western border of the model to about 2.6 km, equipotential values range from 436 to 432 m.a.s.l., indicating a gradient of 1.5 m/km.  Groundwater flow rates range from 1.2 x 10-2 m/s to 7.7 x 10-3 m/s.  From 2.6 km to 4.2 km (red circle, 1) the equipotential values range from 432 to 429 m.a.s.l. and the gradient is 1.9 m/km.  Groundwater flow rates range between 1.6 x 10-2 and 8.3 x 10-5 m/s.  From 5.5 km to the eastern border (black circle, 2) of the model, equipotential values range from 426 to 422.5 m.a.s.l. creating a gradient of 1.28 m/km.  Groundwater flow rates range from 7.1 x 10-3 to 9.0 x 10-3 m/s.
From the western side of the model to about 1.2 km at approximately 425 m.a.s.l., equipotential lines range from 436 to 433 m.a.s.l., creating a gradient of 2.5 m/km.  The flow rate of groundwater in this area measured from 8.9 x 10-3 to 6.2 x10-4 m/s.  An area of high-K directly below and to the west of the large clay lens was measured from the western edge of the models to approximately 2 km (purple circle, 3).  A gradient of 2.5 m/km was measured.  Flow rate of groundwater in this area range from 1.1 x 10-2 to 1.8 x10-2 m/s.
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[bookmark: _Toc323838345][bookmark: _Toc323844840][bookmark: _Toc324189164][bookmark: _Toc324189317]Figure 19: EC hydrologic model with 1.5 m/km gradient.

Moving east through the model  within a 16 m-thick, 1.7 km-wide, high-K zone from 2.0 km to about 4.5 km the equipotential values range from 430 to 428 m.a.s.l., and the gradient becomes shallow.  The gradient was measured at an approximate 0.8 m/km.  The directions of some of the vectors tend to move downward.  Groundwater flow rate values in the large, high-K zone range from 1.0 x 10-2 m/s to 2.8 x 10-4 m/s.  The smallest values occur in the middle of the zone.  Following the high-K zone east, and below a large low-K zone at a depth of 420 m.a.s.l., it becomes narrower, to about 7 m in thickness, the gradient changes to about 1.1 m/km (yellow circle, 4). Flow rates range from about 5.5 x 10-3   to 8.8 x 10-3 m/s.  Directly above a large clay zone, at a depth of about 423 m.a.s.l. equipotential lines range from 428 to 425 m.a.s.l. creating a gradient of 2.1 m/km.  Average groundwater flow rate values were measured at about 8.3 x 10-3 to 1.0 x 10-2 m/s.  A preferential flow path at about 420 m.a.s.l. has a gradient of 1.8 m/km.  Groundwater flow rates range from 8.4 x 10-3 x 1.3 x 10-2 m/s. 
On the west side of the model, from a depth of about 418 to 410 m.a.s.l. three prominent low-K lenses occur (white circle, 5), with a noticeable gradient discrepancy.  The equipotential values range from 436 to 431 m.a.s.l.  The gradient from this area is about 4.5 m/km.  Vectors in this area are extremely small, with flow rates ranging from about 1.5 x 10-3 to 1.7 x 10-3 m/s.  
	In Layer C, from the west side of the model to about 0.9 km, at a depth of about 410 to 407 m.a.s.l. there is a noticeable gradient difference in the model. Equipotential lines ranging from 436 to 428 m.a.s.l. have a gradient of approximately 5.7 m/km.  Groundwater flow rate values within this zone, in between the two large clay lenses, have an average value of 4.5 x 10-4 to 2.7 x 10-4m/s.  From 0.9 km along the transect to the eastern side of the model the gradient shallows significantly to 0.69 m/km (pink circle, 6), with flow rates ranging from 2.4 x10-4 m/s to 1.1 x 10-3 m/s.    
[bookmark: _Toc322017779][bookmark: _Toc324237853]4.3.2.2 2.3 m/km Gradient
	Figure 20 illustrates the influence of a 2.3 m/km gradient through the cross section. Equipotential lines in Layer A are parallel to each with little bending of the lines suggesting consistent flow.  However, the lines show differences in width to each other.  From the west side of the model to about 2.2 km, the equipotential lines range from 436 m.a.s.l. to 431 m.a.s.l.  The gradient measured within this area is about 2.2 m/km.  Within this area, flow rates range from 1.8 x 10-2 to 9.2 x 10-4 m/s. 
From 2.2 to 4.4 km equipotential lines from 431 to 425 m.a.s.l., show slightly narrower widths.  A gradient measurement was taken in this area of 2.7 m/km.  In a high-K zone groundwater flow rates ranging from 1.3 x 10-2 to 2.8 x 10-2 m/s are indicated between lines 428 m.a.s.l. and 427 m.a.s.l.  From 4.4 km to the east side of the model the equipotential lines maintain consistent width to each other, the gradient from this area is 1.9 m/km with flow rates ranging from 8.1 x 10-3 to 1.2 x 10-2 m/s.
Layer B indicates much more variation with respect to gradient differences than the Layer A.  From the west side of the model to about 0.9 km, directly to the west of the large clay lens, at 428 m.a.s.l., equipotential lines ranging from 436 to 433 m.a.s.l. create a gradient of 3.3 m/km with flow rates ranging from 9.6 x 10-4 to 1.5 x 10-2 m/s.  From the west side of the model to about 1.6 km, at a depth of about 425-421 m.a.s.l. a gradient of 3.7 m/km was found.  Equipotential values range from 436 to 430 m.a.s.l.  Flow rate values within this area have an approximate range of about 2.1 x 10-2 to 3.2 x 10-2 m/s.  To the east from 1.6 km to 4.5 km the equipotential values ranging from 430 to 424 m.a.s.l. become more spread out as the area of coarse sediment becomes larger.  The gradient in this area was measured at 1.25 m/km, with flow rates range from about 5.8 x 10-4  to 1.8 x10-2 m/s.
From the large, coarse sediment area pathways split around, and through a grouping of fine-sediment zones in the middle of the transect with a depth range of 422 to 417.5 m.a.s.l.  The pathway going over fine-sediment zone, and in between clay lenses, through a pathway 1.5 m-thick has a gradient of 2.2 m/km.  Equipotential lines in this area range from 424 to 419 m.a.s.l. over a distance of about 2.7 km.  Flow rates in this area range from 1.1 x 10-2 to 1.8 x 10-2 m/s. A 0.4 m-thick pathway bisecting the large clay zone at about 419 m.a.s.l. has a gradient of 2.3 m/km.  Flow rates in the narrow pathway range from 1.2 x 10-2 to 2.0 x 10-2 m/s.  The pathway at the bottom of the large clay area is 7 m thick.  The equipotential lines, ranging from 424 to 419 m.a.s.l. increase in width in this area with a gradient of 1.7 m/km.  Groundwater values range from 8.7 x 10-3 to 1.5 x 10-2 m/s.     
On the west side of the model to about 1.2 km the gradient among three prominent clay lenses was measured at 6.6 m/km.  Equipotential lines in this area range from 436 to 428 m.a.s.l.  Flow rates from this area range from 1.7 x 10-2 to 2.4 x 10-2 m/s.
In Layer C the gradient is extremely steep in the western third of the model and becomes much shallower to the eastern side.  From the west side of the model equipotential lines range from 436 to 419 m.a.s.l. over a distance of 2 km.  The gradient measured from this area is 8.5 m/km.  Flow rates from this pathway range from 6.6 x 10-4 m/s to 1.3 x 10-3 m/s.  From 2.0 km to the eastern edge of the model the gradient reduces to 0.46 m/km, with flow rates ranging from 4.8 x 10-4 to 3.0 x 10-3 m/s.
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[bookmark: _Toc323838346][bookmark: _Toc323844841][bookmark: _Toc324189165][bookmark: _Toc324189318]Figure 20: EC hydrologic model with 2.3 m/km gradient.

[bookmark: _Toc324237854]4.3.3 Hydraulic Profiling Tool Log Water Table Gradient 
[bookmark: _Toc322017780][bookmark: _Toc324237855]4.3.3.1 1.5 m/km Gradient
	Figure 21 illustrates the influence of 1.5 m/km gradient.  In Layer A, based on the orientation of equipotential lines, the groundwater flow through the layer appears undisturbed.  However, gradients measured from the upper layer differ slightly in areas.  From the west side of the model to 1.5 km the gradient measured is 1.4 m/km.  The equipotential lines range from 436 to 434 m.a.s.l.  Flow rates in this area range from 2.5 x 10-3 to 3.5 x 10-3 m/s.  From 2.0 to 4.0 km (red circle, 1), equipotential values range from 433 to 429 m.a.s.l. create a gradient of 2 m/km.  Flow rate values range from 3.8 x 10-3 to 7.4 x 10-3 m/s.  From 6.5 km to the eastern margin (black circle, 2) equipotential lines range from 425 to 422.5 m.a.s.l. creating a gradient of 1.25 m/km.  Groundwater flow rates in this area range from 1.2 x 10-2 to 7.4 x 10-3 m/s.
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[bookmark: _Toc323838347][bookmark: _Toc323844842][bookmark: _Toc324189166][bookmark: _Toc324189319]Figure 21: HPT model with a gradient influence of 1.5 m/km.

	In Layer B, from the west side of the model to about 2.0 km (purple circle, 3), equipotential lines range from 436 to 434 m.a.s.l, at a depth of 425 m.a.s.l., gradient is indicated to be 1 m/km.  Flow rates from this area range from 3.1 x 10-3 to 5.1 x 10-3 m/s.  At a depth of 415 to 410 m.a.s.l., from 1.0 km to 5.8 km equipotential lines create a new, shallow gradient of 0.6 m/km.  As the equipotential lines reach the large clay zone in the middle of the transect the gradient increases to 7.3 m/km.  Flow rates range from 5.7 x 10-6 to 1.4 x 10-5 m/s.  A gradient was measured within a flow path at a depth of 413 m.a.s.l. (yellow circle, 4).  Equipotential lines range from 430 m to 423 m.a.s.l. over a distance of 0.9 km.  The gradient was found to be 7.8 m/km.  Groundwater flow rates through this pathway range from 6.9 x 10-4 to 2.9 x 10-3 m/s.  At a depth of about 415 m.a.s.l. from the western side of the model to about 0.7 km (white circle, 5) equipotential lines range from 436 to 434 m.a.s.l. creating a gradient of 2.8 m/km.  Flow rates from this area range from 1.6 x 10-6 to 2.6 x 10-6 m/s.   
	Gradient within Layer C decreases from west to east across the cross section.   From the west side of the model to about 3.0 km the gradient is measured at 2 m/km.  Equipotential values from this area range from 436 to 430 m.a.s.l.  Flow rates within this gradient range from 6.9 x 10-6 to 5.4 x 10-4 m/s.  From 3.0 km to 4.5 km the gradient changes to 3.3 m/km (pink circle, 6).  This gradient includes equipotential lines 430 to 424 m.a.s.l.  Groundwater flow rates within this gradient range from 8.0 x 10-5 to 5.3 x 10-4 m/s.  
[bookmark: _Toc322017781][bookmark: _Toc324237856]4.3.3.2 2.3 m/km Gradient
	Figure 22 simulates the influence of a 2.3 m/km regional gradient.  Groundwater flow through Layer A appears to be consistent based on the parallel orientation of equipotential lines.  Three separate gradients were measured based on the change in equipotential line width change between each in certain areas.  In an area from the west side of the model to about 1.0 km the gradient observed is 2 m/km.  Equipotential values within this gradient range from 436 to 434 m.a.s.l.  Flow rates within this gradient range from 7.3 x 10-4 to 8.2 x 10-4 m/s.  A clay lens is encountered at about 1.8 km and the width between equipotential lines narrows slightly.  The gradient observed from this area is 2.9 m/km.   Equipotential values within this gradient range from 432 to 424 m.a.s.l.  Flow rates in this gradient range from 1.1 x 10-3 to 1.2 x 10-3 m/s.   From 4.5 km to the east side of the model the gradient noticeably changes.  The measured gradient within this area is 1.8 m/km.  Equipotential lines in this gradient range from 424 to 415.8 m.a.sl.  Flow rates in this gradient range from 3.1 x 10-4 to 1.1 x 10-3 m/s.
In Layer B, from the west side of the model to 1.8 km, a gradient directly to west of the large clay lens, at 425 m.a.s.l. was observed to be 1.6 m/km.  Equipotential lines associated with this gradient include 436 to 433 m.a.s.l.  Flow rates within this gradient range from 5.3 x 10-4 to 7.1 x 10-4 m/s.  The gradient decreases from 1.8 km to 5.8 km, as the model transitions into a large zone of coarse sediment.  The gradient in this area is 1.0 m/km.  Equipotential lines within this gradient range from 433 to 428 m.a.s.l.  Flow rates within this gradient range from 1.5 x 10-4 to 3.1 x 10-4 m/s.  A gradient of 11.1 m/km was measured within a flow path at a depth of 413 m.a.s.l.  Equipotential lines within this gradient range from 427 to 417 m.a.s.l.  Flow rates within the pathway range from 3.0 x 10-4 m/s to 1.2 x 10-3 m/s.  A gradient of 12.2 m/km was measured in association with a large clay zone located at a depth about 420 m.a.s.l., and at 5.7 km.  Equipotential lines within this gradient range from 428 to 417 m.as.l.  Groundwater flow rate values associated with this gradient range from 8.5 x 10-10 to 1.1 x 10-9 m/s.  
	Gradient within Layer C decreases from west to east.  From the west side of the model to 5.1 km the gradient is 3.5 m/km.  Equipotential values within this gradient include 436 to 418 m.a.s.l.  Flow rates associated with this gradient vary from 5.7 x 10-7 to 1.7 x 10-4 m/s.  The gradient from 5.1 km to the east side of the model decreases to 0.58 m/km.  Equipotential values in this layer range from 418 to 415.8 m.a.s.l.  Groundwater flow rate values associated with this gradient range from 7.3 x 10-5 to 2.7 x 10-4 m/s.
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[bookmark: _Toc323838348][bookmark: _Toc323844843][bookmark: _Toc324189167][bookmark: _Toc324189320]Figure 22: HPT hydrologic model with a gradient influence of 2.3 m/km.

[bookmark: _Toc323844455][bookmark: _Toc324237857]4.4 Influence of Withdrawal, Injection, and Recharge Basin on Groundwater Flow Using EC Model
The gradient models illustrated different flow patterns based on the definition of heterogeneity.  Compared to the EC model, the conventional driller’s and HPT models show less definition with respect to heterogeneity.  For this purpose, the heterogeneity of the EC model was used to simulate different groundwater flow influences.  Groundwater recharge was introduced via a model recharge infiltration basin based on the dimensions of Groundwater Management District #2, recharge basin #1 located near the eastern margin of the study area.   Injection and pumping well depths and locations were selected based on depth and sediment type.  The groundwater flow patterns, within each hydrologic model, as influenced by hydraulic conductivity, gradient, recharge, injection, and pumping will be described in this section.  Influences from hydrologic models in which recharge basin, and injection and pumping zones were applied, were compared to a model with a gradient flow of 1.5 m/km.  Groundwater flow models were experimented with to observe influences of imposed boundaries on gradient and flow direction.
[bookmark: _Toc324237858]4.4.1 Groundwater Withdrawal Models 
	  Withdrawal models simulating three different withdrawal conditions were experimented with.  Equipotential lines and velocity vectors influenced from the simulations were compared against equipotential lines and vectors associated with 1.5 m/km gradient model.  
	Figure 23 represents withdrawal influencing the head level by 6 m of from a depth range of 420 to 411 m.a.s.l. with a constant head length of 9 m.  In Layer B, from the west side of the model to 1.6 km from a depth of 415 to 410 m.a.s.l. the gradient is approximately 6.8 m/km.  Flow rates range from 2.4 x 10-3 to 3.2 x10-3 m/s.   From the withdrawal boundary to the east side of the model the gradient in the middle layer is approximately 0.26 m/km.  Flow rate values within the middle layer on the east side of the withdrawal zone range from 3.9 x 10-4 to 1.0 x 10-3 m/s.  Velocity vectors from proximity of about 1.0 km directly east of the withdrawal boundary are towards the withdrawal zone.  Maximum velocity vector directional influence is observed from proximity of 3.5 km.  Velocity vector orientation from the lower part of the upper layer at 6.0 km, and about 424 m.a.s.l. is toward the withdrawal boundary (Figure 24).  Flow rates from the preferential pathways within the group of the clay lenses on the east side of the model in the middle layer have an average value of 2.8 x10-3 m/s.
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[bookmark: _Toc323838349][bookmark: _Toc323844844][bookmark: _Toc324189168][bookmark: _Toc324189321]Figure 23: 	Withdrawal model showing the influence of a 6 m difference from 1.5 m/km gradient model.  The line left of center in the model represents the withdrawal well.  The solid red line at 3.4 km represents the head level of 423 m.a.s.l. at the withdrawal boundary.
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[bookmark: _Toc323838350][bookmark: _Toc323844845][bookmark: _Toc324189169][bookmark: _Toc324189322]Figure 24: 	Influence of withdrawal on groundwater flow.  Arrows only indicate direction of groundwater flow and are not scaled based on flow rate.

	Figure 25 represents withdrawal influencing the head value by 6.5 m from an elevation range of 420 to 411 m.a.s.l. with a screen interval of 9 m.  Gradient in the middle layer from the west side of the model to 1.6 km is approximately 7.8 m/km.  Gradient from the withdrawal boundary to the west side of the model is 0.087 m/km.  Flow rates within the large preferential path directly east of the withdrawal boundary range from 6.9 x10-5 to 6.9 x 10-4 m/s.  Vectors have a westward orientation towards the well has a proximity of 1.0 km, directly east of withdrawal.  The withdrawal boundary indicates a maximum distance of influence on groundwater direction observed at a depth of about 424 m.a.s.l., and a distance of about 5.8 km (Figure 26). 
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[bookmark: _Toc323838351][bookmark: _Toc323844846][bookmark: _Toc324189170][bookmark: _Toc324189323]Figure 25: Influence on groundwater flow from 6.5 m of withdrawal.
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[bookmark: _Toc323838352][bookmark: _Toc323844847][bookmark: _Toc324189171][bookmark: _Toc324189324]Figure 26: Withdrawal model showing the influence on ground water flow.  Arrows only indicate direction of groundwater flow and are not scaled based on flow rate.

Figure 27 represents a screen interval of 9 m and withdrawal influencing the head value by 7 m from a depth of 420 to 411 m.a.s.l.  Gradient in the middle layer from the west side of the model to 1.6 km is approximately 7.5 m/km.  Gradient in the middle layer from the withdrawal boundary to the east side of the model is 8.7 x 10-2 m/km towards the withdrawal boundary.  From the east side of the model vector orientation is towards the withdrawal boundary (Figure 28).  Flow rates range from 9.3 x 10-5 to 2.9 x 10-3 m/s, increasing towards the withdrawal boundary.
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[bookmark: _Toc323838353][bookmark: _Toc323844848][bookmark: _Toc324189172][bookmark: _Toc324189325]Figure 27: Influence on groundwater flow based on 7 m of withdrawal. 
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[bookmark: _Toc323838354][bookmark: _Toc323844849][bookmark: _Toc324189173][bookmark: _Toc324189326]Figure 28: 	Influence of withdrawal on groundwater movement.  Arrows only indicate direction of groundwater flow and are not scaled based on flow rate.
  
[bookmark: _Toc324237859]4.4.2 Injection Well Models
Injection models simulating three different conditions were used to observe the influence on water movement.  Equipotential lines and velocity vectors influenced from the simulations were compared against equipotential lines and vectors associated with 1.5 m/km gradient model. 
Figure 29 is simulating injection, influencing the head by 2 m at a depth of 417 to 410 m.a.s.l. with a screen interval of 7 m represented by a constant head of 426 m.a.s.l.  Gradient on the east side of the injection is 1.6 m/km, with flow rates ranging from 7.6 x 10-3 to 1.1 x 10-2 m/s.  Gradient from 5 km to the injection is approximately 0.83 m/km, with flow rates ranging from 5.3 x 10-3 to 8.5 x 10-3 m/s.  Figure 30 indicates the direction of groundwater flow.
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[bookmark: _Toc323838355][bookmark: _Toc323844850][bookmark: _Toc324189174][bookmark: _Toc324189327]Figure 29: 	Injection influencing head by 2 m.  The line labeled with 426 represents the injection boundary at m.a.s.l.
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[bookmark: _Toc323838356][bookmark: _Toc323844851][bookmark: _Toc324189175][bookmark: _Toc324189328]Figure 30: 	Direction of groundwater movement based on 2 m of injection influence.  Arrows only indicate direction of groundwater flow and are not scaled based on flow rate.

Figure 29 is simulating injection influencing the head by 3 m from a depth range of 417 to 410 m.a.s.l. with a screen interval of 7 m represented by a constant head of 428 m.a.s.l.  Gradient on the east side of injection is greater that on the west side.  Gradient on the east side of injection is 2.6 m/km, containing flow rates ranging from 1.1 x 10-2 to 1.6 x 10-2 m/s.  Gradient on the west side is 0.58 m/km, with flow rates averaging 3.3 x 10-3 m/s.  Direction of groundwater flow is not influenced (Figure 30).
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[bookmark: _Toc323838357][bookmark: _Toc323844852][bookmark: _Toc324189176][bookmark: _Toc324189329]Figure 31: 	Injection influencing the head by 4 m.  The line labeled 428 m.a.s.l is the injection boundary.
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[bookmark: _Toc323838358][bookmark: _Toc323844853][bookmark: _Toc324189177][bookmark: _Toc324189330]Figure 32: 	Direction of groundwater movement influenced by injection creating 4 m head influence. 

Figure 33 is simulating injection influencing the head by 5 m from a depth range of 417-410 m.a.s.l., with a screen interval of 7 m.  Adjacent to the injection boundary, gradient is greater on the east side than on the west side.  The gradient from the east side of the injection boundary is 3.5 m/km.  Flow rates from the east side of the injection boundary range from 1.5 x 10-2 to 3.2 x 10-2 m/s.  The gradient on the west side of the injection boundary is 0.32 m/km.  Flow rates on the west side of the injection boundary have a range of 1.7 x 10-4 to 1.6 x 10-3 m/s.  Direction of groundwater flow is not influenced (Figure 34). 
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[bookmark: _Toc323838359][bookmark: _Toc323844854][bookmark: _Toc324189178][bookmark: _Toc324189331]Figure 33: 	Injection influencing gradient by 6 m compared to the 1.5 m/km gradient model
      
[bookmark: _Toc323838360][bookmark: _Toc323844855][bookmark: _Toc324189179][bookmark: _Toc324189332][image: ]

Figure 34: Influence of injection on groundwater movement.

[bookmark: _Toc324237860]4.4.3 Recharge Basin Models
	Recharge basins of three depths were simulated to determine their influence on groundwater flow.  Equipotential lines and velocity vectors from the recharge models were compared to equipotential lines and vectors from models with 1.5 m/km gradient.   
	In Figure 35, a recharge basin 0.2 km wide is assigned in the upper right corner of the model that influences head value by 1 meter (from 423 m to 424 m), to a depth of 1.5 from the top of the model.  Equipotential lines on both sides of the recharge, 424 m.a.s.l. (left) and 423 m.a.s.l. (right) are primarily influenced.  Line 424 m.a.s.l. bends toward the basin, while line 423 m.a.s.l. bends away from the basin.  The vertical extent of influence for both lines is to approximately 427 m.a.s.l.  The implementation of recharge has resulted in a gradient of between equipotential lines 423 and 424 m.a.s.l.  Flow rates perpendicular to recharge have values from to 4.3 x 10-3 to 3.0 x 10-2 m/km.  The highest values are up-gradient and the lowest are down gradient. 
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[bookmark: _Toc323838361][bookmark: _Toc323844856][bookmark: _Toc324189180][bookmark: _Toc324189333]Figure 35: 	Recharge basin influencing a depth of 1.5 m.  Basin indicated by red area in upper right corner of model.
 	Figure 36 represents a recharge basin 0.2 km wide that influences head value by 1 m between equipotential lines 423 and 424 m.a.s.l., to a depth of 433 m.a.s.l.  The 424 m.a.s.l. equipotential line joins the recharge constant head boundary creating a gradient between equipotential lines 425 and 424 m.a.s.l. of 0.83 m/km and a gradient between 424 and 423 m.a.s.l. of 5.0 m/km.  Flow rates perpendicular to the recharge basin range from 1.0 x 10-2 to 3.4 x 10-2 m/s.  Vectors only project from the bottom and right side of the recharge boundary.
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[bookmark: _Toc323838362][bookmark: _Toc323844857][bookmark: _Toc324189181][bookmark: _Toc324189334]Figure 36: 	Recharge influencing a depth of 3 m.  Basin indicated by red area in upper right corner.

	Figure 37 represents a recharge basin 0.2 km wide that influences head value by 1 meter from 423 to 424 m.a.s.l. to a depth of 6 m from the top of the model.  Equipotential line 424 m.a.s.l. connects to the recharge boundary creating a gradient between 425 m and 424 m of 1.0 m/km.  The gradient between 424 and 423 m.a.s.l. was measured as 5 m/km.  Flow rates perpendicular to the west side of recharge range from 3.8 x 10-3 m/s to 5.6 x 10-3 m/s.  Flow rates perpendicular to the east side of the recharge basin range from 1.3 x 10-2 m/s to 3.1 x 10-2 m/s.
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[bookmark: _Toc323838363][bookmark: _Toc323844858][bookmark: _Toc324189182][bookmark: _Toc324189335]Figure 37: 	Recharge basin simulating influence to a depth of 6 m.  Basin indicated by red area in upper right corner.




[bookmark: _Toc323844456][bookmark: _Toc324196466][bookmark: _Toc324196509][bookmark: _Toc324237861]CHAPTER 5
[bookmark: _Toc324196467][bookmark: _Toc324196510][bookmark: _Toc324237862]INTERPRETATIONS OF HYDROSTRATIGRAPHIC AND GROUNDWATER FLOW MODELS
	Hydrostratigraphic and groundwater flow models displayed both differences and similarities regarding sediment descriptions, and groundwater water movement through the cross section.   In this chapter comparisons between conventional driller’s, EC, and HPT hydrostratigraphic, and groundwater flow models are presented.  The hydrostratigraphic and groundwater flow model descriptions are based on limited log data and do not fully describe the aquifer’s heterogeneity in detail, but provide results and demonstrate that the methodology is applicable for observing high-resolution groundwater movement.
[bookmark: _Toc323844457][bookmark: _Toc324237863]5.1 Hydrostratigraphic Comparisons	
In the hydrostratigraphic models, conventional driller’s, electrical conductivity, and hydraulic profiling logs resulted in different resolutions of similar hydrogeology.  Layers A, B, and C, defined in Chapter 4 will be referred to in the following subsections for comparisons between models.   
[bookmark: _Toc324237864]5.1.1 Assessment of Potential Chloride Influences
	As discussed in the background section, electrical conductivity logging is susceptible to influence by ionic compounds, such as chloride, in groundwater by changing the specific conductance.  The effect of ionic compounds results in higher than normal specific conductance in the area, giving the impression of fine sediment corrupting the interpretation of low-K being associated with high electrical conductance when assigning K for groundwater flow models.  A chloride influence is possible due to the Burrton chloride plume migrating through the area.  Neshyba-Bird (2008) performed a clay vs. chloride comparison in through this transect by analyzing discrete groundwater samples obtained using direct-push groundwater sampling methods.  To check for the possibility of a chloride influence the EC model was compared against the HPT model, and Neshyba-Bird’s measured chloride concentrations in milligrams per liter (mg/L) (Figure 38). 
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[bookmark: _Toc323838364][bookmark: _Toc323844859][bookmark: _Toc324189183][bookmark: _Toc324189336]Figure 38: 	Cross section displaying chloride occurrences in the study area derived from SpC vs. EC relationship (Neshyba-Bird et al., 2008)
 
 To identify possible discrepancies between the EC and HPT models high-K zones observed in the HPT model as were compared against the EC model.  If the same area in the EC model was identified as a low-K zone the possibility of chloride influence would be likely. The result of the comparisons resulted in no findings concerning the assignment of K in the models.  The comparison between Neshyba-Bird’s clay vs. chloride model and EC model showed that areas with high chloride content occur in low-K zones and the assignment of low-K to the model would not be false.
[bookmark: _Toc324237865]5.1.2 Conventional, EC, and HPT Hydrostratigraphic Model Comparisons
A comparison of the hydrostratigraphic models was conducted in this thesis to illustrate the different interpretations of sediment distributions made from modeled EC and HPT data, to determine the reason behind the discrepancies, and report the possible influence on groundwater flow.  
The difference in sediment description between the EC and conventional driller’s logs is that it possible for driller’s logs to denote anything finer than sand as clay when in fact they are silty zones.  Layer A of the driller’s log model consists of predominantly coarse sediment and indicates three prominent clay lenses in the approximate area between 5.5 km to 7.2 km.  The EC log in this area identifies these areas as slight variations between the lowest electrical conductivities recorded in the transect.  This seems to be an instance of the conventional driller’s logs interpreting at a higher-resolution than the EC logs.  The EC log model displays variation in the area indicating higher clay content than in this area, but the magnitude of increasing clay content is shown to be much smaller than the driller’s log.  The HPT model identifies these areas as the EC model does, as slight variations between the lowest value ranges in the model.  Both the EC and HPT models indicate that these areas have a higher hydraulic conductivity than the conventional model.    
In Layer B of all three models the most prominent discrepancy is the differences in area representing fine-sediment zones.  In the conventional drilling model a massive, interconnected low-K zone spanning east and west across the transect, stretching from the top of Layer B to the bottom of Layer C is represented.  The HPT model indicates a similar representation except for a narrow path at an elevation 413 m.a.s.l.  The EC model defines this same area as low-K lenses separated by high-K flow paths completely changing the interpretation of the hydrostratigraphy, and therefore groundwater movement.  The lack of definition in driller’s logs is common as sediment is described by texture and could be intermixed as sediment is brought to the surface.  Through these processes thin zones of contrasting sediment, preferential flow paths, within massive zones of similar texture are often overlooked.  However, there is a large textural difference in interpretation at approximately 7.2 km, from a depth of about 415 m.a.s.l. to 410 m.a.s.l.  In this area the driller’s model interprets a massive clay zone connecting Layer B to Layer C, however the EC model identifies this area as a high-K zone separating Layers B and C, and as mentioned above the HPT model defines a narrow path in this area, separating Layer B from C.
Compared to the EC model, the HPT model defines some areas as being more flow restrictive.  For example, areas in the EC model where there appear to be preferential flow paths between clay layers, the HPT model shows these areas as being less conductive to hydraulic flow.  According to the HPT model the preferential pathways defined in the EC model may be less conducive to hydraulic flow than their assigned K value presumes.  Despite possibly being less hydraulically conductive, according to EC logs, the preferential pathways represent zones with less clay content therefore assigning them as zones with slightly higher flow rates than the zones assumed to consist predominantly of clay.  
The comparisons of Layer C between the three models are limited due to the fact that the depths of the logs vary, offering incomplete models for the bottom of the model.  However, in all three models an extensive low-K zone at 410 m.a.s.l. is defined and extends from the west side of the model to 7.2. km.  At about 3.4 km the EC model defines high-K pathways confined on the top and bottom by clay zones.  The HPT and driller’s log models define the area at about 3.4 km as a massive low-K zone.  Based on the EC model in this area groundwater flow could be preferential through these pathways completely changing the way groundwater flow would be interpreted.  
With respect to EC logging an explanation for the differences in sediment interpretation regarding the presence of pathways is that the pathways consist mainly of silt.  This would explain the EC logs identifying the areas as having less clay, and HPT logs identifying the areas as being inefficient with respect to hydraulic conductivity.  The driller’s log model would also see validation from this explanation as silt and clay are sometimes misidentified in the field by inexperienced loggers.  
The differences regarding areas depicted as either massive low-K zones or low-K zones with preferential pathways are influential in predicting groundwater flow.  
[bookmark: _Toc323844458][bookmark: _Toc324237866]5.2 Groundwater Flow Interpretations
The behaviors of equipotential lines from the top of the model to the bottom are influenced by assigned hydraulic conductivity, confirming the modeling methods used.  In general, the hydrologic models displayed the following observations and interpretations.  High-K areas with large distances between equipotential lines consist of small vectors, indicating slower moving water.  Alternately, where equipotential lines are closer together, the vectors are larger suggesting faster moving groundwater.  In low-K zones, groundwater movement is slowed substantially. Vectors in these areas are thus extremely small inferring restriction of groundwater movement.
[bookmark: _Toc324237867]5.2.1 Gradient Interpretations  
The interpretation of equipotentional line behavior and vector orientation will be based on applying some principles of groundwater flow to give the model some validation.  The principle of force potential and hydraulic head suggests that total head controls the movement of water (Fetter, 2001).  This principle is observed in the development of the gradient models. The gradient models indicate that as gradient is increased the flow of groundwater increases in the direction that head decreases.  Where low-K zones were present equipotential lines would narrow in distance with respect to each other, increasing the gradient in the area and the flow rates in adjacent preferential flow paths.  This was seen in the EC model where preferential paths are more defined.  In the driller’s and HPT models, flow paths are not well defined or defined at all.  The result of no distinct flow paths is that equipotential lines collect in areas where massive fine-sediment zones occur increasing the gradient in the area.  The flow rates in this area are extremely slow because of the low hydraulic conductivity.   Where flow becomes restricted in low-K zones it provides an environment in which reactions between the sediment and constituents in the groundwater may occur.  In the models an influence on regional gradient is also observed in areas with high-K.  In these areas the distance between equipotential lines becomes larger, decreasing the gradient in the area.  In the conventional driller’s, HPT, and EC models, where the high-K zone was large, laterally and vertically, the gradient decreases below the rate of the regional gradient.  As would be suspected the rate of groundwater flow decreases in areas where gradient decreases despite the good hydraulic conductivity.  The low flow rate is thought to be because where the high-K zone is large, and without low-K obstruction, groundwater is able to move freely both vertically and laterally.  Vectors indicating direction showed this type of movement in all the hydrologic models.
The models indicate that within the regional gradient individual gradients influenced by sediment variation occur (Table 3).  The locations compared for Table 3 demonstrate that the models are comparable in flow rate and gradient trends where sediment variation is similar, such as Layer A.  In Layer A, at location 1, measurements from the conventional driller’s, EC, and HPT models indicate that the gradient is higher than the regional.  In this area water is moving in between to large bodied low-K zones slightly restricting flow and increasing the gradient.  At location 2, within Layer A, the gradients decrease from location 1 as there is an absence of low-K zones in this area.    Locations in Layer B and Layer C indicate greater sediment variations between the three models therefore showing a greater difference in gradients and flow rates.  In Layer B of the conventional driller’s model where flow is restricted the gradient is steep at location 4.  The flow is so restricted in this area that it creates a shallow gradient between the west side of the model and the large low-K zone.  Alternately, in the EC model where preferential flow paths and a greater number of low-K lenses are present, the simulated flow indicates that the flow is much more varied and unrestricted than that of the conventional driller’s model.  Location 3 shows a greater increase in gradient than that of the regional gradient due to the presence of low-K zones in the area.  In location 4 the gradient and flow rates decrease as the sediment becomes predominantly coarser without flow restrictions.  The HPT model demonstrates trends similar to the conventional driller’s model because of the lack of preferential flow paths within the model.  The presence of a preferential flow path slightly changes groundwater flow through the HPT the model.  This flow path at location 4 has a gradient almost six times greater than the regional because of the narrow height and the K  of the surrounding sediment.  
	 These gradient models show that preferential flow paths play a large role in influencing groundwater flow near low-K areas, and the rate of groundwater movement through these paths changes the understanding of how groundwater moves through the aquifer.  Because of the definition of heterogeneity EC models provide, groundwater withdrawal, injection, and basin recharge were simulated to observe their influence on groundwater flow based on the modeled heterogeneity.  
[bookmark: _Toc324237868]5.2.2 Groundwater Withdrawal Interpretations
  The method of assigning a constant head lower than the surrounding equipotential lines showed what might be expected to happen, with respect to groundwater influence, by withdrawal.  The area at which the withdrawal boundary was chosen represents an appropriate area for withdrawal based on the type and thickness of sediment.   All three withdrawal simulations showed that the gradient on the east and west side of the boundary are influenced, with respect to the regional gradient.  On the east side of the boundary the gradient decreased, therefore decreasing the flow rate of groundwater.  The gradient on the west side increased, increasing the flow rate.  These gradients are the result of the withdrawal boundary representing base-level of gradient in the area, on the down-gradient side the gradient would decrease, and on the up-gradient side the distance between the highest and near lowest values of gradient are much closer together.  The reach of the withdrawal boundary primarily influences areas around the boundary and within the same plane as the boundary.  The distance at which the withdrawal boundary influences groundwater flow is probably exaggerated because of the two-dimensional modeling approach.  Since groundwater moves in three-dimensions the influence on groundwater movement indicated by the models should be considered as a slight over-exaggeration with respect to distance.  The distance of influence would be less because groundwater would be drawn more radially and not just from two-directions.     The withdrawal models show that the presence of low-K boundaries above and to the sides of the withdrawal boundary restricts the extent of withdrawal influence with respect to the direction of groundwater movement.  Although equipotential lines are influenced by withdrawal, and they determine groundwater movement, when the equipotential lines reach the low-K areas restricting movement, the presence of preferential flow paths with proximity to the withdrawal boundary provides a conduit responsive to withdrawal.
[bookmark: _Toc324237869]5.2.3 Injection Interpretations
	The injection boundary was assigned to an area preferential for efficient injection based on sediment type.  Injection simulations at three different magnitudes show the same patterns of influence on gradient and groundwater flow.  These influences include a decrease in gradient, and groundwater flow rate between the west side of the model and the injection boundary, on the opposite side of the injection well the gradient increases and the magnitude of groundwater flow increases.  These changes occur because the injection boundary is changing the regional gradient along the plane at which it sets.  Regardless of the placement of the injection boundary the magnitude at which it changes head levels in the area will determine the influence on gradient.  Since groundwater moves in three-dimensions the likelihood of the gradient changing as much as the model indicates, with respect to distance, should be considered as an over-estimation.  The groundwater, moving from west to east, on the west side of injection would slow as it encounters a resistance to flow, but the influence on gradient would dissipate as the groundwater moves in lateral directions around the injection influence.  The gradient influence, as depicted by the models, could more realistically be located closer to the injection boundary where influence is strongest.  The steep gradient associated with the east side of the injection boundary could be looked at in the same way as the west side.  Closer to the influence the gradient could be increased, but with distance from the injection boundary the influence would disperse in three-dimensions, therefore shortening the influence of an injection created gradient.  The injection models indicate that low-K zones act as flow restricting boundaries that limit the influence of the injection and create high head pressures near the injection boundary.  The high head pressure indicated seem reasonable as the injection would be restricted with respect to the direction of  movement and the pressure would build against the low-K zone.  
[bookmark: _Toc324237870]5.2.4 Basin Recharge Interpretations
Basin recharge simulations illustrated that with increasing depth of influence the gradient and the direction of groundwater flow in the area of recharge changes.  Basin recharge affecting head in the area by 1.0 m, and influencing a depth of 1.5 m, 3.0 m and 6.0 m demonstrated that adjacent equipotential lines are primarily influenced.  Equipotential lines to the west of the recharge basin indicate a gentle gradient occurs while the equipotentials to the east suggesting an increase in gradient.  This type of gradient and groundwater direction influence would be expected as recharge takes place the natural gradient would meet resistance of the recharge.  As described in the previous section groundwater moves in three directions and the modeled influence of affected gradient, with respect to distance, could be misrepresented.  The greatest influence would most likely be nearer to the boundary of influence because as the distance from the boundary increases the likelihood of water being pushed laterally around the recharge influence would increase in the area of recharge causing the gradient to the west to decrease slowing the movement of water which is ideal for slowing the movement of chloride contamination. 


















[bookmark: _Toc323844459][bookmark: _Toc324196468][bookmark: _Toc324196511][bookmark: _Toc324237871]CHAPTER 6
[bookmark: _Toc324196469][bookmark: _Toc324196512][bookmark: _Toc324237872]CONCLUSIONS
The purpose of this study was to compare direct-push, electrical conductivity and hydraulic profiling data using groundwater modeling software in an attempt to observe the influence of groundwater movement through preferential flow paths often overlooked by conventional methods.  To achieve this goal the surficial layer of Visual MODFLOW groundwater modeling software was used to create cross sections based on interpolated, conventional driller’s, direct-push electrical conductivity, and hydraulic profiling log data.  The research supports the hypothesis that EC and HPT data provide higher resolution models and enable more detailed predictions of groundwater movement than traditional driller’s log models do.  In general the conventional driller’s, EC, and HPT hydrostratigraphic models are similar to each other.  However, the EC and HPT models indicate more heterogeneity in the cross sections.  More layers, thin zones, and preferential pathways are indicated in the EC and HPT models that are not possible from driller’s log analysis and allow for more in-depth interpretation of variations for groundwater flow systems.
Groundwater flow models generated using driller’s, EC, and HPT log models demonstrated the importance of high-resolution site characterization.  Gradient models simulated groundwater flow and evaluated the effect of preferential flow paths and impermeable boundaries. When groundwater flow was introduced to the model, equipotential lines responded in agreement with the assigned hydraulic conductivities, giving confidence in the groundwater modeling approach.  The shapes of equipotential lines were influenced by heterogeneous conditions.  Impermeable boundaries increased head values, while high-K zones allowed head values to decrease with the gradient.  In the groundwater models, low-K zones were observed as impermeable boundaries with low-flow velocities, and high-K areas were observed as groundwater flow conduits, with high-flow velocities.  All three models showed that Layer A was a large conduit for groundwater flow in which the gradient and velocities remained almost constant through the cross section, both showing slight variation in the presence of low-K lenses or layers.  Layer B showed the most variation of groundwater flow between the three models as the EC and HPT models indicated heterogeneous conditions, and the presence of preferential pathways, while the conventional driller’s model indicated Layer B to be more flow restrictive.  In the 1.5 m/km and 2.3 m/km gradient simulations equipotential lines behaved similarly, while the velocity vectors increased with gradient increase.  
The influence of artificial recharge and withdrawal were imposed upon the model to observe influences of real-life hydrologic stress on the aquifer and to test model capabilities of providing realistic results.  Results from these simulations were considered to be in agreement with the understood movement of groundwater and how such boundaries would influence flow.  Withdrawal well simulations illustrated that impermeable sedimentary layers affect the extent of influence imposed by low-K boundaries.  The model suggests that local flow gradients are influenced by withdrawal; increasing on the up-gradient side and decreasing on the down-gradient side.  As withdrawal increases to the lowest head value the potential to influence groundwater movement at a further extent increases.  Injection well simulations indicated that an injection well between two massive low-K zones increases the head values changing the head pressure as might be found within a confined aquifer.  Injection also demonstrated that gradient on the up-gradient side decreases and the increases on the down-gradient side.  Recharge simulations demonstrated that when head values are raised to a specific depth that gradient and groundwater flow are affected to the extent of depth of influence.  Recharge models suggested that the zone of influence is located directly around the basin.  As the depth of influence increases the lateral influence increases.  
The modeling approach for this study required that MODFLOW be used in a novel way to achieve the goal of simulating groundwater flow through high-resolution cross sections.  This modeling approach allowed for the simulation of groundwater movement and observation of the influence of heterogeneity on groundwater flow was able to be performed with some accuracy based on some of the principals of groundwater movement (Fetter, 2001).  Limitations of the groundwater modeling were based on the fact that the modeling approach used the “surficial” layer to represent a cross section.  Using the “surficial” layer limited the assignment of an appropriate water table, as in planar view an orthogonal shape is required.  This could have implications on the distortion equipotential lines and perception of flow.  The modeling was also limited by the “surficial” layer approach in that the assignment of features to simulate as subsurface influences were in reality simulating surface features.  As mentioned before, groundwater moves in three-dimensions and taking this into account would change the extent of groundwater influence as indicated by the groundwater flow models.  
The Equus Beds aquifer is known to be extremely heterogeneous.  The use of five EC and HPT log data to represent a 9 km cross section resulted in a general high-resolution hydrostratigraphic representation.  Although the approach was appropriate for this study, it may not be suitable for characterization of local heterogeneity in the Equus Beds.  To accurately characterize local conditions, more electrical conductivity logs over a smaller area should be collected.  The cost of obtaining more log data to accurately represent the transect, with respect to hydrostratigraphy, and therefore have a better representation of the flow field, would be quite expensive.  To overcome this lack of data it might be more efficient to characterize a shorter transect, approximately 1-3 km, and model flow then compare the influence of heterogeneity to the models from this study.
Future application of this modeling approach could include simulation of contaminant movement and the interactions between reactive contaminants and the subsurface heterogeneity.  Contaminant movement could be observed using MODFLOW’s particle tracking simulations to better determine remediation approaches.  The particle tracking approach assumes the contaminant is conservative, no reaction between the contaminant and the sediment, allowing a prediction of the rate of movement by the particle through the subsurface.  The fate of reactive contaminant transport could be determined using PHT3D, a reactive transport module in MODFLOW (Appelo and Rolle, 2010).  Various contaminant reactions such as absorption or desorption, precipitation or dissolution, and reduction/oxidation (redox), impact groundwater quality depending on groundwater, e.g. aerobic vs. anaerobic, and hydrostratigraphic, e.g. low-K zones conditions.  A reactive modeling approach would allow for the identification of zones at depths in which mineral precipitation or dissolution is possible and redox might take place.  This would assist with investigations characterizing groundwater quality for harmful constituents in the Equus Beds and other unconsolidated aquifers.     
Implications of high-resolution groundwater flow modeling are that influences of sediment variations, which are often overlooked in heterogeneous aquifers, can be observed.  As was shown in this research, these areas affect groundwater movement impacting flow throughout the aquifer.  Properly defining the heterogeneity has implications on contaminant transport assessments, and aquifer sustainability.  High-resolution modeling offers a way of reinterpreting how groundwater moves through an area could significantly influence the way that aquifer systems are managed.  
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A.1 Well Completion Record for IW09 [image: wwcrecordiw09]

A.2 Well Completion Record EB14



A.3 Well Completion Record for EB08 
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A.4 Well Completion Record for EB02
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——————————
Gridding Report- Drilling Logs
——————————

Mon Mar 05 12:18:20 2012
Elapsed time for gridding: 	12.0 seconds


Data Source

Source Data File Name: 	E:\Thesis\Data\Starting From Zero\Drillers Test\Drillers Test.txt
X Column: 	A
Y Column: 	B
Z Column: 	C


Data Counts

Active Data:	573

Original Data:	573
Excluded Data:	0
Deleted Duplicates:	0
Retained Duplicates:	0
Artificial Data:	0
Superseded Data:	0


Exclusion Filtering

Exclusion Filter String:	Not In Use


Duplicate Filtering

Duplicate Points to Keep:	First
X Duplicate Tolerance:	1E-006        
Y Duplicate Tolerance:	4.1E-006      

No duplicate data were found.


Breakline Filtering

Breakline Filtering:	Not In Use


Data Counts

Active Data:	573


Univariate Statistics

————————————————————————————————————————————
	X	Y	Z
————————————————————————————————————————————
 Count:                 	573	573	573

 1%%-tile:              	1.61	400.812	30
 5%%-tile:              	1.61	402.0312	30
10%%-tile:              	1.61	403.86	30
25%%-tile:              	4.83	409.0416	30
50%%-tile:              	7.245	417.8808	30
75%%-tile:              	8.855	426.4152	120
90%%-tile:              	10.465	431.5968	120
95%%-tile:              	10.465	433.4256	120
99%%-tile:              	10.465	434.8582	120

Minimum:                	1.61	400.5072	30
Maximum:                	10.465	435.2544	120

Mean:                   	6.59032286213	417.819573997	63.4554973822
Median:                 	7.245	417.8808	30
Geometric Mean:         	5.5298128785	417.697873072	51.4954599885
Harmonic Mean:          	4.24826322644	417.576150626	43.1277440937
Root Mean Square:       	7.28873169553	417.941210881	75.467131641
Trim Mean (10%%):       	6.64281007752	417.78924186	62.0930232558
Interquartile Mean:     	6.98975609756	417.819202787	51.9512195122
Midrange:               	6.0375	417.8808	75
Winsorized Mean:        	6.59032286213	417.801009424	63.4554973822
TriMean:                	7.04375	417.8046	52.5

Variance:               	9.71020055117	101.837064484	1671.60509647
Standard Deviation:     	3.11611946998	10.0914352044	40.8852674747
Interquartile Range:    	4.025	17.3736	90
Range:                  	8.855	34.7472	90
Mean Difference:        	3.48432498566	11.6623236786	41.6501299747
Median Abs. Deviation:  	2.415	8.8392	0
Average Abs. Deviation: 	2.57656195462	8.73169546248	33.4554973822
Quartile Dispersion:    	0.294117647059	0.0207953301715	0.6
Relative Mean Diff.:    	0.528703230259	0.0279123439982	0.656367559833

Standard Error:         	0.130177758394	0.421575753605	1.70800655188
Coef. of Variation:     	0.472832596394	0.0241526147467	0.644314033635
Skewness:               	-0.394821303772	-0.0001328750485	0.523998037726
Kurtosis:               	1.86146077482	1.79338989613	1.39585671522

Sum:                    	3776.255	239410.6159	36360
Sum Absolute:           	3776.255	239410.6159	36360
Sum Squares:            	30440.974375	100088692.346	3263400
Mean Square:            	53.1256097295	174674.855753	5695.28795812
————————————————————————————————————————————


Inter-Variable Covariance

————————————————————————————————
	X	Y	Z
————————————————————————————————
X: 	9.7102006	-0.18848726	-8.6688624
Y: 	-0.18848726	101.83706	-81.681209
Z: 	-8.6688624	-81.681209	1671.6051
————————————————————————————————


Inter-Variable Correlation

————————————————————————————————
	X	Y	Z
————————————————————————————————
X: 	1.000	-0.006	-0.068
Y: 	-0.006	1.000	-0.198
Z: 	-0.068	-0.198	1.000
————————————————————————————————


Inter-Variable Rank Correlation

————————————————————————————————
	X	Y	Z
————————————————————————————————
X: 	1.000	-0.006	-0.075
Y: 	-0.006	1.000	-0.235
Z: 	-0.075	-0.235	1.000
————————————————————————————————


Principal Component Analysis

————————————————————————————————————————
	PC1	PC2	PC3
————————————————————————————————————————
X:      	-0.00724894432193	-0.00724894432193	0.999960257988
Y:      	0.998632048612	0.998632048612	0.00697035690776
Z:      	0.051783050235	0.051783050235	0.00697035690776

Lambda: 	1675.88872575	97.6029365905	9.66069916506
————————————————————————————————————————


Planar Regression: Z = AX+BY+C

Fitted Parameters
————————————————————————————————————————
	A	B	C
————————————————————————————————————————
Parameter Value: 	-0.90836029334	-0.803758667765	405.267989152
Standard Error:  	0.537347646399	0.165926791302	69.4591934447
————————————————————————————————————————

Inter-Parameter Correlations
————————————————————————————
	A	B	C
————————————————————————————
A:	1.000	0.006	-0.057
B:	0.006	1.000	-0.998
C:	-0.057	-0.998	1.000
————————————————————————————

ANOVA Table
————————————————————————————————————————————————————
Source 	df 	Sum of Squares 	Mean Square	F 
————————————————————————————————————————————————————
Regression:	2	42057.1179771	21028.5589885	13.1126414478
Residual:  	570	914100.997206	1603.68596001
Total:     	572	956158.115183
————————————————————————————————————————————————————

Coefficient of Multiple Determination (R^2): 	0.0439855263572


Nearest Neighbor Statistics

—————————————————————————————————
	Separation	|Delta Z|
—————————————————————————————————
 1%%-tile:              	0.3048	0
 5%%-tile:              	0.3048	0
10%%-tile:              	0.3048	0
25%%-tile:              	0.3048	0
50%%-tile:              	0.3048	0
75%%-tile:              	0.3048	0
90%%-tile:              	0.3048	0
95%%-tile:              	0.3048	0
99%%-tile:              	0.3048	0

Minimum:                	0.0609	0
Maximum:                	0.3048	90

Mean:                   	0.303629668412	0.575916230366
Median:                 	0.3048	0
Geometric Mean:         	0.30271462134	N/A
Harmonic Mean:          	0.300155468906	N/A
Root Mean Square:       	0.304017102773	6.74905461675
Trim Mean (10%%):       	0.3048	0
Interquartile Mean:     	0.3048	0
Midrange:               	0.18285	45
Winsorized Mean:        	0.3048	0
TriMean:                	0.3048	0

Variance:               	0.000235834817547	45.2971112657
Standard Deviation:     	0.0153569143238	6.73031286537
Interquartile Range:    	0	0
Range:                  	0.2439	90
Mean Difference:        	0.00233210925201	1.1459744444
Median Abs. Deviation:  	0	0
Average Abs. Deviation: 	0.00117033158813	0.575916230366
Quartile Dispersion:    	0	N/A
Relative Mean Diff.:    	0.00768076869498	1.98982835346

Standard Error:         	0.000641544299495	0.281162853524
Coef. of Variation:     	0.0505777791877	11.6862705208
Skewness:               	-14.490154502	12.5717752454
Kurtosis:               	222.006381866	164.44639951

Sum:                    	173.9798	330
Sum Absolute:           	173.9798	330
Sum Squares:            	52.9603265	26100
Mean Square:            	0.0924263987784	45.5497382199
—————————————————————————————————

Complete Spatial Randomness

Lambda:          	1.86228541694
Clark and Evans: 	0.828699968195
Skellam:         	619.693248614


Gridding Rules

Gridding Method: 	Kriging
Kriging Type: 	Point

Polynomial Drift Order: 	0
Kriging std. deviation grid: 	no

Semi-Variogram Model
Component Type: 	Linear
Anisotropy Angle: 	0
Anisotropy Ratio: 	0.1
Variogram Slope: 	1

Search Parameters
Search Ellipse Radius #1:	17.9
Search Ellipse Radius #2:	17.9
Search Ellipse Angle:    	0

Number of Search Sectors:	4
Maximum Data Per Sector: 	16
Maximum Empty Sectors:   	3

Minimum Data:            	8
Maximum Data:            	64


Output Grid

Grid File Name: 	E:\Thesis\Data\Starting From Zero\Drillers Test\Drillers Test2.grd
Grid Size: 	500 rows x 500 columns
Total Nodes:	250000
Filled Nodes:	250000
Blanked Nodes:	0
Blank Value:	1.70141E+038

Grid Geometry

X Minimum:	1.61
X Maximum:	10.465
X Spacing:	0.017745490981964

Y Minimum:	400.5072
Y Maximum:	435.2544
Y Spacing:	0.069633667334669


Univariate Grid Statistics

——————————————————————————————
	Z
——————————————————————————————
 Count:                 	250000

 1%%-tile:              	19.8759343933
 5%%-tile:              	24.0460780262
10%%-tile:              	27.1572981463
25%%-tile:              	32.007384577
50%%-tile:              	58.2915874537
75%%-tile:              	99.4798388974
90%%-tile:              	117.210169244
95%%-tile:              	119.992931541
99%%-tile:              	123.134117911

Minimum:                	16.3159549121
Maximum:                	126.901045134

Mean:                   	65.7736101845
Median:                 	58.2921683913
Geometric Mean:         	56.3430278679
Harmonic Mean:          	47.9495068113
Root Mean Square:       	74.3164161754
Trim Mean (10%%):       	65.1099984672
Interquartile Mean:     	61.0400012237
Midrange:               	71.608500023
Winsorized Mean:        	65.8197580511
TriMean:                	62.0175995955

Variance:               	1196.76670353
Standard Deviation:     	34.5943160581
Interquartile Range:    	67.4724543204
Range:                  	110.585090222
Mean Difference:        	N/A
Median Abs. Deviation:  	28.5448538872
Average Abs. Deviation: 	30.931949172
Quartile Dispersion:    	0.513148369381
Relative Mean Diff.:    	N/A

Standard Error:         	0.0691886321162
Coef. of Variation:     	0.525960426394
Skewness:               	0.303191559844
Kurtosis:               	1.56238920356

Sum:                    	16443402.5461
Sum Absolute:           	16443402.5461
Sum Squares:            	1380732428.29
Mean Square:            	5522.92971316
——————————————————————————————















——————————
Gridding Report  - EC
——————————

Mon Mar 05 12:36:25 2012
Elapsed time for gridding: 	13.9 seconds


Data Source

Source Data File Name: 	E:\Thesis\Data\Starting From Zero\New Day, Anis=.1\Surfer Raw Data\EC.txt
X Column: 	A
Y Column: 	B
Z Column: 	C


Data Counts

Active Data:	9734

Original Data:	9734
Excluded Data:	0
Deleted Duplicates:	0
Retained Duplicates:	0
Artificial Data:	0
Superseded Data:	0


Exclusion Filtering

Exclusion Filter String:	Not In Use


Duplicate Filtering

Duplicate Points to Keep:	First
X Duplicate Tolerance:	1E-006        
Y Duplicate Tolerance:	4.1E-006      

No duplicate data were found.


Breakline Filtering

Breakline Filtering:	Not In Use


Data Counts

Active Data:	9734


Univariate Statistics

————————————————————————————————————————————
	X	Y	Z
————————————————————————————————————————————
 Count:                 	9734	9734	9734

 1%%-tile:              	1.61	401.9702	7.56
 5%%-tile:              	1.61	405.2164	9.37
10%%-tile:              	1.61	407.6395	11.53
25%%-tile:              	4.83	413.2021	20.32
50%%-tile:              	7.425	420.6697	29.55
75%%-tile:              	8.855	428.0916	51.37
90%%-tile:              	10.465	432.5417	95.13
95%%-tile:              	10.465	434.02	128.46
99%%-tile:              	10.465	435.2087	180.59

Minimum:                	1.61	400.492	1.62
Maximum:                	10.465	435.4982	575.35

Mean:                   	6.58562101911	420.333168687	43.2457859051
Median:                 	7.425	420.6697	29.55
Geometric Mean:         	5.56804309367	420.234554494	32.2337413588
Harmonic Mean:          	4.32107945869	420.135690795	24.7905960661
Root Mean Square:       	7.26263489641	420.431510026	57.8603216914
Trim Mean (10%%):       	6.64599018377	420.478462242	38.5806414793
Interquartile Mean:     	6.88638689131	420.669325108	31.389946579
Midrange:               	6.0375	417.9951	288.485
Winsorized Mean:        	6.58562101911	420.463417927	39.3962040271
TriMean:                	7.13375	420.658275	32.6975

Variance:               	9.37642469649	82.6904190791	1477.77064304
Standard Deviation:     	3.0620948216	9.09342724605	38.4417825165
Interquartile Range:    	4.025	14.8895	31.05
Range:                  	8.855	35.0062	573.73
Mean Difference:        	3.4213671409	10.4736580508	36.2239321877
Median Abs. Deviation:  	2.595	7.4371	11.94
Average Abs. Deviation: 	2.50909338401	7.75538152866	23.9508876104
Quartile Dispersion:    	0.294117647059	0.0176983376911	0.433114799833
Relative Mean Diff.:    	0.519520806159	0.0249175150358	0.837629180035

Standard Error:         	0.0310365160312	0.0921683739215	0.389634896648
Coef. of Variation:     	0.464966752979	0.0216338560063	0.888913953393
Skewness:               	-0.371076063369	-0.160061530553	2.50559783768
Kurtosis:               	1.91532870504	1.97533572337	13.7599131116

Sum:                    	64104.435	4091523.064	420954.48
Sum Absolute:           	64104.435	4091523.064	420954.48
Sum Squares:            	513428.256125	1720607680.1	32587648.9866
Mean Square:            	52.7458656385	176762.654623	3347.81682624
————————————————————————————————————————————


Inter-Variable Covariance

————————————————————————————————
	X	Y	Z
————————————————————————————————
X: 	9.3764247	0.33429261	-28.284682
Y: 	0.33429261	82.690419	-115.00329
Z: 	-28.284682	-115.00329	1477.7706
————————————————————————————————


Inter-Variable Correlation

————————————————————————————————
	X	Y	Z
————————————————————————————————
X: 	1.000	0.012	-0.240
Y: 	0.012	1.000	-0.329
Z: 	-0.240	-0.329	1.000
————————————————————————————————


Inter-Variable Rank Correlation

————————————————————————————————
	X	Y	Z
————————————————————————————————
X: 	1.000	0.034	-0.350
Y: 	0.034	1.000	-0.496
Z: 	-0.350	-0.496	1.000
————————————————————————————————


Principal Component Analysis

————————————————————————————————————————
	PC1	PC2	PC3
————————————————————————————————————————
X:      	-0.0305975865697	-0.0305975865697	0.999349586558
Y:      	0.99624741291	0.99624741291	0.0289449717588
Z:      	0.080962213198	0.080962213198	0.0289449717588

Lambda: 	1487.725962	73.3341595612	8.7773652597
————————————————————————————————————————


Planar Regression: Z = AX+BY+C

Fitted Parameters
————————————————————————————————————————
	A	B	C
————————————————————————————————————————
Parameter Value: 	-2.96741771559	-1.37877282904	642.332026516
Standard Error:  	0.116363215491	0.0391838181512	16.4827345603
————————————————————————————————————————

Inter-Parameter Correlations
————————————————————————————
	A	B	C
————————————————————————————
A:	1.000	-0.012	-0.034
B:	-0.012	1.000	-0.999
C:	-0.034	-0.999	1.000
————————————————————————————

ANOVA Table
————————————————————————————————————————————————————
Source 	df 	Sum of Squares 	Mean Square	F 
————————————————————————————————————————————————————
Regression:	2	2360212.37434	1180106.18717	955.142713243
Residual:  	9731	12022929.2944	1235.52865013
Total:     	9733	14383141.6687
————————————————————————————————————————————————————

Coefficient of Multiple Determination (R^2): 	0.164095746861


Nearest Neighbor Statistics

—————————————————————————————————
	Separation	|Delta Z|
—————————————————————————————————
 1%%-tile:              	0.0152	0
 5%%-tile:              	0.0152	0
10%%-tile:              	0.0152	0
25%%-tile:              	0.0152	0.44
50%%-tile:              	0.0152	1.4
75%%-tile:              	0.0152	3.49
90%%-tile:              	0.0152	7.6
95%%-tile:              	0.0152	12.7
99%%-tile:              	0.0152	34.8

Minimum:                	0.0152	0
Maximum:                	0.0153	302.65

Mean:                   	0.0152000102733	3.64976987878
Median:                 	0.0152	1.4
Geometric Mean:         	0.0152000102396	N/A
Harmonic Mean:          	0.0152000102061	N/A
Root Mean Square:       	0.0152000103071	10.8940583388
Trim Mean (10%%):       	0.0152	2.30214359091
Interquartile Mean:     	0.0152	1.60671255393
Midrange:               	0.01525	151.325
Winsorized Mean:        	0.0152	2.34760016437
TriMean:                	0.0152	1.6825

Variance:               	1.02732689479e-012	105.370511917
Standard Deviation:     	1.01357135653e-006	10.2650139755
Interquartile Range:    	0	3.05
Range:                  	9.99999999749e-005	302.65
Mean Difference:        	2.0546548158e-008	5.10212998464
Median Abs. Deviation:  	0	1.22
Average Abs. Deviation: 	1.02732746511e-008	3.14159030203
Quartile Dispersion:    	0	N/A
Relative Mean Diff.:    	1.35174567573e-006	1.3979319667

Standard Error:         	1.0273268951e-008	0.104043241432
Coef. of Variation:     	6.6682281019e-005	2.81250991608
Skewness:               	98.6306308172	13.1313153689
Kurtosis:               	9730.00061636	265.462440382

Sum:                    	147.9569	35526.86
Sum Absolute:           	147.9569	35526.86
Sum Squares:            	2.24894641	1155236.056
Mean Square:            	0.000231040313335	118.680507089
—————————————————————————————————

Complete Spatial Randomness

Lambda:          	31.4020359662
Clark and Evans: 	0.170354174551
Skellam:         	443.72794637


Gridding Rules

Gridding Method: 	Kriging
Kriging Type: 	Point

Polynomial Drift Order: 	0
Kriging std. deviation grid: 	no

Semi-Variogram Model
Component Type: 	Linear
Anisotropy Angle: 	0
Anisotropy Ratio: 	0.1
Variogram Slope: 	1

Search Parameters
Search Ellipse Radius #1:	18.1
Search Ellipse Radius #2:	18.1
Search Ellipse Angle:    	0

Number of Search Sectors:	4
Maximum Data Per Sector: 	16
Maximum Empty Sectors:   	3

Minimum Data:            	8
Maximum Data:            	64


Output Grid

Grid File Name: 	E:\Thesis\Data\Starting From Zero\Anis.=1\EC.grd
Grid Size: 	500 rows x 500 columns
Total Nodes:	250000
Filled Nodes:	250000
Blanked Nodes:	0
Blank Value:	1.70141E+038

Grid Geometry

X Minimum:	1.61
X Maximum:	10.465
X Spacing:	0.017745490981964

Y Minimum:	400.492
Y Maximum:	435.4982
Y Spacing:	0.070152705410822


Univariate Grid Statistics

——————————————————————————————
	Z
——————————————————————————————
 Count:                 	250000

 1%%-tile:              	10.5664930025
 5%%-tile:              	15.5910877951
10%%-tile:              	19.6253353689
25%%-tile:              	26.7551276193
50%%-tile:              	37.8736828806
75%%-tile:              	57.0981474852
90%%-tile:              	87.7385384156
95%%-tile:              	107.927200211
99%%-tile:              	135.071206471

Minimum:                	3.03131970767
Maximum:                	328.759532861

Mean:                   	46.1516875272
Median:                 	37.8737106256
Geometric Mean:         	39.2018741767
Harmonic Mean:          	33.4514079403
Root Mean Square:       	54.033210961
Trim Mean (10%%):       	43.6120204859
Interquartile Mean:     	39.1918659699
Midrange:               	165.895426284
Winsorized Mean:        	44.2205653318
TriMean:                	39.9001602164

Variance:               	789.612783597
Standard Deviation:     	28.1000495302
Interquartile Range:    	30.3430198658
Range:                  	325.728213153
Mean Difference:        	N/A
Median Abs. Deviation:  	13.6347959955
Average Abs. Deviation: 	20.0620868182
Quartile Dispersion:    	0.361858494234
Relative Mean Diff.:    	N/A

Standard Error:         	0.0562000990603
Coef. of Variation:     	0.608862883152
Skewness:               	1.48478560435
Kurtosis:               	5.44510242505

Sum:                    	11537921.8818
Sum Absolute:           	11537921.8818
Sum Squares:            	729896971.689
Mean Square:            	2919.58788675
——————————————————————————————














——————————
Gridding Report - HPT
——————————

Mon Mar 05 12:53:48 2012
Elapsed time for gridding: 	13.7 seconds


Data Source

Source Data File Name: 	E:\Thesis\Data\Starting From Zero\Anis.=1\Surfer Raw Data\HPT.txt
X Column: 	A
Y Column: 	B
Z Column: 	C


Data Counts

Active Data:	9633

Original Data:	9633
Excluded Data:	0
Deleted Duplicates:	0
Retained Duplicates:	0
Artificial Data:	0
Superseded Data:	0


Exclusion Filtering

Exclusion Filter String:	Not In Use


Duplicate Filtering

Duplicate Points to Keep:	First
X Duplicate Tolerance:	1E-006        
Y Duplicate Tolerance:	3.9E-006      

No duplicate data were found.


Breakline Filtering

Breakline Filtering:	Not In Use


Data Counts

Active Data:	9633


Univariate Statistics

————————————————————————————————————————————
	X	Y	Z
————————————————————————————————————————————
 Count:                 	9633	9633	9633

 1%%-tile:              	1.61	404.10384	0.53254
 5%%-tile:              	1.61	407.50236	1.557
10%%-tile:              	1.61	409.08732	2.87834
25%%-tile:              	4.83	413.49168	4.51557
50%%-tile:              	7.425	420.82212	10.60643
75%%-tile:              	8.855	428.1678	68.28843
90%%-tile:              	10.465	432.57216	91.182982
95%%-tile:              	10.465	434.0352	96.8207926667
99%%-tile:              	10.465	435.20868	103.20559

Minimum:                	1.61	402.6408	0.02
Maximum:                	10.465	435.49824	111.495222667

Mean:                   	6.61022007682	420.75591863	32.8569696356
Median:                 	7.425	420.82212	10.60643
Geometric Mean:         	5.57688065229	420.667960363	14.016239935
Harmonic Mean:          	4.31371971219	420.579925883	4.07427355086
Root Mean Square:       	7.29300274992	420.843780186	48.4820384813
Trim Mean (10%%):       	6.67332295271	420.822758076	30.8516195837
Interquartile Mean:     	6.99230849076	420.825169898	20.3511214002
Midrange:               	6.0375	419.06952	55.7576113333
Winsorized Mean:        	6.61022007682	420.826083064	32.3552749528
TriMean:                	7.13375	420.82593	23.504215

Variance:               	9.49386520281	73.9519364123	1271.05955014
Standard Deviation:     	3.08121164525	8.59953117398	35.65192211
Interquartile Range:    	4.025	14.67612	63.77286
Range:                  	8.855	32.85744	111.475222667
Mean Difference:        	3.43867074932	9.92229645978	37.5604449872
Median Abs. Deviation:  	2.595	7.34568	8.14449
Average Abs. Deviation: 	2.56880047753	7.40959370912	28.1994062646
Quartile Dispersion:    	0.294117647059	0.0174371231463	0.875952694907
Relative Mean Diff.:    	0.520205183694	0.0235820722192	1.14315000451

Standard Error:         	0.0313935732546	0.0876181330425	0.363247110971
Coef. of Variation:     	0.466128451011	0.0204382892628	1.08506421942
Skewness:               	-0.401659656965	-0.051897179176	0.765330041043
Kurtosis:               	1.8772746371	1.87787517919	1.90645356323

Sum:                    	63676.25	4053141.76416	316511.188499
Sum Absolute:           	63676.25	4053141.76416	316511.188499
Sum Squares:            	512358.9358	1706095691.37	22642444.0967
Mean Square:            	53.1878891104	177109.487321	2350.5080553
————————————————————————————————————————————


Inter-Variable Covariance

————————————————————————————————
	X	Y	Z
————————————————————————————————
X: 	9.4938652	0.45818709	-15.781533
Y: 	0.45818709	73.951936	-92.682229
Z: 	-15.781533	-92.682229	1271.0596
————————————————————————————————


Inter-Variable Correlation

————————————————————————————————
	X	Y	Z
————————————————————————————————
X: 	1.000	0.017	-0.144
Y: 	0.017	1.000	-0.302
Z: 	-0.144	-0.302	1.000
————————————————————————————————


Inter-Variable Rank Correlation

————————————————————————————————
	X	Y	Z
————————————————————————————————
X: 	1.000	0.020	-0.123
Y: 	0.020	1.000	-0.226
Z: 	-0.123	-0.226	1.000
————————————————————————————————


Principal Component Analysis

————————————————————————————————————————
	PC1	PC2	PC3
————————————————————————————————————————
X:      	-0.0131058975543	-0.0131058975543	0.999836885422
Y:      	0.996978870444	0.996978870444	0.0121148231658
Z:      	0.0765595672483	0.0765595672483	0.0121148231658

Lambda: 	1278.38866747	66.8286999002	9.28798437831
————————————————————————————————————————


Planar Regression: Z = AX+BY+C

Fitted Parameters
————————————————————————————————————————
	A	B	C
————————————————————————————————————————
Parameter Value: 	-1.6022816629	-1.24334924314	566.594957026
Standard Error:  	0.111217364759	0.0398491769512	16.7736810344
————————————————————————————————————————

Inter-Parameter Correlations
————————————————————————————
	A	B	C
————————————————————————————
A:	1.000	-0.017	-0.027
B:	-0.017	1.000	-0.999
C:	-0.027	-0.999	1.000
————————————————————————————

ANOVA Table
————————————————————————————————————————————————————
Source 	df 	Sum of Squares 	Mean Square	F 
————————————————————————————————————————————————————
Regression:	2	1353515.99141	676757.995704	598.492261757
Residual:  	9630	10889329.5955	1130.77150524
Total:     	9632	12242845.5869
————————————————————————————————————————————————————

Coefficient of Multiple Determination (R^2): 	0.110555669579


Nearest Neighbor Statistics

—————————————————————————————————
	Separation	|Delta Z|
—————————————————————————————————
 1%%-tile:              	0.0152399999999	0.000109999999999
 5%%-tile:              	0.0152399999999	0.00989
10%%-tile:              	0.0152399999999	0.02389
25%%-tile:              	0.01524	0.02989
50%%-tile:              	0.01524	0.02989
75%%-tile:              	0.01524	0.23389
90%%-tile:              	0.01524	1.02789
95%%-tile:              	0.01524	2.13211
99%%-tile:              	0.01524	8.57211

Minimum:                	0.0152399999999	0
Maximum:                	0.01524	61.0555326667

Mean:                   	0.01524	0.52379223634
Median:                 	0.01524	0.02989
Geometric Mean:         	0.01524	N/A
Harmonic Mean:          	0.01524	N/A
Root Mean Square:       	0.01524	2.26839275321
Trim Mean (10%%):       	0.01524	0.207225306805
Interquartile Mean:     	0.01524	0.0652427963463
Midrange:               	0.01524	30.5277663333
Winsorized Mean:        	0.01524	0.216979094778
TriMean:                	0.01524	0.08089

Variance:               	5.16920778405e-028	4.8717531118
Standard Deviation:     	2.27358918542e-014	2.20720481872
Interquartile Range:    	0	0.204
Range:                  	5.68434188608e-014	61.0555326667
Mean Difference:        	1.81875329873e-014	0.889776135787
Median Abs. Deviation:  	0	0.018
Average Abs. Deviation: 	1.13651432291e-014	0.498006768677
Quartile Dispersion:    	0	N/A
Relative Mean Diff.:    	1.19340767633e-012	1.69871959539

Standard Error:         	2.31649418674e-016	0.0224885707775
Coef. of Variation:     	1.49185642088e-012	4.21389372654
Skewness:               	-1.50015212011	12.3274362749
Kurtosis:               	N/A	214.444691663

Sum:                    	146.80692	5045.69061267
Sum Absolute:           	146.80692	5045.69061267
Sum Squares:            	2.2373374608	49567.6195427
Mean Square:            	0.0002322576	5.14560568283
—————————————————————————————————

Complete Spatial Randomness

Lambda:          	33.1084821618
Clark and Evans: 	0.175381830376
Skellam:         	465.425992882


Gridding Rules

Gridding Method: 	Kriging
Kriging Type: 	Point

Polynomial Drift Order: 	0
Kriging std. deviation grid: 	no

Semi-Variogram Model
Component Type: 	Linear
Anisotropy Angle: 	0
Anisotropy Ratio: 	0.1
Variogram Slope: 	1

Search Parameters
Search Ellipse Radius #1:	17
Search Ellipse Radius #2:	17
Search Ellipse Angle:    	0

Number of Search Sectors:	4
Maximum Data Per Sector: 	16
Maximum Empty Sectors:   	3

Minimum Data:            	8
Maximum Data:            	64


Output Grid

Grid File Name: 	E:\Thesis\Data\Starting From Zero\Anis.=1\Grid Files\HPT.grd
Grid Size: 	500 rows x 500 columns
Total Nodes:	250000
Filled Nodes:	250000
Blanked Nodes:	0
Blank Value:	1.70141E+038

Grid Geometry

X Minimum:	1.61
X Maximum:	10.465
X Spacing:	0.017745490981964

Y Minimum:	402.6408
Y Maximum:	435.49824
Y Spacing:	0.065846573146293


Univariate Grid Statistics

——————————————————————————————
	Z
——————————————————————————————
 Count:                 	250000

 1%%-tile:              	2.02478120177
 5%%-tile:              	3.7803872915
10%%-tile:              	4.55566419177
25%%-tile:              	6.70337645641
50%%-tile:              	26.77874429
75%%-tile:              	58.5649324934
90%%-tile:              	72.7197449951
95%%-tile:              	81.9979665251
99%%-tile:              	94.3027021607

Minimum:                	0.0259862279012
Maximum:                	111.16865514

Mean:                   	33.7552963995
Median:                 	26.7793666778
Geometric Mean:         	20.5683306162
Harmonic Mean:          	10.9808816276
Root Mean Square:       	43.590926684
Trim Mean (10%%):       	32.3857973923
Interquartile Mean:     	29.0173889761
Midrange:               	55.597320684
Winsorized Mean:        	32.822584664
TriMean:                	29.7064493824

Variance:               	760.751897164
Standard Deviation:     	27.5817312213
Interquartile Range:    	51.861556037
Range:                  	111.142668912
Mean Difference:        	N/A
Median Abs. Deviation:  	21.7204129384
Average Abs. Deviation: 	24.2110290316
Quartile Dispersion:    	0.79459015978
Relative Mean Diff.:    	N/A

Standard Error:         	0.0551634624426
Coef. of Variation:     	0.817108251544
Skewness:               	0.4852028441
Kurtosis:               	1.89411910532

Sum:                    	8438824.09987
Sum Absolute:           	8438824.09987
Sum Squares:            	475042222.293
Mean Square:            	1900.16888917
——————————————————————————————
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